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SUMMARY

As an emerging new class of semiconductor nanomaterials, halide perovskite
(ABX3, X = Cl, Br, or l) nanocrystals (NCs) are attracting increasing attention
owing to their great potential in optoelectronics and beyond. This field has expe-
rienced rapid breakthroughs over the past few years. In this comprehensive re-
view, halide perovskite NCs that are either freestanding or embedded in a matrix
(e.g., perovskites, metal-organic frameworks, glass) will be discussed. We will
summarize recent progress on the synthesis and post-synthesis methods of halide
perovskite NCs. Characterizations of halide perovskite NCs by using a variety of
techniques will be present. Tremendous efforts to tailor the optical and electronic
properties of halide perovskite NCs in terms of manipulating their size, surface,
and component will be highlighted. Physical insights gained on the unique optical
and charge-carrier transport properties will be provided. Importantly, the
growing potential of halide perovskite NCs for advancing optoelectronic applica-
tions and beyond including light-emitting devices (LEDs), solar cells, scintillators
and X-ray imaging, lasers, thin-film transistors (TFTs), artificial synapses, and light
communication will be extensively discussed, along with prospecting their devel-
opment in the future.

INTRODUCTION

Halide perovskites are semiconductors described by the formula of ABX3, where A, B, and X are organic/
inorganic cation, metal cation, and halide anion, respectively. They have large optical absorption coeffi-
cients, high dual electron and hole mobility, tunable bandgap, and strong defect tolerance which are of
critical importance for high-performance optoelectronic devices (Correa-Baena et al., 2017; Green et al.,
2014; Jena et al., 2019; Tan et al., 2014, Wang et al., 2016b). As one of the most intensively studied variants
of halide perovskites, halide perovskite nanocrystals (NCs) not only possess the size and surface-tunable
electronic and optical properties like conventional semiconductor (e.g., Si, CdSe, and PbS) NCs (Kuno
et al., 1997; Law et al., 2008; Moreels et al., 2009; Ni et al., 2019), but also exhibit fascinating compo-
nent-dependent behaviors (Huang et al., 2016; Kovalenko et al., 2017; Shamsi et al., 2019, 2021).

Impressive progress in the development of optoelectronics has recently been made by using versatile
halide perovskite NCs. Solar cells based on mixed cesium and formamidinium lead iodide (Csg sFAq sPbl3)
perovskite NCs achieved a certified record power conversion efficiency (PCE) of 16.6%, outperforming
most conventional semiconductor-NC-based solar cells (Hao et al., 2020b; Lan et al., 2016, Sargent,
2012; Yuan et al., 2020). A high open-circuit voltage (Vo) of ~1.65V was realized by using cesium lead bro-
mide (CsPbBrs) perovskite NCs, which was almost two times larger than that of solar cells based on PbS
NCs (Biondi et al., 2021; Zhang et al., 2020b). Perovskite-NC-based green and red light-emitting devices
(LEDs) have shown remarkable external quantum efficiency (EQE) exceeding 20% with high operation sta-
bility (Cao et al., 2018; Kim et al., 2021b; Li et al., 2021; Lin et al., 2018; Wang et al., 2021a). Efficient blue
LEDs with a peak EQE of 13.8% have also been demonstrated by using strong-quantum-confined perov-
skite NCs embedded in a perovskite matrix, paving the way for the niche market application of perovskite
LED technologies (Dong et al., 2020; Liu et al., 2019¢, 2022). Multicolor perovskite-NC scintillators that are
suitable for the mass production of ultrasensitive X-ray detectors and large-area flexible X-ray images have
been created, holding substantial promise for advancing the X-ray sensing and imaging industry (Chen
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and ultralow threshold were also demonstrated by using versatile perovskite NCs (Athanasiou et al., 2021;
Xu et al., 2016; Yakunin et al., 2015). The success of halide perovskite NCs on optoelectronic devices has
stimulated research on a variety of technological applications including thin-film transistors (TFTs), artificial
synapses, photonic sources, light communication, gas sensors, and photocatalysts, making perovskite NCs
a promising class of semiconductor nanomaterials for optoelectronics and beyond (Akkerman et al., 2018b;
Dey et al., 2021; Sutherland and Sargent, 2016).

The great achievements largely stem from the continuous improvement of the optical and electronic prop-
erties of halide perovskite NCs. On one hand, many approaches such as hot-injection, ligand-assisted rep-
recipitation, laser writing, template-assisted method, emulsion method, ultrasonic or microwave-based
method, solvothermal method, microfluidic method, ball milling, electrospinning or electrospray method
have been developed for the synthesis of versatile perovskite NCs with well-defined size, surface and
morphology (Imran et al., 2018; Protesescu et al., 2016; Zhong et al., 2018, 2019). On the other hand, effec-
tive methods to promote the properties of halide perovskite NCs have been established in terms of manip-
ulating components (A-site, B-site, and X-site) of the perovskite NCs (Akkerman et al., 2017a; Liu et al.,
2017a; Zhu et al., 2020). Moreover, post-synthesis methods such as ligand exchange and ion exchange
have been extensively explored, providing an important complementary route to further design the prop-
erties of perovskite NCs (Imran et al., 2019; Jang et al., 2015). Consequently, high-quality perovskite NCs
with near-unity light emission properties (e.g., photoluminescence quantum yields (PLQYs) = 100% and full
width at half maximum (FWHM) < 20 nm) and a wide optical response spanning from UV to near-infrared
(NIR) spectrum have been achieved (Pan et al., 2017a, 2018b; Rastogi et al., 2020; Yong et al., 2018). Multi-
photon absorption (MPA), multiple exciton generation (MEG) as well as tunable Stocks shift which are of
great importance to optoelectronics have also been demonstrated (Chen et al., 2017b; Manzi et al,,
2018). Self-assembly of these high-quality perovskite NCs into highly ordered structures, i.e., superlattices,
gives rise to distinct superfluorescence (SF) that has been rarely observed in conventional semiconductor
NCs (Raino et al., 2018).

In this review, we will first introduce the important structural properties and the unique defect physics of
halide perovskite NCs. Advances in both synthesis and post-synthesis methods of various kinds of perov-
skite NCs will be present. In addition to adjusting the optical and electronic properties in terms of size-
reduction-induced quantum confinement, recent progress in surface and component engineering to
promote the properties of perovskite NCs will be highlighted. The distinct optical properties including
near-unity light emission, large optical absorption coefficients, and size-dependent Stocks shift will be dis-
cussed together with the unique mixed ionic-electronic ambipolar transport properties. Tremendous in-
vestigations on the use of perovskite NCs to make diverse optoelectronic devices by taking advantage
of the distinct optical and electronic properties of perovskite NCs will then be summarized. We will mainly
focus on recent efforts for the rapid development of conventional optoelectronic devices including LEDs,
solar cells, scintillators and X-ray imaging, lasers, and the exciting progress for exploring novel applications
such as TFTs, synaptic devices, and light communication. The schematic illustration of the scope of this re-
view is shown in Figure 1.

STRUCTURE

Dimensionality

Perovskites, named in honor of the Russian mineralogist Count Lev Alekseyevich von Perovski, have at-
tracted great attention in optoelectronics in the recent decade because of their unique properties. The
origin of perovskites can date back to 1839 (Lu et al., 2019; Zhou et al., 2019a). The mineralogist Gustav
Rose from German firstly discovered the mineral CaTiOs3 in the Ural Mountains (Akkerman and Manna,
2020). Since then, compounds denoted by the general chemical formula of ABX3 with a similar crystal struc-
ture as that of CaTiO3 can be described as perovskite (Saidaminov et al., 2017; Shamsi et al., 2019). For
metal halide perovskites (MHP), A could be a monovalent organic cation (e.g., methylammonium [MA",
CHsNHs™], formamidinium [FA*, CH(NH,)? *]) or inorganic metal cation (e.g., Cs*, Ro™), Biis a bivalent metal
cation (e.g., Pb?*, Sn?*, Ge?*, Cu®", Eu?*, and Ni?*), X is one or more halides (CI~, Br~, I~ or pseud-halogen
ions like SCN7) (Cao et al., 2020; Jeong et al., 2021; Lu et al., 2020b; Saruyama et al., 2021; Zhou et al.,
2017a).

A typical perovskite with an ideal cubic structure is schematically shown in Figure 2A. The A cations occupy
the vertexes, the B cations are positioned at the center of the cube, and the X anions occupy the vertexes
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Figure 1. Schematic illustration of the scope of this review

The continuous improvement of the optical and electronic properties of halide perovskite NCs has been enabled by manipulating their size, surface, and
component. The use of halide perovskite NCs for versatile optoelectronic devices and beyond such as light-emitting diodes, solar cells, X-ray imaging, thin-
film transistors, and synaptic devices has been intensely explored in the past few years.

and face-centers, respectively. The central B cation octahedrally coordinates with six X anions in a [BX,]*
configuration. Meanwhile, the A cations occupy the interval of octahedra, coordinated with 12 X anions
(Wei et al., 2019). Through a continuous array of corner-sharing [BX4]* octahedra, one can attain an ideal
three-dimensional (3D) cubic phase perovskite structure (space group Pm3m) (Saidaminov et al., 2017).
Given that the cubic ABX; lattice can be easily converted into other phases, there is an immense investiga-
tion into perovskites with different structures and compositions, defined as “perovskite-related structures”,
such as a zero-dimensional (0D) A4BX, (Akkerman et al., 2018a) and a two-dimensional (2D) AB,Xs (lyikanat
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Figure 2. Perovskites with reduced dimensionalities

(A) ABX3, the cubic single perovskite structure (Pm3m).

(B) A;MM'X,, the double perovskite structure (Fm 3 m). Figures A and B reprinted from (Bartel et al., 2019). Copyright ©
2019, American Association for the Advancement of Science.

(C) Schematic showing the structural evolution from 2D perovskite to 3D perovskite with key components. Reprinted from
(Mao et al., 2019). Copyright © 2019, American Chemical Society. (D and E) Schematic illustrations of low-dimensional
perovskites and bulk perovskites from the view of “material-level” and “structure-level”, respectively. Reprinted from (Zhu
and Zhu, 2020). Copyright © 2020, Wiley.

etal., 2017). In a 3D perovskite, the [BX4]* octahedra is corner-shared along all three 4-fold octahedral axes.
However, in a 2D perovskite with a layered structure, corner-shared [BX4]* octahedra has two octahedral
axes, derived from 3D by slicing along specific crystallographic planes (Figure 2C) (Saidaminov et al., 2017).
Sahin et al. reported the single-layer structures of perovskite-like CsPb,Brs crystal which is formed by alter-
nating A and [B,Xs]- layers from theoretical respect by using first-principles density functional theory (DFT)
calculations (lyikanat et al., 2017). Similarly, 1D perovskites can also be obtained by slicing the sheets
perpendicularly, with octahedra remaining connected only along one axis. 0D perovskites such as the
A4BX, structure is an extreme case, wherein the X is no longer shared by the [BX]" octahedra completely
decoupled in all dimensions (Akkerman et al., 2018a).

By introducing long chain amines or A-site cations with larger size, one can readily attain 2D perovskites,
i.e., Ruddlesden-Popper (RP) type layered perovskites. These 2D perovskites have the general formula
RoAL1B X341, where R is a long-chain alkyl or aromatic ammonium cation as a spacer between the inor-
ganic sheets and n is an integer, defining the number of inorganic layers held together (Figure 2C) (Dou
etal., 2015; Tsai et al., 2016; Wang et al., 2019d). In general, n = 1 corresponds to a pure 2D layered struc-
ture, n = « constitutes a 3D structure. If nis any other integer, it corresponds to a quasi-2D layered RP struc-
ture (Wang et al., 2019a). Quasi-2D perovskites combine the enhanced stability of pure 2D perovskites with
the good optoelectronic properties, e.g., long-range carrier diffusion, of bulk perovskites.
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Research in 2D perovskites started much earlier. For instance, Meresse et al. reported the Raman scattering
and X-ray diffraction (XRD) study of the structural transformation of (C3H;NH3)CdCl, last century (Mokhlisse
et al., 1985). It was found that the 2D structure exhibited intrinsic quantum and dielectric confinement ef-
fects as a result of the few-unit-cell thickness of the high-dielectric inorganic layers (Fu et al., 2019; Mao
et al., 2019). Hence, the structure might boost the performance of solar cells, LEDs, and many other new
applications (Fang et al., 2021a). In 2016, Quan et al. reported the preparation of a series of quasi-2D perov-
skite films with the formula of PEAy(CH3NH3), 1Pb,ls..1 using phenylethylammonium iodide (PEAI) as the
spacer (Quan et al., 2016). The quasi-2D perovskite films exhibited improved stability while retaining the
high performance of conventional 3D perovskites. Importantly, solar cells based on the quasi-2D perov-
skite films demonstrated a 15.3% certified PCE with negligible hysteresis and greatly improved longevity.
Stoumpos et al. reported the scalable synthesis, crystal structure, and optical properties of the homolo-
gous 2D series of (CH3(CH2)3NH3)2(MA),,_1Pb,l3,+1 and found that the n = 2-4 compounds displayed op-
toelectronic properties that are different from eitherthe n = 1 or n = @ end-members with a strong PL emis-
sion at room temperature (Stoumpos et al.,, 2016). Zhang et al. demonstrated a lead-free 2D RP type
(C1gH35NH3),SnBry perovskite with strong emission from the self-trapped states with PLQYs in colloidal
suspension and in a film up to 88 and 68% respectively, which could be an emitting layer in inverted LED
structures (Qiu et al., 2018). Recently, Najman and coworkers performed a series of DFT calculations to
investigate the surface properties of the 2D Ruddlesden-Popper perovskite crystals (n = 1, 2, 3) with low-
index facets. It was shown that the surface energies of 2D perovskite facets critically depended on the
amount of truncated [Pbls]* octahedral, cleavage of van der Waals bonds, as well as the reorganization
of hydrogen bonding networks following surface cleavage (Najman et al.,, 2021). Considering that the
atomistic information about the structural stability and growth kinetics of 2D perovskite materials by cur-
rent state-of-the-art characterization tools is no picnic, it is foreseeable that this work will make a difference
in fabricating high-quality single crystal 2D perovskite materials for potential applications.

Double perovskite (A;MM'X,), in which two divalent B?* cations are replaced by a monovalent and a triva-
lent cation (Figure 2B), is another type of well-studied perovskites (Igbari et al., 2019). Lead halide perov-
skites usually demonstrate poor ambient stability and lead-related toxicity immensely hindering their ap-
plications, which could be resolved by double perovskites (Bekenstein et al., 2018; Wolf et al., 2021).
Volonakis et al. firstly synthesized Cs,AgBiCl, with a double perovskite structure. They found that the
[Bi-Cly]*" and [AgClé]S’ octahedra in a rock-salt face-centered cubic structure were alternated, leading to
an indirect bandgap of ~2.2 eV not ideal for optoelectronic applications (Volonakis et al., 2016). Shortly
afterward, the same group fabricated and characterized a new In-based double perovskite compound
Cs,AgInCl, with a direct bandgap of ~3.3 eV, although the PLQY was very low (Volonakis et al., 2017).
The breakthrough of the optical performance was subsequently achieved by Luo et al.. They synthesized
alloyed Cs,(Ago.soNap.40)InCls NCs by incorporating Na™ into Cs,AgInCly to break the dark transition
and the optimally alloyed product emitted warm-white light with PLQY up to 86% and worked for over
1,000 h (Luo et al., 2018).

Recently, Wu et al. reported the synthesis of a large family of 2D Ruddlesden-Popper type lead-free halide
double perovskites Cs,;11nn/25bn/al3ns1 (MT: In*, Cu™, Ag®, Au™; M3*: Bi**, Sb>3*; n = 3) and related hetero-
structures (Wu et al., 2018a). It was demonstrated that the energy gap could be effectively reduced by
increasing the layer thickness. Vacancy-ordered double perovskites such as Cs3Sb,Brg are another kind
of perovskite derivative, which can be considered by removing part of the Sb atoms at each center of
the [SbBre]* octahedron at regular intervals (Zhang et al., 2017¢c). However, such a structure implies
lower-dimensional connectivity of metal halide octahedral, leading to lower electronic mobility compared
to the standard ABX3 perovskites (Liu et al., 2021d). As a result, there are not very suitable for optoelec-
tronic applications.

We would like to point out that it is pivotal to distinguish the difference between “material-level” and
"structure-level” low dimensionalities (Zhu and Zhu, 2020). The “material-level” low dimensionalities
mean that the individual metal halide species are partially isolated from each other by organic cations
with the different corner-sharing of the [BX6]* octahedral (Figure 2D). By contrast, the “structure-level”
low dimensionalities describe the geometric morphologies of perovskites (Figure 2E) and usually refer
to versatile nanostructures like NCs, nanoplatelets (NPLs), nanosheets (NSs), nanowires (NWs), nanorods
(NRs), and nanocubes (NCus). Note that different categories are established to elaborate on different as-
pects of these materials and are not on opposite sides although there are overlaps between them. In the
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following, we will mainly concentrate on perovskite NCs that have already shown great promise in versatile
optoelectronics and beyond.

Quantum confinement effect

Perovskite NCs offer unique size-dependent tunability on the optical and electronic properties because of
the quantum confinement effect. The quantum confinement effect describes changes in the electronic
band structure of a semiconductor as a result of the reduction in the dimensionality below a certain
threshold, i.e., exciton Bohr diameter. The quantum confinement, on one hand, gives rise to a blue shift
of the PL energy. On the other hand, it causes perovskite NCs to emit light much more efficiently than their
bulk counterparts. Compared to conventional NCs such as PbSe, InSb, and CdSe, the exciton Bohr radius
of perovskite NCs is rather small (e.g., ~4.6 nm for MAPbX3) (Baranowski and Plochocka, 2020; Ni et al.,
2016; Pi et al., 2008; Qu and Peng, 2002; Raino et al., 2018; Sikorski and Merkt, 1989). Thus, quantum
confinement will be observed for perovskite NCs with a radius smaller than 5 nm.

In 2016, Yamauchi et al. reported the observation of quantum confinement in monodisperse MAPbX3 NCs
(Malgras et al., 2016). They prepared monodisperse MAPbX3 NCs inside the mesoporous silica templates.
In this case, the size of NCs is governed by the pore size of the templates. The gradual shift of the light
emission peak and absorption onset toward higher energy together with the dependence of PL lifetime
on the NC size provide direct evidence that fine-tuning of the optical properties can be obtained from sim-
ply controlling the size of perovskite NCs in terms of the quantum confinement effect. Son et al. reported
precise tuning of quantum confinement in monodisperse CsPbBrs NCs utilizing the thermodynamic equi-
librium instead of the kinetic control (Dong et al., 2018). They measured both single-particle and assembly
PL spectra of CsPbBr; NCs with different sizes, demonstrating near-perfect spectroscopic homogeneity.

Hodgkiss et al. investigated the evolution of quantum confinement in CsPbBr3 NCs by using ultrafast tran-
sient absorption spectroscopy (Butkus et al., 2017). For CsPbBr3 NCs above ~7 nm edge length, the spec-
tral signatures were similar to bulk perovskites. Only a small perturbation in the free carrier photophysics
was observed because the NCs were actually within the weak confinement regime. While for smaller
CsPbBr3 NCs with ~4 nm edge length strong quantum confinement was manifested in the transient ab-
sorption spectral dynamics, featuring discrete energy states and enhanced bandgap renormalization en-
ergy. These results are well consistent with the increase of optical bandgap observed in the steady-state
absorption and emission spectra.

Recently, Zhou et al. measured the electronic band structure of versatile perovskite NCs (Zhou, 2021). The
lowest unoccupied molecular orbital (LUMO), the highest occupied molecular orbital (HOMO), and Fermi
level were plotted as a function of the NC size. It is revealed that the quantum confinement more signifi-
cantly impacts the LUMO than the HOMO for all perovskite NCs. Specifically, the LUMO readily moves to-
ward the vacuum level while the HOMO only changes slightly. This is in close agreement with what has been
observed in the tuning of band structures of quasi-2D perovskites and colloidal semiconductor NCs via the
quantum size effect (Jasieniak et al., 2011; Yuan et al., 2016).

Structural stability
Structural stability is the foremost challenge that must be addressed before practical perovskite-NC-based
devices can be realized (Ahmed et al., 2021). It has been recognized that as easy as it is to make perovskite
NCs, it is just as easy to destroy them (Kovalenko et al., 2017). In order to evaluate and predict the stability
and distortion of perovskite structures, enormous efforts have been made. Goldschmidt firstly proposed a
semiempirical tolerance factor (t) last century (Huang et al., 2017b). The tolerance factor is defined as

t = M (Equation 1)

V2(Rs. Rx)

where Ra, Rg, and Ry refer to ionic radii of A, B, and X ions, respectively. Notably, t should be 1 for an ideal
cubic perovskite structure because the A cation must be accommodated into the framework of [BX,]* oc-
tahedron, and the ion spheres should be tangent to each other. In general, stable perovskite structures
such as cubic, orthorhombic, tetragonal, and hexagonal structures, will be formed if t is between 0.813
and 1.107, whereas other perovskite-related structures are more stable outside this range (Wei et al.,
2019). Therefore, the tolerance factor can be utilized to determine whether the A-site cations can fit in
the cavities within the [BX,]* octahedron. If the A cation is relatively smaller, it will lead to octahedral tilting,
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(A) p-t structural map of different ABX3 perovskite compounds. The light blue squared area represents the region in which stable compounds are located.

Reprinted from (Protesescu et al., 2017). Copyright © 2017, American Chemical Society.

(B) A decision tree classifier determines the optimal bounds for perovskite formability using 0.825 < t < 1.059, which yields a classification accuracy of 74% for

576 experimentally characterized ABX3 solids.

(C) t achieves a classification accuracy of 92% on the set of 576 ABXj3 solids based on perovskite classification for t < 4.18, with this decision boundary
identified using a one-node decision tree. Figures B and C reprinted from (Bartel et al., 2019). Copyright © 2019, American Association for the Advancement

of Science.

(D) Electronic structure of typical IlI-V, II=VI, or group IV semiconductors (e.g., CdSe, GaAs, and InP) compared to lead halide perovskites.
(E) Electronic structure of CsPbBr; NCs obtained before and after removing ligands from the surface. All structures have been computed at the DFT/PBE
level of theory, where PBE is Perdew-Burke-Ernzerh of exchange-correlation functional. Figures D and E reprinted from (Kovalenko et al., 2017). Copyright ©

2017, American Association for the Advancement of Science.

distortion, or even a phase transition. However, if the A-site cation is too large for the [BX4]*" octahedral
framework, other perovskite-related structures tend to form like the Ruddlesden-Popper type layered
perovskite structures (Lu et al., 2020a).

In addition to the tolerance factor, octahedral factor (u) is another semiempirical geometric parameter for
assessing the structural stability of the [BX,]* octahedra (Li et al., 2008), which is defined as

7 Re
Typically, the [BX4]*" octahedra are stable when u is between 0.442 and 0.895 (Protesescu et al., 2017; Travis
etal., 2016). Clearly, the ionic radii play a crucial role in the crystal structural stability (Figure 3A). Note that a
reasonable t and u are necessary but not sufficient for the formation of a stable 3D ABX3 perovskite. In
particular, when the organic cations are non-spherical, the assumption that the ions are unpolarizable
hard spheres, especially for the iodide anion may not be valid (Fedorovskiy et al., 2021). In 2016, Travis
et al. carefully assessed the validity of the tolerance factor for halide perovskites and proposed an alterna-
tive method by introducing a revised set of ionic radii for cations that are anion dependent, which could
help a more accurate prediction of the possible perovskite combinations (Travis et al., 2016).

(Equation 2)

iScience 25, 105371, November 18, 2022 7



mailto:Image of Figure 3|tif

¢? CellPress

OPEN ACCESS

It is striking that theoretical calculation together with data-driven computation are acting an increasingly
important role in predicting the stability of perovskites (Han et al., 2020; Ranke et al., 2021). In 2018, Gius-
tino et al. demonstrated that the Goldschmidt tolerance factor enabled predict perovskites with a fidelity of
80% by combining inferential statistics with large-scale web data extraction. They enumerated 90,000 hith-
erto-unknown compounds awaiting discovery, offering untapped opportunities in structure prediction and
materials design (Filip and Giustino, 2018). Afterward, Bartel and coworkers developed a new tolerance fac-
tor (7) by using the SISSO (sure independence screening and sparsifying operator) approach which can pre-
dict 92% of the compounds, while this figure is limited to 74% for its counterpart t (Figure 3B) (Bartel et al.,
2019). The factor 7 is defined as follows:

T = I;—Z — Na (nA - %), (Equation 3)
where ny is the oxidation state of the cation A. Using the new descriptor, 7 was shown to generalize outside
the training set for 1034 experimentally realized single and double perovskites (91% accuracy), as shown in
Figure 3C. Specifically, the values of 7 for typical halide single perovskites such as CsPbBr;, CsPbCls,
CsPbF3, MAPbBr3, and FAPbBr; are calculated to be 4.10, 3.98, 3.57, 3.68 and 3.47, respectively, all within
the regime of 7 < 4.18 for the formation of stable perovskites. However, the value (4.30) of 7 for CsPbl
is >4.18, suggesting CsPbl3 is less stable than the other perovskites. Furthermore, the probability of double
perovskite formation for thousands of unexplored compounds was predicted, resulting in a library of stable
perovskites ordered by their likelihood of forming perovskites, which would guide experimentalists and
theorists toward finding the most stable perovskites. Recently, Sun et al. developed a closed-loop optimi-
zation framework that seamlessly marries data from first principle calculations and high throughput exper-
imentation into a single machine learning algorithm and achieved more than 17-fold higher stability within
a combinatorial space of Cs,MAFA,_,_ Pbls rapidly (Sun et al., 2021).

Defect tolerance

Itis widely accepted that weakly bonding orbitals or localized non-bonding, i.e., dangling bonds, in semi-
conducting NCs generate trap states in the bandgap, which facilitate nonradiative recombination like
auger recombination, thereby reducing the overall PLQY. However, things may be different in halide perov-
skite NCs. Numerous experimental studies on the optical properties suggest perovskite NCs are defect-
tolerant and do not suffer similar quenched emission from surface defect states even without additional
surface passivation. Subsequent theoretical simulations indicate that the defect tolerance is basically
related to the unique electronic band structure configurations of perovskite NCs (Figure 3D) (Kovalenko
et al.,, 2017; ten Brinck and Infante, 2016). In a conventional defect-intolerant band structure, the VB is
mainly composed of bonding orbitals while the conduction band (CB) is predominantly composed of an-
tibonding orbitals. In perovskite NCs, the energetic position of most trap states lies in the conduction or
valence bands rather than within the bandgap, leading to negligible effects on the PLQYs. DFT calculations
on the energy levels of various defects confirm the absence of trap states in the bandgap (Dirin et al., 2016,
Tablero Crespo, 2019). Furthermore, it has been proved that the perovskite NC maintains both structural
and electronic integrity with trap-free bandgaps despite these substantial displacements of ligands from
the NC surface (Figure 3E), although there is a slight change of bandgap (ten Brinck and Infante, 2016).

As research steps forward, it has been recently found that the energy of defect formation in halide perov-
skite NCs may also account for the strong defect tolerance (Huang et al., 2017b). Compared to the bulk
perovskite crystals, the energetics of defect formation in perovskite NCs should change dramatically
(ten Brinck et al., 2019). Firstly, a complex chemical equilibrium usually exists at the NC-ligands-solvent
interface which can expose defects to a different environment than in the bulk crystals. Secondly, the defect
is more likely to be formed at the NC surface instead of the core because of the large number of surface
atoms. A study on the cubic-phase stability of CsPbl3 NCs suggest the lattice strain due to low dimension-
ality makes perovskite NCs more stable than bulk perovskites (Swarnkar et al., 2016). Consequently, perov-
skite NCs are expected to be more defect tolerant than bulk perovskite crystals. The relatively low forma-
tion energy of vacancies in perovskite NCs results in a large number of Schottky-type defects, i.e., equal
number of anion and cation vacancies or halide and A-site vacancies. These defects can compensate for
each other and maintain the overall charge neutrality of the lattice. Meanwhile, the interstitial and the anti-
site defects are absent due to the large bonding energy in the ionic lattice. In this context, perovskite NCs
could yield high PLQYs without the same high purity, high temperature, or equipment-intensive vacuum
synthesis as conventional semiconductor NCs, which make them more easily scalable for mass production.
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Despite the high defect tolerance, the deep-level defects occur to perovskite NCs still degrade their op-
tical properties. Owing to their ionic structure, perovskite NCs still are not stable upon exposure to air, po-
lar solvent, heat, moisture, and light, which would cause substantial problems with synthesis, modification,
storage, and application (Shangguan et al., 2020). Methods to avoid defects and confront their instability
will be discussed in the following section of the synthesis of perovskite NCs.

SYNTHESIS OF PEROVSKITE NANOCRYSTALS

To meet the diverse requirements of versatile applications, a great deal of effort has been devoted to reli-
able and straightforward synthetic strategies of perovskite NCs with tunable properties. Many synthetic
methods have been developed including hot-injection (HI), ligand-assisted reprecipitation (LARP), laser
writing, emulsion method, ultrasonic or microwave-based method, solvothermal method, microfluidic
method, template-assisted method, ball milling, electrospinning or electrospray method, and chemical va-
por deposition (CVD) (Haydous et al., 2021). These methods can be classified into two strategies, i.e., “top-
down” and "bottom-up” (Kostopoulou et al., 2019; Shamsi et al., 2019; Zhang et al., 2019b). The “top-
down” approach involves the breaking down of the bulk materials into nanostructures and particles such
as ball-milling and chemical exfoliation, which are inherently an extension of those that have been used
for producing micron-sized products. In contrast, the “bottom-up” approach is a more effective build-
up of a material from the very bottom via atom by atom, molecule by molecule, or cluster by cluster (Zhang
et al.,, 2021b). Besides, post-synthesis methods such as ligand and ion-exchange reaction will also be
discussed.

Synthesis methods

Hot injection

Hot injection is a well-established and popular method for the synthesis of high-quality metal chalcogenide
and other semiconductor NCs. This method involves the rapid injection of a precursor into a hot mixed so-
lution (usually over 100°C) of the remaining precursors, organic ligands, and a high boiling solvent under an
inert atmosphere like N, or argon, as shown in Figure 4A. Specifically, the organic ligands are usually alkyl
chain acid and amine. Upon quick injection of the precursor, a rapid nucleation burst occurs with a simul-
taneous formation of small nuclei. The nucleation stage stops as a result of the rapid depletion of mono-
mers. Within several seconds, plenty of NCs with a narrow size distribution was formed. Due to the rapid
reaction rate, the nucleation and growth stages cannot be well separated in time, exposing added diffi-
culties in controlling the NC size and morphology (Campbell et al., 2020).

In 2015 Kovalenko’s group extended the HI method for the synthesis of all-inorganic cesium lead halide
perovskite NCs (CsPbX3, X = Cl, Br, and | or mixed halide systems CI/Br and Br/l) (Protesescu et al.,
2015). The composition and size of perovskite NCs can be readily adjusted, yielding tunable absorption
bandgap energies across the entire visible spectral region of 410-700 nm (Figures 4B and 4C). PL spectra
of CsPbX3 NCs further confirmed their prominent optical properties, including narrow emission line widths
of 12-42 nm, high QYs of 50-90%, and short radiative lifetimes of 1-29 ns.

Later, the synthesis of versatile perovskite-related nanomaterials and structures was demonstrated (Wang
etal., 2016a). Using a modified Hl method, Akkerman et al. prepared Cs4PbX, (X = Cl, Br, I) NCs, which were
nearly monodisperse with larger bandgaps (Akkerman et al., 2017b). The optical absorption spectra of
Cs4PbXs NCs featured strong and narrow transition bands independent of the NC size. Alivisatos and co-
workers synthesized Cs,AgBiBrs NCs by injecting cesium oleate solution into the mixture of BiBrz, AGNOs,
1-octadecene (ODE), oleic acid, and HBr at 200°C under a N, atmosphere (Bekenstein et al., 2018). The re-
sulting CspAgBiBrg NCs have a uniform cubic morphology and high crystallinity.

Recently, Huang et al. employed an improved Hl method for the synthesis of lead-free CsEuCl3 NCs (Huang
etal.,, 2020). Eu?* can be easily oxidized into Eu** when exposed to air and has a strong tendency to bind to
solvent molecules. In this regard, EuCl; opted as an initial precursor. Eu®* was first reduced to Eu?* by using
oleylamine (OAm) as a reagent. After that cesium oleate was injected into a noncoordinating solvent along
with the obtained Eu?* precursor in the presence of oleic acid (OA) at 250°C for 45 min (Figure 4D). The
reaction was then quenched in an ice—water bath. By using high-resolution transmission electron micro-
scopy (HRTEM) and associated fast Fourier transform (FFT) simulation (Figure 4E), they found that the ob-
tained NCs are ~15 nm in diameter. Moreover, The CsEuClz NCs had PL emission centered at 435 nm, with
a small FWHM of 19 nm comparable to lead halide perovskite NCs.
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Figure 4. Synthesis of perovskite NCs by hot-injection

(A) Schematic of the hot-injection method used for the synthesis of perovskite NCs. Reprinted from (Shamsi et al., 2019). Copyright © 2019, American

Chemical Society.

(B) Up: colloidal solutions of all-inorganic CsPbX3 NCs in toluene under UV lamp (A = 365 nm); Down: representative PL spectra (Agxe = 400 nm for all but

350 nm for CsPbCl; samples).

(C) Typical optical absorption and PL spectra. Figures B and C reprinted from (Protesescu et al., 2015). Copyright © 2015, American Chemical Society.

(D) Schematic of the hot-injection method used for the synthesis of lead-free CsEuCl; NCs.

(E) Left: representative TEM image of CsEuCl; NCs; Right: HR-TEM and corresponding FFT (inset). Figures D and E reprinted from (Huang et al., 2020).

Copyright © 2020, American Chemical Society.

(F) Schematic of CsPbBr3 NCs with different sizes and shapes synthesized under a temperature of 140 or 170°C using different length of ligands. Reprinted

from (Pan et al., 2016a). Copyright © 2016, American Chemical Society.

By tuning the reaction temperature, reaction time, ligand, and precursor engineering, one may readily
achieve precise control over the size, surface, and component of perovskite NCs. It has been shown that
control over the reaction temperature on the HI synthesis of perovskite NCs could lead to different nano-
structures. For instance, lower reaction temperatures of 90-130°C strongly favored asymmetric growth
through oriented attachment, resulting in 2D NPLs or NSs (Bekenstein et al., 2015). As for the effect of li-
gands, Pan et al. varied the hydrocarbon chain composition of carboxylic acids and amines to systemati-
cally investigate the surface chemistry, e.g., the independent impact of acid and amine, on the size and

shape of perovskite NCus (Figure 4F) (Pan et al.,

2016a). They confirmed that the average edge length

of CsPbBr3 NCus would increase from 9.5 to 13 nm when the chain length of the carboxylic acids is short-
ened. Using oleic acid and amine with shorter carbon chain lengths, NPLs were obtained exceptin the case
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Figure 5. Synthesis of perovskite NCs by ligand-assisted reprecipitation

A) Schematic illustration of the reaction system for the LARP method. Reprinted from (Shamsi et al., 2019). Copyright © 2019, American Chemical Society.
B) PL spectra and optical images of color-tunable MAPbX3 NCs produced by LARP.

C) Typical optical image of colloidal MAPbXj3 solution.

D) TEM image of colloidal MAPbX3 NCs.

E) HRTEM image of a typical MAPbX3 NC. The inset is the corresponding FFT image. Figures B-E reprinted from (Zhang et al., 2015). Copyright © 2015,
American Chemical Society.

(F) Tuning the dimensionality of inorganic CsPbX3 NCs by varying the organic ligands. Specifically, hexanoic acid and octylamine were used for spherical
NCs, oleic acid and dodecylamine were used for nanocubes, acetate acid and dodecylamine were used for NRs, and oleic acid and octylamine were used for
few-unit-cell-thick NPLs. Reprinted from (Sun et al., 2016). Copyright © 2016, American Chemical Society.
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of oleylamine and the thickness of NPLs was dependent on the chain length, with the thinnest reaching only
three perovskite unit cells.

Hence, the HI method represents an effective and fast method to synthesize perovskite NCs with
outstanding structural properties and high PLQYs. However, high temperatures and an inert atmosphere
are required, which inevitably increases the costs and has an output limitation in mass production (Akker-
man et al., 2018b). In this light, alternative novel approaches need to be developed to address these
drawbacks.

Ligand-assisted reprecipitation

Ligand-assisted reprecipitation (LARP) method is a simple process by dropping a good solvent with de-
signed precursor salts, e.g., MX; (M = Pb, Sn, and so forth), CsX, MAX, and FAX, into a bad solvent in
the presence of organic ligands based on the principle of supersaturation (Figure 5A) (Sun et al., 2016).
A good solvent with high polarity could be N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
y-butyrolactone (GBL), N-Methyl-2-pyrrolidone (NMP), or acetonitrile (ACN), while the bad solvent is usu-
ally nonpolar such as hexane or toluene. An instantaneous supersaturation will occur after the mixture of
the two solvents, resulting in the nucleation and continuous growth of perovskite NCs (Sun et al., 2016).
Similar to the HI method, it is rather challenging to separate the nucleation and growth stages in the
LARP method. However, the LARP method was still extensively studied due to its simplicity, fast operation,
and capability for large-scale fabrication in air (Chen et al., 2016b).
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Schmidt et al. reported the successful synthesis of MAPbBr3 perovskite NCs by using the LARP method for
the first time in 2014 (Schmidt et al., 2014). They prepared 6 nm-sized MAPbBr3 NCs by using an ammonium
bromide with a medium-sized carbon chain. This enables the NCs dispersed in a wide range of organic sol-
vents. Both the NC powders and concentrated solutions can be maintained stable for several months and a
mesoporous material for encapsulation is not required.

Zhang et al. adopted the LARP strategy to fabricate brightly luminescent and color-tunable colloidal
MAPbX3; NCs with absolute QYs up to 70% at room temperature and low excitation fluencies
(Figures 5B and 5C) (Zhang et al., 2015). Firstly, a mixture of PbBr,, MABr, n-octylamine, and oleic acid
was dissolved into DMF to form a clear precursor solution. Subsequently, a fixed amount of precursor so-
lution was added to toluene under vigorous stirring. After that, a yellow-green colloidal solution contains
MAPbX3; NCs was obtained. The formation of MAPbX3 NCs could be achieved even without the use of
amines. But control of the NC size and morphology is rather poor (Figures 5D and 5E). They concluded
that the role of amines was to regulate the kinetics of the crystallization and the acids were thought to sup-
press the aggregation of NCs. In another work, they further investigated the interactions between perov-
skite precursors and various polar solvents as well as their influence on the crystallization of MAPbI3. This
helped produce MAPbl3 NCs with better air stability (Zhang et al., 2017b).

Several groups reported improvement in the LARP method by optimizing the organic ligands (Figure 5F).
Deng et al. demonstrated that hexanoic acid and octylamine could tailor the NCs into spherical NCs (Zhang
etal., 2018). Oleic acid and dodecylamine would shape the NCs into nanocubes. Acetate acid and dodecyl-
amine would shape the NCs into NCs, while the oleic acid and octylamine would transform the NCs into
NPLs. Zero-dimensional Cs4Pbls and Cs;PbBr, NCs have also been synthesized, exhibiting unexpected
luminescent properties (Chen et al.,, 2016a; Liu et al., 2020). Leng et al. reported the synthesis of lead-
free MA3Bi,Bre NCs with low toxicity by using a modified LARP approach without the use of organic ligands
(Leng et al., 2016). The MA3Bi,Brg NCs with a mean size of ~3 nm show a PLQY up to 12%, much higher than
that of Sn-based perovskite NCs. In addition, the PL peaks of MA3Bi,Bre NCs can be widely tuned from 360
to 540 nm by controlling the anion composition. Xie et al. reported the synthesis of Rb*-containing zero-
dimensional Rb;Bi3Cly, NCs by using the same method (Xie et al., 2019). The synthesized NCs presented a
blue light emission at 437 nm with a PLQY of 28% with good moisture stability for one month and thermal
stability up to 400°C, signifying the great potential of lead-free perovskite NCs.

Although it is advantageous in terms of the reaction temperature, conditions, and large-scale production,
some considerable problems remain to be resolved (Ali et al., 2019; Wang et al., 2017a). Firstly, a polar sol-
vent is utilized during the synthesis, which is generally toxic like DMSO and DMF. On one hand, one needs
to explore green solvents instead of toxic ones to avoid or reduce pollution to the environment. On another
hand, it is likely that the synthesized NCs experience degradation or phase change in polar solvents, which
is detrimental to their applications. (Zhang et al., 2017b) Furthermore, control over the size and
morphology of perovskite NCs is still not good and should be improved in future work (Jin et al., 2018).

Template method

Over the past few decades, template methods have been widely used to synthesize various inorganic nano-
particles such as metals, oxides, carbons, or semiconductors with simple compositions. The templates can
be categorized into four groups, i.e., mesoporous silicon dioxide (Dirin et al., 2016; Malgras et al., 2016),
mesoporous metal oxides (Ashley et al., 2016; Kojima et al., 2012), mesoporous silicon nanowires (Ghosh
et al., 2018), and metal-organic frameworks (MOFs) (Ren et al., 2019; Zhang et al., 2017a). These highly or-
dered mesoporous materials have also been used as templates to guide the confined growth of versatile
perovskite nanostructures.

In analogous to other methods, the precursor solution is prepared by dissolving metal halide salts into a
good solvent such as DMF. Subsequently, the precursor solution is spin-coated onto the template, where
the perovskite products can be obtained after being dried (Han et al., 2021b; Rubino et al., 2020). In 2012,
Kojima et al. first synthesized MAPbBr3 NCs by rapid self-organization on a mesoporous aluminum oxide
(Al,O3) film (Kojima et al., 2012). The insulate Al,O3 template hardly affects the luminescence properties of
perovskite NCs. In 2016, Dirin et al. reported that the infiltration of perovskite precursor solutions into the
pores of mesoporous silica, followed by drying, led to the template-assisted formation of perovskite NCs,
which could be applied to a large variety of perovskite compounds, hybrid and fully inorganic (Figures 6A
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Figure 6. Template synthesis of perovskite NCs

(A) Schematic of the template-assisted synthesis of perovskite NCs in the pores of mesoporous silica. The mesoporous
template (pore width of 2.5, 4.0, or 7 nm) is impregnated with precursor solution, followed by the removal of excess
solution and finally the drying-induced crystallization of the APbX3 NCs.

(B) Photographs of mesoporous silica impregnated with CsPbBr3 (left) and CsPb(Brg 2slo.75)3 NCs (right) under daylight
and UV illumination. Figures A and B reprinted from (Dirin et al., 2016). Copyright © 2016, American Chemical Society.
(C) Schematic diagram of the one-step spin-coating process for preparing a bulk-MAPbl; film from high-concentrated
precursors, while two-step deposition for a nano-MAPbl3 perovskite sensitized TiO; film from low-concentrated
precursors. Reprinted from (Lee et al., 2018). Copyright © 2018, Wiley.

(D) Schematic illustration of template method for the fabrication of MAPbl3-NW array. Reprinted from (Deng et al., 2017).
Copyright © 2017, American Chemical Society.

(E) lllustration of growth of mesoporous Si NWs by a two-step metal-assisted chemically etching process followed by the
spin-coating of the perovskite layer to fabricate the perovskite nanoparticles on the Si NW template. Reprinted from
(Ghosh et al., 2018). Copyright © 2018, American Chemical Society.

and 6B) (Dirin et al., 2016). Because of the intrinsic defect tolerance, the templated NCs exhibit a high PLQY
exceeding 50%. Malgras et al. also demonstrated a simple and versatile method to grow monodisperse
MAPbBr,l, 3 NCs inside mesoporous silica templates (Malgras et al., 2016). Because of the relatively low
interfacial surface tension between DMF and silica, the dissolved perovskite precursors can be carried in-
side the channels with minimal resistance. In this situation, the NC size is mainly governed by the pore size
of the templates (3.3,3.7,4.2, 6.2, and 7.1 nm). In-depth structural analysis shows that the NCs maintain the
perovskite crystal structure with slight distortion. The authors pointed out that the chemistry underlying the
formation of perovskite crystals did not involve the formation of any side products that might require sub-
sequent extraction.

Owing to the precise control of the growth position and orientation, the template method appears more
suitable to grow anisotropic low-dimensional perovskite nanostructures, especially for NW arrays that are
rather difficult to be obtained in conventional solution methods such as hot injection (Qiu et al., 2018). Ash-
ley et al. synthesized uniform MAPbl;, FAPbBr3, and Cs,Snlg NW arrays by employing anodized aluminum
oxide templates with oriented, cylindrical nanopores (Ashley et al., 2016). They showed that this technique
did not require the use of unique ligands or surface reagents for each new perovskite composition. Mes-
oporous TiO, or ZrO; film can also be the template to synthesize a well-defined nanoscale MAPbI; by a

¢? CellPress

OPEN ACCESS

iScience 25, 105371, November 18, 2022 13



mailto:Image of Figure 6|tif

¢? CellPress

OPEN ACCESS

two-step sequential adsorption and reaction of Pb?*, as shown in Figure 6C (Lee et al., 2018). By using this
technique, Lee et al. obtained a MAPbI; photosensitizer and a MAPbBr3 light emitter with well-defined
nanoscale morphology. A promising initial PCE of 6.23% was obtained when the nano-MAPbl; was tested
as a photosensitizer in a solid-state dye-sensitized solar cell configuration with a very thin (~650 nm) TiO,
mesoporous film, opening up possibilities for perovskite-NC-based optoelectronic devices. Deng et al. re-
ported the large-scale fabrication of high-quality MAPb(l;_,Br,)3 (x = 0, 0.1, 0.2, 0.3, 0.4) NW arrays with a
smooth surface as a result of the slow crystallization process and moisture-isolated growth environment
(Figure 6D) (Deng et al., 2017). Periodically aligned SU-8 photoresist stripes on the SiO,/Si substrate
were used as the template. The perovskite NW arrays had continuously tunable absorption edges from
680 to 780 nm.

Ghosh et al. reported an easy and cost-effective fabrication of MAPbl3 NCs (5-70 nm) on a mesoporous sil-
icon-NW template with high PLQY up to 10%, and unraveled the mechanism behind the superior photo-
physical properties of the perovskite NCs decorated on mesoporous Si NWs (Figure 6E) (Ghosh et al.,
2018). Zhang et al. used a Pb-based MOF as a starting precursor to realize confidential information protec-
tion and storage (Zhang et al., 2017a). Ren et al. embedded CsPbX5 NCs into the mesostructure zinc-based
MOF (MOF-5) crystals to obtain a CsPbX3/MOF-5 composite with high stability (Ren et al., 2019). They firstly
expanded the pore structure of MOF-5 crystals to mesopores by using templating agents. The following
mixing of CsPbX3 NCs with the mesoporous MOF-5 crystals in solution leads to composites with high ther-
mal stability, photostability and long-term stability against anion exchange.

Laser writing

The use of femtosecond laser irradiation as a material processing tool and fast patterning technique has
attracted increasing interests in recent years due to its precision, fast speed, and highly localized control
of heat (Zhong and Wang, 2020). By simply combining a focused femtosecond laser beam with a com-
puter-controlled 3D XYZ translation stage, different structures can be controllably created (Figure 7A). In
2020 Dong et al. demonstrated the in situ synthesis and patterning of luminescent halide perovskite
NCs for the first time inside a transparent glass by using femtosecond laser pulses (Figures 7B and 7C)
(Huang et al., 2019). The CsPbBr3 perovskite NCs in glass were fabricated by laser irradiation followed
by heat treatment (Figure 7F). The TEM images (Figures 7D and 7E) provide direct evidence of the forma-
tion of perovskite NCs in the glass. The CsPbBr3 NCs has a mean size <5 nm with a narrow size distribution,
demonstrating the excellent control of the NC size by laser writing. Compared with ex situ solution-pro-
cessed perovskite NCs, the in situ fabricated NCs inside the transparent glass present uncompromised
PL, easy integration, and much improved long-term stability that has long been considered the main
obstacle toward practical applications of such materials. It is interesting that the green emission from
CsPbBr3 NCs could also be immediately eliminated by further femtosecond laser irradiation, and
completely recovered after low-temperature annealing. Importantly, the cycle of erasing and recovery
could be reproduced many times (>10 times) without a significant drop in the PL (Figure 71). The reversible
PL property of perovskite NCs in transparent glass makes them suitable for applications such as data stor-
age. It was demonstrated that information could be encrypted using the 3D patterns of perovskite NCs
(Figures 7G and 7H). The code was invisible in daylight but could be decrypted under UV (365 nm) excita-
tion to induce green PL from the laser-written CsPbBr3 NCs. Finally, a mechanism of reversible formation
and decomposition of CsPbBr3 NCs was proposed which was responsible for the reversible PL property
(Figure 7J). By using the femtosecond laser-induced in situ crystallization technique in glass with Cs, Pb,
and Br elements, a bulk structure containing bright luminescent CsPbBr; NCs could be obtained and de-
composed because of the inherent low formation energy of CsPbBr3 NCs (AE¢om = —6.45 €V). The mini-
mum laser power density required for the complete decomposition of NCs is around 1 kW/cm?, which is
below the threshold for causing structural damage inside the glass.

Recently, Zhong et al. reported an efficient and simple scheme for patterning CsPbl3 NCs during the for-
mation process using in situ direct laser writing (Figure 7K) (Zhan et al., 2021). A composite film with perov-
skite precursor was firstly prepared by spin coating a precursor solution of DMF with fixed amounts of Csl,
Pbl, and PMMA. A 405 nm ns laser was used to write patterns on the preformed composite films with
perovskite precursors. The residual solvent of DMF could be removed with the accumulation of heat by
laser irradiation, resulting in the nucleation and crystallization of CsPbl; NCs. The fabricated y-phase
CsPbl3-NC patterns show bright PL with a QY up to 92%. By changing the power and scanning speed of
the direct laser writing, a minimum line width of 900 nm could be achieved. This enables the patterning
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Figure 7. Synthesis of perovskite NCs by laser writing

(A) Schematic of a femtosecond laser writing system. Optical images (B) under daylight and (C) 365 nm UV light of the femtosecond laser-induced dots (after
annealing) formed at different laser power densities and exposure times. Scale bars, 50 pm.

(D) TEM and (E) HRTEM image of synthesized CsPbBr3 NCs. The scale bar in d and e are 40 and 2 nm, respectively.

F) Schematic diagram of the laser writing, annealing heat treatment, erasing, and recovery of CsPbBr3 NCs in glasses.

G) Photographs of cubic samples of glass featuring reversible 3D patterns of CsPbBr3 NCs.

H) Example of reconfigurable data encryption with a date that is laser written into glass by a pattern of luminescent CsPbBr3 NCs. Figures F-H reprinted from
Zhong and Wang, 2020). Copyright © 2020, Springer Nature (I) Optical images (upper) and readout signal intensity mapping images (lower) of a CsPbBrs NC
array during the erasing-recovery processes under UV light. Scale bars, 100 um.

(J) Proposed mechanism of reversible formation and decomposition of CsPbBr3 NCs. Figures A-E, |, and J reprinted from (Huang et al., 2019). Copyright ©
2019, Springer Nature.

(
(
(
(
(K) in situ patterning of perovskite NCs on a substrate by direct laser writing fabrication. Reprinted from (Zhan et al., 2021). Copyright © 2021, American

Chemical Society.
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of perovskite NCs with more complex structures. The patterned structures demonstrated optical grating
with extrinsic structural colors and intrinsic PL emission. Note that the method is fast, cost-effective, and
convenient for large-scale fabrication. These pioneer studies highlight the potential of laser direct writing
as a promising methodology with precise control over the size and morphology of halide perovskite NCs
for optoelectronics and beyond.

Heat-up method

Heat-up is a single-step cost-effective non-injection method utilizing controlled heating to induce the
nucleation and growth of NCs with high reproducibility (van Embden et al., 2015). Chen et al. first demon-
strated the capacity of this approach for synthesizing high-quality all-inorganic CsPbX;5 NCs by direct heat-
ing of precursors in octadecene in the air (Chen et al., 2016b). It was found that the size and composition of
perovskite NCs can be easily tuned by varying the reaction temperature. In particular, the heat-up method
can produce a gram-scale product of perovskite NCs with a high PLQY of up to 87%. Li et al. demonstrated
that high-quality hybrid perovskite NCs such as MAPbBr3 and FAPbBr3 NCs could also be synthesized by
directly heating all precursors (Li et al., 2018c). No transfer and purification steps were required. An impres-
sive mass production of 1.8 g within a short reaction time was achieved. The obtained NCs possess ultra-
narrow size distribution, high QYs, and could be directly employed for red, green, and blue LEDs. A wide
color gamut of 140% of the National Television System Committee standard (NTSC) was realized due to its
excellent optical properties. In another work reported by Li et al., a novel strategy based on bromobenzene
and alkane amine aliphatic nucleophilic substitution was proposed for the synthesis of high-quality
CsPbBr3 NCs (Li et al., 2019a). Under continuous heating, the precursors were released in a controllable
manner by regulating the reactivity of bromobenzene and alkane amine. This enables precise control
over the nucleation and growth kinetics of CsPbBr3 NCs. When 1,3,5-tris(bromomethyl)benzene and oleyl-
amine were used, CsPbBr3 NCs with a high PLQY of 88% and a narrow FWHM of 22 nm could be obtained.
The whole process could be completed within 10 min with high reproducibility.

Heat-up method has also been employed for the synthesis of lead-free perovskite NCs. Lee et al. presented
the heating-up synthesis of cesium bismuth bromide perovskite NCs (Lee et al., 2020a). CsBr and BiBrz were
used as the precursors and a solvent mixture of ODE, OA, and OAm was used to render nucleation and
growth of NCs. Unlike the HI method discussed previously, an intermediate product, i.e., BiOBr NCs,
was formed at the early reaction stage. At higher reaction temperature, the BiOBr NCs were then trans-
formed into Cs3Bi-Brg NCs. Particularly, both the size and composition of perovskite NCs could be readily
controlled by changing the reaction time, reaction temperature, and amount of OA and OAm added to the
reaction mixture. These studies demonstrate that the heating-up method is a reliable means for scalable
synthesis of perovskite NCs with controlled size, shape, and composition.

Milling

Milling or mechanochemistry (chemistry driven by mechanical force) is a green alternative to traditional so-
lution synthesis methods (Prochowicz et al., 2019), making mass-production of nanomaterials possible. This
method was firstly proposed by Prochowicz et al. for the synthesis of MAPbl; particles with a size of several
hundred nanometers (Prochowicz et al., 2015). Protesescu et al. reported a wet ball-milling method of bulk
APbBr3 (A = Cs, FA) mixed with solvents and capping ligands, yielding green luminescent colloidal NCs
with a high overall reaction yield and optoelectronic quality on par with that of NCs of the same composi-
tion obtained by HI method (Figure 8A) (Protesescu et al., 2018). It is expected that the fast downsizing
achieved by this synthesis could be used as a general method for testing whether certain bulk materials,
such as soft metal halides, can become bright emitters in the form of NCs. Recently, Masuhara et al. pro-
posed a novel and simple ultrasound-assisted bead milling process based on the characteristics of facile
crystallization, wherein milling is combined with capping ligands and milling beads in a reaction vessel
and irradiated ultrasounds dispersed milling beads. This approach facilitated an intense collision between
the beads and the perovskite precursors (Figure 8B), which helped to form highly luminescent colloidal
MAPbBr3; NCs (Umemoto et al., 2020). They found that the increase in mass of the bead maximized the
PLQY value and the milling time played a crucial role in realizing the narrow line width of the PL spectra.

In addition to the reduction of the size, milling also enables active tuning of the component of perovskite
NCs. Meng et al. demonstrated that the A-site cation of lead-free Cs4SnBry, NCs could be partially
substituted via a balling process at room temperature while the pristine Cs4SnBrg NCs were fabricated us-
ing an HI method (Meng et al., 2021). By mixing the Cs4SnBr, NCs with pure metal bromide salts (KBr and
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Figure 8. Synthesis of perovskite NCs by novel methods

(A) Mechanochemical synthesis of perovskite NCs. Left: schematic of the working principle of the planetary ball mill showing the horizontal cross-section of
the bowl during the wet ball-milling experiments. Right: schematic of the processes. Photographs show the obtained colloids of CsPbBrz NCs. Reprinted
from (Protesescu et al.,, 2018). Copyright © 2018, American Chemical Society.

(B) Schematic illustration of the ultrasound-assisted bead milling. Left: reaction vessel containing milling beads, capping ligands, the perovskite precursors,
and dispersant before processing. Middle: zirconia beads strikingly collide in the vessel during ultrasound irradiation. Right: uncentrifuged MAPbBr3
colloids after processing under room light (left) and brightly green luminescent can be clearly observed under UV light (right). Reprinted from (Umemoto
et al., 2020). Copyright © 2020, American Chemical Society.

(C) Schematic showing CsPbX3 nanoarrays growth by CVD. The raw mixtures are placed at the heating center of furnace while mica at the downstream. The
growth temperatures for CsPbBrs, CsPbCl; NWs are 575 and 620°C, respectively. Reprinted from (Gao et al., 2018). Copyright © 2018, Wiley.

(D) Schematic showing the solvothermal synthesis of Mn-doped CsPbCl; NCs. Reprinted from (Chen et al., 2018a). Copyright © 2018, Royal Society of
Chemistry.
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Figure 8. Continued

(E) Schematic illustration of the droplet-based microfluidic platform integrated with online absorbance and fluorescence detection for the synthesis and real-
time characterization of CsPbX3 NCs.

(F) Image of the generated droplets after exiting the heating zone under UV excitation, showing bright PL of CsPbX3 NCs. Figures E and F reprinted from
(Lignos et al., 2016). Copyright © 2016, American Chemical Society.

(G) Synthesis of CsPbX5 NCs through a single-step tip sonication. Reprinted from (Tong et al., 2016). Copyright © 2016, Wiley.

(H) Schematic for growth of CsPbBr3 NCs through the microwave-assisted synthesis approach. Without pre-dissolution of precursors, CsPbBrz NPLs are
obtained at low temperature (80°C), and monodisperse nanocubes can be prepared at elevated temperature (160°C). When the precursors are pre-
dissolved, CsPbBr3 NRs are obtained. Reprinted from (Pan et al., 2017b). Copyright © 2017, Royal Society of Chemistry.

RbBr), the transformation of Cs to mixed Cs/Rb and mixed Cs/K could be readily achieved. After the A-site
doping, the bright fluorescence of Cs4_,M,SnBrg could be tuned from dim green to greenish-cyan with a
relatively high PLQY of ~39%. Compared to the pristine Cs4SnBrs NCs, the doped Css_xM,SnBrgs NCs
demonstrated superior air stability and much improved photocatalytic activity for CO, reduction reaction
with high selectivity of CH4 gas with a higher yield rate, signifying the potential of perovskite NCs for ver-
satile photochemical conversion applications.

Other methods

Chemical vapor deposition. Gas-phase methods such as nonthermal plasma have been well-estab-
lished for the synthesis of a variety of freestanding semiconductor NCs in the past decades (Zhou et al.,
2014,2015a, 2015b, 2016, 2018). Nevertheless, the synthesis of freestanding perovskite NCs remains unex-
plored to date. However, the gas-phase synthesis of perovskite NCs embedded in a matrix has been stud-
ied. As shown in Figure 8C, chemical vapor deposition (CVD) is one of the vapor-phase epitaxial growth
methods for versatile perovskite nanostructures with higher crystallization quality, lower defect density,
and better reproducibility compared with solution-phase growth technique (Ha et al., 2017; Zhou et al.,
2017b).

Xiong et al. prepared MAPbl3 NPLs by a CVD system with lateral dimension in the range of 5-30 pm and
thickness ranging from several atomic layers to several hundred nanometers for the first time (Ha et al.,
2014). The NPLs possess a high electron diffusion length of over 200 nm and good optical properties.
Zhou and coworkers reported the growth of high-quality CsPbX3 triangular micro/nanorods on SiO,/Si sub-
strates with complete composition tuning via an improved vapor deposition method (Zhou et al., 2017b).
The perovskite nanostructures showed strong multicolor PL in the range of 415-673 nm by varying the
halide ion, which could act as high-quality Fabry-Perot (FP) cavities due to low lasing thresholds
(~14.1 pJ em™) and high Q factors (~3500). Gao et al. successfully synthesized well-defined CsPbBr;
and CsPbCl3 NW arrays with average thickness below 15 and 7 nm on muscovite mica substrates by a facile
CVD approach (Gao et al., 2018). When the NW thickness increases, the emission polarization ratio of NW
undergoes a nearly invariant decrease, and small oscillation regions, which was attributed to a combination
of factors originating from the electrostatic mismatch, the rising of light wave characteristics, and multi-
waveguide modes competition, respectively (Gao et al., 2018).

Emulsion method. Huang et al. developed a facile nonaqueous emulsion method for the synthesis of
colloidal perovskite NCs by the controlled addition of demulsifier into an emulsion of perovskite precur-
sors. The NC size could be tuned from 2 to 8 nm by varying the amount of demulsifier (Huang et al.,
2015). The PLQY of perovskite NCs was generally in the range of 80-92% and can be well-preserved after
purification (~80%). Zhang et al. reported a reverse microemulsion method to synthesize rhombohedral-
phase Cs4PbB,4 NCs with a mean size of 26 nm (Zhang et al., 2017d). Control over the stoichiometric ratio
of the reactants resulted in a high reaction yield (~85%) of phase-pure products. The PLQY of NC colloid
was measured to be 65% and can be largely maintained in thin films by drop casting.

Solvothermal method. Solvothermal approach was proposed by Chen'’s group (Figure 8D) (Chen et al.,
2017a). They prepared high-quality CsPbX3 NCs with controlled size, morphology, and composition. Full-
visible-spectrum luminescent properties with a high PLQY over 80% and a narrow FWHM (~12 nm) were
achieved for both CsPbX3 NCs and ultrathin NWs because of the strong quantum confinement effect
(Chen et al., 2017a). Lately, they intentionally doped Mn?* into CsPbCl3 NCs using the same method.
The doped NCs were found to be more stable than those prepared by using hot-injection (Yong et al.,
2018). Furthermore, they employed a Cl-to-Br anion exchange method to produce Mn?*-doped CsPbX;
NCs with a mixed ratio of Br and Cl for tunable luminescence. These multicolor perovskite NCs could be
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potentially used as color converters for constructing white LEDs and optical thermometric medium for ac-
curate temperature sensing.

Microfluidic reactor method. Microfluidic reactor method is adapted from the conventional hot-injec-
tion method providing enhanced process control for applications in chemistry and reaction engineering.
This method possesses unique attributes including controlled and reproducible transport (heat and
mass) characteristics, well-defined interfacial areas, and ease of scalability (Campbell et al., 2020). Kovalen-
ko's group reported the synthesis of CsPbX3 NCs using a droplet-based microfluidic platform and explored
the formation mechanism of these perovskite NCs by in situ optical absorption/PL measurements
(Figures 8E and 8F) (Lignos et al., 2016). Unigue insights have been gained into the formation mechanism
of perovskite NCs, in particular the early stages of nucleation and growth within the initial 0.1-5 s. Subse-
quently, Maceiczyk et al. used the same technique to successfully synthesize monohalide perovskite NCs of
FAPbBr3 and FAPbl3 NCs and mixed-halide perovskite NCs of FAPb(Br/1)3. and identify optimal conditions
for the monohalide NC compositions and reveal different growth mechanisms for iodide and bromide
perovskite NCs (Maceiczyk et al., 2017).

Ultrasonication. Ultrasonication represents an efficient, scalable, single-step, low-cost, and environ-
mentally friendly method for the synthesis of perovskite NCs without the use of polar solvents (Huang
etal., 2017c). Tong and coworkers obtained high-quality colloidal CsPbX5 NCs with tunable halide compo-
sition and thickness by a direct ultrasound-assisted reaction of the corresponding precursor solutions in the
presence of organic capping molecules (Tong et al., 2016). They showed that this synthesis method could
be applied to versatile perovskite NCs by simply replacing the components in turn (Figure 8G). In 2018, Rao
et al. synthesized CsPbBr; NCs with desired shape and size in a one-pot reaction by introducing ultrasoni-
cation and nontoxic and polar-free-solvent liquid paraffin (Rao et al., 2018). By tuning the ratios and types of
capping ligands as well as ultrasound power and radiation time, the optimized NCs showed a high PLQY of
up to 83% with versatile morphology. Gates et al. demonstrated a facile sonication-assisted approach for
the preparation of perovskite-related Cs3Bisly NCs using propylene carbonate as a green, alternative sol-
vent (Ali et al., 2019).

Microwave method. Zhang et al. reported the use of the microwave as a heat source for synthesizing
high-quality CsPbX3 NCs with controllable morphologies and outstanding luminescent properties (Fig-
ure 8H) (Pan et al., 2017b). A plausible kinetics-controlled growth mechanism was proposed in which the
reaction temperature, capping ligands, and ion concentration played the key role in controlling the shape
of perovskite NCs. The microwave method was also adopted by Rogach et al. for the controlled synthesis of
CsPbBr3 NCs (Li et al., 2018d). Compared to the commonly used Hl approach, the microwave-assisted tech-
nique slows down the reaction time from a few seconds to 25 min, allowing better control over the growth
of NCs. This facilitates examination of the intermediate stages during the growth process and helps to gain
insights into the formation mechanism of perovskite NCs.

Apart from the direct synthesis methods mentioned above, post-synthesis treatments, especially ligand ex-
change and ion exchange are also frequently employed as powerful means to tailor the optoelectronic
properties (e.g., absorption bandgap, PL energy, and PLQY) and stabilities of perovskite NCs due to the
high mobility of halide ions and the rigid nature of cationic sublattice of perovskites (Creutz et al., 2018;
Lu et al., 2020a; Luo et al., 2019).

SIZE ENGINEERING

Structural properties

Compared to conventional semiconductor NCs, there have been few attempts to understand the size-
dependent structural properties of halide perovskite NCs largely due to the difficulty in producing high-
quality monodisperse NCs over a wide range of sizes. For instance, the typical size dispersion of CdSe
or PbS NCs has been reduced to nearly 3% after decades of research. However, the size dispersion
(e.g., hot injection) is typically larger than 10% for perovskite NCs.

To confront this challenge nanoseperation has been proposed as a complementary method to achieve NC
monodispersity in a controlled manner to attain size-dependent properties (Zhou, 2021). A size-selective pre-
cipitation method was employed to obtain monodisperse CsPbl; NCs for the study of their structural proper-
ties (Zhao et al., 2019b). Based on the TEM results, the size (L) of CsPbls NCs using this size-selective method
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Figure 9. Size-dependent structural properties

(A) XRD patterns of CsPblz NCs with sizes of 5.7, 6.3,7.2, 7.6, 8.5, 9.2, and 15.3 nm.

(B) Lattice parameters with corresponding error bars of CsPbl; NCs for various crystal sizes (L) calculated from the
refinement.

(C) Unit cell volume plotted versus 1/L. The values calculated for each sample (solid squares) are fitted to a linear function
(solid line). Figures A-C reprinted from (Zhao et al., 2019b). Copyright © 2019, American Chemical Society.

can be tuned from 5.2 + 0.6to 15.3 £ 1.7 nm. The size dispersion (~11%) in this wide regime is reported to be
the smallest for CsPbl; NCs, but still larger than CsPbBrz NCs. XRD data for the CsPbl; NCs with different sizes
were then recorded (Figure 9A). It was found that all CsPbl; NCs were better described by a lower-symmetry
orthorhombic phase rather than a cubic phase, as suggested by the subtle peaks between 20 and 28°. This
finding was further confirmed by the Rietveld refinement of the XRD patterns. The average grain sizes ob-
tained by Scherrer analysis coincide well with the TEM results. In this respect, the lattice parameters (a, b, ¢
for all CsPbl3-NC samples could be extracted from the XRD patterns by refining to the orthorhombic phase
(Figure 9B). A clear trend toward larger value is observed for the lattice parameter a as the L increased. How-
ever, an opposite trend is seen for the lattice parameter b. The lattice parameter cremains almost unchanged.
These results imply an increased average tilting between adjacent octahedra as the L increases. Such octahe-
dral tilting indicates that a significant size-dependent strain presents in the NCs. The plot of the unit cell vol-
ume (V= abc) versus 1/L clearly shows a lattice expansion that scales linearly with 1/L (Figure 9C). By analyzing
the size-dependent volume dilatation the surface energy could be calculated. For the ligand-stabilized CsPbl;
NCs it is estimated to be between —3.0 and —=5.1 eV nm ™2 (~-1.2to —2.0 eV per surface unit cell), well consis-
tent with the lattice expansion induced by negative surface tension. Giving that the Cs™ ion is generally too
small to retain a corner-sharing octahedral geometry required for the perovskite phases, such negative surface
tension can produce enough tensile strain for CsPbls NCs which enables retention of the perovskite structure
at room temperature (Swarnkar et al., 2016).

Optical properties
Optical emission

When the dimension of a semiconductor material is reduced below the Bohr exciton radius of the bulk
semiconductor, the quantum confinement becomes prominent which makes the optical properties of
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materials size-dependent. As the size of perovskite NCs decreases in the quantum confinement regime, the
peak of light emission readily shifts toward higher energy as a result of the broadening of the bandgap (Fig-
ure 10A) (Malgras et al., 2016). Besides, the efficiency of light emission is also in close relation to the NC size
because the excitons that are confined in a small volume of perovskite NCs could lead to very efficient radi-
ative recombination. For ligand-free perovskite NCs that are grown in a mesosilica template, it was
observed that the overall PL lifetime consistently decreased with the crystal size although the QYs were
not reported in that work (Figure 10B) (Malgras et al., 2016). When the surface of NCs was capped by
OA/OAM, a clear trend of QYs is observed dependent on the NC size (Figure 10C) (Liu et al., 2017b). Spe-
cifically, the NCs with the smallest size demonstrate the highest QY. These results demonstrate that fine-
tuning the optical emission can be obtained by simply controlling the size of perovskite NCs in terms of the
quantum confinement effect. It is worth noting that the trioctylphosphine (TOP) capped NCs exhibited
near-unity light emission (~100% PLQY) in all sizes.

Near-unity light emission is one of the most important criteria which sets perovskite NCs apart from other
semiconductor NCs. A combined spectroscopy study on the origin of the light emission suggests that the
near-unity PL upon crystal size reduction to a few nanometers in the presence of ligands is mainly due to
favored exciton recombination together with a reduced surface trapping by taking advantage of both
the quantum confinement effect and defect passivation (Droseros et al., 2018). With the advance in the syn-
thesis of high-quality perovskite NCs, near-unity light emissions spanning the whole visible spectrum have
been achieved. Koscher et al. reported a thiocyanate salt treatment method to obtain essentially trap-free
CsPbBr3 colloidal NCs, leading to green light emission (~510 nm) with near-unity PLQYs (Koscher et al.,
2017). But this method is not applied to mixed halide perovskite NCs such as CsPbBr,Cls_, and
CsPbBr,l3_. Pan et al. described bidentate ligand passivation of CsPbl3 NCs that effectively increases their
PLQY, leading to near-unity values of red light emission (~680 nm) with good stability (Pan et al., 2018b).
They achieved similar results for other halide perovskite NCs, signifying the positive role of the bidentate
ligand. Compared with the red and green light emission, efficient blue light emission from perovskite NCs
is more challenging. Sun et al. found that the use of dopant like Ni?* during the hot-injection method can
greatly improve the PLQY of CsPbCl3 NCs (~410 nm) to near-unity (Yong et al., 2018). The benefit of Ni
doping mainly lies in the increased defect formation energy, resulting in greatly improved short-range or-
der of the perovskite lattice and thus near-unity PLQY. This strategy can also be applied to boost the PL of
CsPbCl,Br NCs with near-unity QYs (~430 nm). In a similar work, Samanta et al. reported a room temper-
ature post-synthesis treatment of weakly blue-violet-emitting CsPbCl3 NCs by using CdCl, (Mondal et al.,
2018). Adding Cd?* into CsPbCl3 NCs leads to an instantaneous enhancement of the PLQY to near-unity
without affecting the PL peak position (406 nm) and spectral width.

It has been recognized that the high PLQY of semiconductor NCs in solution is typically not retained in the
resulted films because the NCs in films are not as well passivated as in solutions. On one hand, the NCs are
more easily to be exposed to oxygen, moisture, or other ambient contaminants. On another hand, close
packing in NC films increased energy transfer to trap-states and self-absorption, a process where photons
emitted by an NC are absorbed and re-emitted, one or multiple times by neighboring NCs. Konstantatos
et al. demonstrated near-unity PLQY (>95%) for films assembled from CsPbBr3 NCs (Di Stasio et al., 2017).
The PL enhancement stems from a combination of the synthetic method employed and post-treatment
with PbBr,. The close to unity PLQY obtained in both solutions and films makes perovskite NCs attractive
for a variety of optoelectronics.

Optical absorption

The optical absorption coefficient (@) of lead halide perovskite NCs is very important for understanding
their photophysical properties, especially those in close relation to the density of photoexcited charge car-
riers. In comparison to conventional CdSe NCs, the a of perovskite NCs is about 2 orders of magnitude
larger, indicating strong light—matter interaction in the perovskite NCs. Roo et al. determined the absorp-
tion coefficient of ~8 nm CsPbBr; NCs by combining inductively coupled plasma mass spectrometry (ICP-
MS) and absorption spectrophotometry (De Roo et al., 2016). They found large discrepancies existed
among the reported values of @ determined by using different methods.

To accurately determine the « of different perovskite NCs Hens et al. reported a post-synthesis size-selec-
tive precipitation method to separate the polydisperse crude product of CsPbBr3 perovskite NCs into
distinct, monodisperse fractions (Maes et al., 2018). The size selection of perovskite NCs is accomplished
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Figure 10. Size-dependent optical properties

(A) Photographs and PL spectra of MAPbBr; NCs impregnated in the various silica template (from bulk on the left to dyore = 3.3 nm on the right) under black
light (A = 364 nm).

(B) PL decays measured for MAPbBr3 NCs impregnated in the various silica template (green) along with their respective triple exponential fitting (red dotted
curves). Figures A and B reprinted from (Malgras et al., 2016). Copyright © 2016, American Chemical Society.

(C) Dependence of the PLQYs of the OA/m—QDs and TOP—QDs on their particle size. Reprinted from (Liu et al., 2017b). Copyright © 2017, American
Chemical Society.

(D) Size-independent intrinsic absorption coefficient a; for CsPbBrz NCs dispersed in n-hexane, where rg denotes the Bohr radius.

(E) The related size-dependent molar attenuation coefficient e. Figures D and E reprinted from (Maes et al., 2018). Copyright © 2018, American Chemical Society.
(F) The absorption cross-section of CsPbBr; NCs of different sizes at 400 nm (c400) determined from elemental analysis (EA) and transient absorption (TA).
Reprinted from (Puthenpurayil et al., 2019). Copyright © 2019, AIP Publishing.

(G) Representative room temperature absorption (solid black lines) and emission spectra (dashed red lines) of CsPbBrz NC ensembles (left), and size-
dependent Stokes shifts (right). (Brennan et al., 2017b).

(H) Size-dependent NC CBES and VBES energies plotted relative to CHS energies (left), and experimental band edge excitation-derived AE, values (closed
blue circles) plotted against theoretical Stokes shifts (right). CHS: confined hole state; CBES (VBES): conduction (valance) band edge state. Reprinted from
(Brennan et al., 2017a). Copyright © 2017, American Chemical Society.
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by repeatedly centrifuging a colloidal suspension from low speed to high speed in order to achieve sep-
aration. Firstly, the addition of a small amount of acetone to the NC dispersion in n-hexane, resulted in
the precipitation of the biggest particles. By centrifugation, a first fraction could be separated and redis-
persed in n-hexane. This procedure was then repeated on the supernatant and every precipitation step
yielded particles with a smaller average diameter than the one before. The resulted monodisperse NCs
possessed a much lower size distribution. By combining elemental analysis and absorption spectroscopy
the intrinsic absorption coefficient (a;) of CsPbBr3 NCs is calculated and plotted as a function of the NC size.
By using the law of Bouguer—Lambert—Beer a; is calculated as

_ In10A
o= T
where A is the absorbance of an NC dispersion, f is the volume fraction of the NC defined as the ratio
between the NC volume and the dispersion volume, and L is the optical path length (Hens and Moreels,
2012). It is found that a; of CsPbBr3 NCs is size-independent within the 4-11 nm size regime though
the composition of the NCs depends on their size (Figures 10D and 10E). In addition, for both
CsPbBr3 and CsPbCl; NCs the NC shape (cubic versus spherical) minimally impacts the a;. But large error
was observed for CsPblz NCs. Importantly, they observed that the &; shows a pronounced dependence
on the refractive index of the solvent, which necessitates a proper recalculation when measurements
involve solvents other than n-hexane or toluene. Because «; can be readily converted into the molar ab-
sorption coefficient (ay,) or the a of CsPbBrs NCs, a; is one of the most convenient quantities to quantify
the light absorption of CsPbBr;z NCs.

(Equation 4)

Absorption cross-section (o) is another important parameter that has been frequently used to characterize
the ability to absorb a photon of a particular wavelength (A). Unlike the «; intrinsic to the material, the op-
tical absorption efficiency of a semiconductor NC could be quantified by using the . The & of a perovskite
NC is related to the a,, as

2303
Ny’
where Ny is Avogadro’s number. Son et al. measured the a at 400 nm of CsPbBr3 NCs with varying sizes
by using a combination of elemental analysis and transient absorption saturation methods (Puthenpurayil
et al., 2019). The o490 depends directly on the number of atoms within the NC counted for each element,
which varies with the size of the NC (Figure 10F). The results were also compared with the reported
values determined from elemental analysis and transient PL saturation methods. It is suggested that
reliable o of perovskite NCs could be obtained from the elemental analysis and TA saturation
methods, while many previously reported values determined from the PL saturation method underesti-
mate the o.

o= any

(Equation 5)

Multi-photon absorption (MPA) process involving the simultaneous absorption of multiple monochromatic
infrared photons that excites an electron to a higher energy state, has recently been observed in perovskite
NCs. Chen et al. revealed that CsPbBr3, MAPbBr3, and core-shell MAPbBr3/(OA),PbBr, NCs possess ultra
large MPA properties, with five-photon action cross-sections (nos ~ 107"%cm'%*ohoton™) much higher
than those of conventional inorganic semiconductor NCs and organic chromophores, highlighting their
potential for nonlinear optics and bio-imaging applications (Chen et al., 2017b).

In contrast to MPA, multiple exciton generation (MEG) describes the generation of multiple excitons from
one absorbed photon with energy typically exceeding the bandgap (usually several times of Eg), holding
considerable promise to overcome the Shockley-Queisser Limit. Li et al. reported enhanced MEG (up to
75%) and low-MEG threshold energies (down to 2.25 Eg) in quantum-confined FAPbl; NCs, providing a
distinct advantage for the enhancement of the solar cell efficiency (Li et al., 2018a). Manzi et al. found
that multiple excitons could also be generated in CsPbBr3 NCs under the excitation of multiple photons
with specific energies lower than the bandgap (0.5-0.8 Eg). In particular, the MEG could be enhanced
through below-band-gap MPA, opening up possibilities for various energy conversion systems exploiting
high light intensities (Manzi et al., 2018). Very recently, Chen et al. achieve efficient MEG in narrower-
bandgap perovskite NCs (FAPb;_Sn,l3 NCs; x < 0.11) (Chen et al., 2022). They observed the substantial
impact of MEG on the photocurrent quantum efficiency exceeding 100% with a low threshold in the NC-
based photoconductors. These intriguing studies pave the way toward practical applications of MPA
and MEG effects in perovskite-based optoelectronics in the future.
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Stokes shift

Stokes shift describes the difference in wavelengths between the emission and the band-edge absorbing
state, which is a unique property of colloidal semiconductor NCs (Efros et al., 1996). The presence of a
Stokes shift is intriguing because it indicates that the absorbing and emitting states are not necessarily
the same for a given semiconductor.

Kuno et al. unveiled the existence of a size-dependent Stokes shift in CsPbBrs NCs for the first time (Fig-
ure 10G) (Brennan et al., 2017b). Stokes shifts range from ~30 to 100 meV for CsPbBr; NCs with edge
lengths between ~4 and 12 nm. Lately, they confirmed that the size-dependent Stokes shift is not a result
of extrinsic factors (Brennan et al., 2017a). Using theoretical calculations of the size-dependent density of
states (DOS) and electronic band structure of CsPbBr3 NCs, the existence of an inherent, size-dependent,
confined hole state locating at ~260 to 70 meV above the valence band edge state for NCs (2-5 nm) is re-
vealed responsible for the observed Stokes shifts. The distinction between the absorbing and emitting
states in CsPbBrj is likely a general feature of other perovskite NCs and can be tuned via NC size to enable
applications involving these materials (Figure 10H). Zhou et al. observed a change in the Stokes shifts in
doped CsPbBr;z NCs because of the doping-induced perturbation to the band edge states or variation
of the size distribution (Di et al., 2015). Recently, Jia et al. demonstrated that photon recycling remarkably
increases the external Stokes shift of small CsPbBr3 NCs in the strong quantum confinement regime, which
is experimentally supported by the concentration-dependent PL redshift and ultrafast TA results (Gan et al.,
2019). It is suggested that the size-dependent Stokes shift may be caused by the photon reabsorption
instead of the confined hole state discussed previously.

In fact, the origin of Stokes shifts in semiconductor NCs remains highly debated to date because contra-
dictory signatures of both surface and bulk characters were reported for the associated electronic states.
For CdSe NCs, size-dependent Stokes shifts ranging from ~100 to 10 meV were observed when the size
changes between ~1and 5 nm (Kuno et al., 1997). Detailed theoretical modeling suggests the size-depen-
dent Stokes shift in CdSe NCs largely originates from the existence of band edge excitonic fine structure.
Voznyy et al. observed an excess Stokes shift in PbS NCs in a polydispersed ensemble in the solution, which
originates from the energy transfer among the NCs (Voznyy et al., 2017). Such energy transfer, however, is
largely due to the NC aggregation and can be substantially eliminated by extreme dilution, higher-viscosity
solvent, or better-dispersed colloids.

SURFACE ENGINEERING

Organic ligands

Semiconductor NCs are originally surface terminated with organic ligands derived from a colloidal synthe-
sis method. On one hand, these organic ligands modify the NC surface to be either hydrophilic or hydro-
phobic, making them suitable for wet-chemical processing. On the other hand, the formation of strong
covalent bonds between the surface atoms and the ligands passivates the trap states in the bandgap, lead-
ing to improved optoelectronic properties.

For halide perovskite NCs, surface modification can be accomplished during the synthesis process by using
versatile organic ligands (e.g., alkyls, amides, thiolates, sulfonates phosphonic acids). A general classifica-
tion of these ligands is based on the number of electrons involved in the metal-ligand interaction and the
identity of the electron donor and acceptor groups (De Roo et al., 2016). L-type ligands are neutral two-
electron donors with a lone electron pair that enable coordination with the metal ions, while X-type ligands
could offer one electron to form a two-electron covalent bond with the metal ions. Z-type ligands are Lewis
acids, offering an empty orcbital. L-type ligands such as OA and OAm were initially used for capping the
perovskite-NC surface (Protesescu et al., 2015). Highly dynamic binding was observed between the L-type
ligands, i.e., a pair consisting of an anion (Br~ or oleate, OA™) and a cation (oleylammonium, OLAH"), and
the oppositely charged NC surface ions. In the meantime, a mutual equilibrium exists between the ionized
and molecular forms of these ligands (OA™ + OLAH" = OLA + OAH or OLAH" + Br~ = OLA + HBr)
(De Roo et al., 2016). These dynamics, however, could cause rapid desorption of the capping ligands
upon the isolation and purification of the NC colloids, resulting in a significant loss of colloidal stability
and a rapid decrease in PLQY. To gain insights into the complex reaction dynamics, 'H solution nuclear
magnetic resonance (NMR) spectroscopy was performed to understand the surface chemistry evolution
of perovskite NCs (De Roo et al., 2016). Interestingly, it was found that the NC surface is actually dynamically
stabilized by X-type ligands, either oleylammonium bromide or oleylammonium carboxylate, forming an
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NC(X)2 binding. These ligands on the surface act as an ionic pair, i.e., ammonium groups displace a surface
A-site cation, whereas carboxylates (bromides) act as surface anions.

Effective strategies toward a stable surface of perovskite NCs are highly desired for their practical imple-
mentation in various optoelectronic applications. The introduction of a different L-type ligand, i.e., TOP,
into the synthesis of perovskite NCs combined with OA/OAm has been shown to significantly enhance
the phase stability (Wang et al., 2018a). In particular, it is found that the functional group together with
the length of carbon chains attached to phosphine can critically impact the stability of perovskite NCs.
Due to the lone electron pair of the P atom of TOP, lead halide reagent can be readily dissolved and formed
an active TOP-PbX; precursor. This facilitates the nucleation and growth process and improved the optical
properties of perovskite NCs.

In 2018 Kovalenko et al. proposed a new X-type ligand capping strategy utilizing long-chain zwitterionic
molecules (Krieg et al., 2018). The use of X-type zwitterionic ligands such as sulfobetaines, phosphocho-
lines, y-amino acids and so forth, resulted in much improved chemical durability and stability. In particular,
this class of ligands allows for the isolation of clean perovskite NCs with high PLQYs of above 90% after four
rounds of precipitation/redispersion along with much higher overall reaction yields of uniform and colloidal
dispersible NCs.

Lately, Zeng et al. developed a "Br-equivalent” ligand strategy in which the proposed X-type ligands, for
example, strong ionic sulfonate heads, could firmly bind to the exposed Pb ions to form a steady binding
state, and effectively eliminate the exciton trapping probability caused by bromide vacancies (Yang et al.,
2019). In this case, the sulfonate heads acted a similar role as natural Brions in a perfect perovskite lattice.
Using this approach, high PLQYs >90% could be facilely achieved without the need for amine-related
ligands. For CsPbBr3 NCs that were prepared only with dodecylbenzene sulfonic acid (DBSA), the
high PLQYs were well maintained after eight purification cycles, more than five months of storage, and
high-flux photo-irradiation.

In addition to the organic ligands discussed above, inorganic ligands such as K* have also been well stud-
ied as Z-type electron-acceptor ligands (Wang et al., 2021a, 2022). These inorganic ligands could be re-
garded as Lewis acids which coordinate with the halide anions. The termination of inorganic ligands is usu-
ally accomplished by including metal salts in the synthesis or purification process to exchange long organic
ligands at the surface of perovskite NCs. Next, we will discuss the methods for post-synthetic ligand ex-
change treatments that have been well-established for manipulating the surface of perovskite NCs.

Ligand exchange

Many efforts have been devoted to improve the properties of CsPbX3 NCs by ligand exchange (Almeida
et al., 2019). The option of the right ligands for both the synthesis and post-synthesis process is crucial
to achieve high stability, excellent photophysical properties, and optoelectronic efficiency (Kazes et al.,
2021). For instance, OA and oleylamine OAm were firstly employed to heal the defects originating from
undercoordinated ions on the NC surface. However, these strongly adsorbed bulky organic ligands that
are standard for high-quality NC synthesis may not be ideal for use in optoelectronic and electronic devices
due to the incorporation of the insulating ligands or ligand components into the NC films. A common route
is to exchange the surface bulky ligands with short organic or inorganic ligands that are suitable for charge
transport. The methods for ligand exchange could be classified into two categories, i.e., solution-phase
exchange and solid-state exchange.

Solution-phase exchange

There are multiple recipes to exchange the initial OA and OAm surfactants with shorter-chain ligands
within the solution phase after the synthesis of the NCs. Pan et al. utilized a ligand-exchange strategy to
replace the L-type long-chain OA/OAM ligands with relatively short X-type di-dodecyl dimethyl ammo-
nium bromide (DDAB) ligand in CsPbX3 NC solutions (Figure 11A) (Pan et al., 2016b). DDAB is particularly
appealing to replace OA/OAm surface ligands and can provide better colloidal stability and balanced
charge mobility. As a result, the LEDs based on short ligand-capped CsPbX3 NCs demonstrated much
higher EQE and luminescence than those of OA/OAm ones. Chen et al. also obtained CsPbBrs NCs
with the DDA" capped on the NC surface and found that they could be well dispersed in octane and main-
tained for at least 5 days without any precipitation, compared with the original NCs that were precipitated
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Figure 11. Surface engineering by post-synthetic ligand-exchange

(A) lllustration of the ligand-exchange mechanism on CsPbBr3-NC surface. Reprinted from (Pan et al., 2016b). Copyright © 2016, Wiley.

(B) Schematic illustration of ligand exchange process on perovskite NC surface driven by acid etching. Reprinted from (Bi et al., 2021). Copyright © 2021,
Wiley.

(C) Schematic representation of the solid-state ligand-exchange process of CsPbBrs NCs using NaOAc-dissolved carboxylate ester solutions such as
MeOAc, EtOAc, PrOAc, and BuOAc. Reprinted from (Cho et al., 2020a). Copyright © 2020, American Chemical Society.

to the bottom of the glass bottle after 1 day (Chen et al., 2018c¢). Besides, the as-prepared LED device using
the well-passivated NCs exhibited a maximum current density of 0.62 cd A™" and an EQE of 0.58%, which
was nearly nine times higher than that of the device based on unmodified NCs. Furthermore, Zheng et al.
realized complete surface passivation of CsPbBrz NCs by treatment with DDAB and sodium thiocyanate,
resulting in dispersions with photostable PLQY (~100%) and NC films with high carrier mobility (Zheng
et al., 2019a).

Compared with organic ligands, inorganic ligands have a stronger binding with NCs and can passivate sur-
faces better. Chan’ group demonstrated that the colloidal CsPbBr3 NCs surfaced-treated by PbBr, dis-
solved in a mixture of OA acid and OAm not only raised their PLQY to nearly unity but also observably
increased their trion PL lifetime from ~0.9 to ~1.6 ns (Wang et al., 2018¢). In particular, the PL stability in
the air was prolonged from days to months. Further study revealed the ligands effectively passivated
exposed Cs or Pb ions at the NC surface by solid-state NMR spectroscopy which was responsible for the
improved optical performance (Chen et al., 2020). Wang et al. reported an inorganic ligand exchange
for CsPbls perovskite NCs. The CsPbl; NCs were firstly washed with methyl acetate to remove organic li-
gands. Inorganic ligands were then attached to the NC surface by adding a KI/DMF solution diluted in
toluene into the NC solution (Wang et al., 2021a). It is found that the K* passive NC films were oriented
and mechanically coupled, enabling strain increase across the film. XRD characterization showed that films’
structure was the a-phase—with no observable-phase XRD signature. Furthermore, Time-resolved PL
decay and transient absorption spectroscopy revealed that the treated films have a lower trap density
than the untreated QD films, indicating that the NC surfaces were passivated well. An in situ inorganic
ligand exchange strategy has been proposed by directly introducing Kl or Nal into the antisolvents for
the purification of CsPbl3 NCs (Wang et al., 2022). This method avoids the loss of PLQY and colloidal sta-
bility. The small inorganic cations provide a rich surface coverage superior to that offered by long-chain
organic ligands, resulting in perovskite solids with storage stability of 1 year in ambient conditions (25°C
and 40% humidity). In LEDs, the materials enable an EQE of 24.4% with high operating stability.

Recently, Tian's group devised a novel acid etching-driven ligand exchange strategy to achieve pure-blue
emitting small-sized (~4 nm) CsPbBr; NCs with ultralow trap density and excellent stability (Bi et al., 2021).
As shown in Figure 11B, HBr was firstly employed to heal imperfect [PbBrg]*~ octahedrons, thereby
removing surface defects and excessive carboxylate ligands. Subsequently, didodecylamine and phene-
thylamine were successively introduced to bond the residual uncoordinated sites of the NCs via in situ ex-
change with the original long-chain ligands. It is marvelous that the NCs possessed a near-unity PLQY of
97% and remarkable stability even in UV lighting and ambient conditions. Additionally, the fabricated
LEDs based on the treated NCs exhibited pure-blue emission at 470 nm, an EQE of 4.7%, a maximum lumi-
nance of 3850 cd m~2 (record performance value for pure-blue perovskite LEDs), and long-term half-life-
time (above 12 h) under operational condition at the initial luminance of 102 cd m~2, which is over one order
of magnitude higher than the state-of-the-art blue perovskite LEDs. All these demonstrated that replacing
the common ligand (OA or OAm) with other ligands is an effective method to enhance the stability and per-
formance of perovskite NCs.

Solid-state exchange

The recipes for solution-phase exchange produce conductive NCs that are suitable for LED applications,
however, they may not be ideal for solar cell applications. (Hu et al., 2021; Sanehira et al., 2017; Swarnkar
et al., 2016; Zhao et al., 2019a). For the latter, post-synthesis dipping is the mostly used solid-state ex-
change strategy. Perovskite NCs are firstly assembled into films followed by dipping in an antisolvent which
results in ligand removal and electronically coupled NCs. Swarnkar et al. for the first time reported CsPbls-
NC solar cells with a PCE over 10% (Swarnkar et al., 2016). A dipping method in a saturated Methyl acetate
(MeOACc) solution of either Pb(OAc), or Pb(NO3), was proposed to effectively remove the organic ligands
such as oleylammonium, oleate, or octadecene. The solar cells’ efficiency was subsequently improved by
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precise manipulation of the surface chemistry based on the A-site cation halide salt (AX) treatments (Sane-
hiraetal., 2017). Cho et al. realized green light-emitting solar cells with a high open circuit voltage of 1.6V,
via solvent miscibility-induced ligand exchange (Cho et al., 2020a). After investigating carboxylate ester-
based short-chain ligand solutions including MeOAc, ethyl acetate (EtOACc), propyl acetate (PrOAc), butyl
acetate (BuOAC), and their mixtures (Figure 11C), they found that longer carboxylate ester-based solutions
resulted in more efficient removal of native long-chain ligands but at the same time showed an undesired
less film thickness because of the stripping-out phenomena of the as-cast CsPbBrs NCs resulting from high
miscibility with hydrophobic substances. Based on these results, they devise a suitably optimized solvent
mixture of carboxylate esters to enable efficient ligand exchange with suppressed stripping-out
phenomena.

Molecular doping

Analogous to conventional semiconductors such as silicon and germanium, halide perovskites may also be
remotely doped by attaching a molecule or an electrochemical cell to the surface (Kubicki et al., 2020).
Huang et al. reported remote doping of MAPbI; bulk films by using a strong electron-withdrawing mole-
cule, i.e., 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ). Both film conductivity and the
electronic contact with the conductive substrate were improved, resulting in a reduced series resistance
(Wu et al., 2018b). This facilitated the extraction of photoexcited holes from perovskite directly to the
conductive substrate, thereby improving the solar cell efficiency.

Given the large specific surface area of perovskite NCs, remote doping is also expected to be a versatile
strategy to tailor the electronic properties of perovskite NCs by tuning the net doping without the burden
of redesigning the processing and chemistry of the NC film fabrication, thus not interfering with NC surface
chemistry, interdot spacing, and film order at the nanoscale (Kirmani et al., 2016). Jeffrey et al. demon-
strated the tuning of the electronic properties of CsPbl; NC films using physically adsorbed molecular dop-
ants (Gaulding et al., 2019). They found that pristine CsPbls NC films were slightly p-type doped with
increasing conductivity achieved by incorporating the electron acceptor and decreasing conductivity for
the electron donor. The enhanced conductivity for p-type NC arrays enabled significant improvements
for field-effect transistors and phototransistors. On another side, the PL of perovskite NCs quenches
because the excess charge carriers induce Auger-mediated nonradiative recombination. It is thus
concluded that molecular doping provides a route toward controlling carrier type and density for perov-
skite NCs which is pivotal in enabling widespread next-generation optoelectronic devices.

Core-shell structure

To confront the instability of halide perovskite NCs, versatile inorganic materials have also been proposed
as shell matrix to protect the perovskite core. Such core/shell architecture represents a promising avenue
to alleviate the stability issue and likely push the devices' operational stability and performance forward
(Table 1) (Ahmed et al., 2021).

Oxide materials such as silica (SiO»), titanium oxide (TiO,), alumina oxide (Al,O3), and zirconium oxide
(ZrO,) have been successfully used as the shell materials for the core-shell structured perovskite NCs to
improve their mechanical rigidity and chemical stability (Zhang et al., 2021a). For instance, Shan et al. re-
ported shelling of CsPbBr3 NCs with L-a-phosphatidylcholine (LP) surfactant and a silica precursor—tetra-
methoxysilane (TMOS), to form a core/shell structure of CsPbBrs/LP/SiO; ink for anti-counter-feiting appli-
cations (Zhang et al., 2019a). The LP surfactant and TMOS were respectively added to the pre-synthesized
CsPbBr3 NCs solution to enable the formation of the CsPbBrs/LP/SiO; core/shell NC structure. Signifi-
cantly, the high stability of the perovskite core against heat, UV light, water, and ambient oxygen was
accomplished. Xia et al. reported the preparation of monodisperse CsPbBrs/TiO, core-shell NCs by
coating titanium precursor on the surface of colloidal CsPbBrz NCs at room temperature (Chen et al.,
2021). The CsPbBr3/TiO, nanocomposites exhibit excellent stability, remaining identical particle size, crys-
tal structures, and optical properties. Zheng et al. developed a facial method for the coating of a TiO; shell
on CsPbBr3 NCs, which can serve as an efficient protective layer for CsPbBrz NCs (Li et al., 2017b). As a
result, the CsPbBr3/TiO, core/shell NCs were ultrastable with excellent water stability for more than
12 weeks with size, morphology, and crystallinity unchanged. Yin et al. proposed a simple method to pre-
pare CsPbBr3/CdS core-shell NCs (Liu et al., 2019b). In order to improve their photostability, a dense layer
of Al,O3 was then formed on the NC surface. Such multishell structures effectively prevent the PL of
CsPbBr3 NCs from photodegradation.
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Table 1. Optical property, photo-stability, and related device performance of core-shell perovskite NCs

PLQY (%) PL lifetime (ns) photo stability (%) EQE (%) Ref.

Core-shell structure

CsPbBr3/LP/SiO; 445905 9-15 70—90 NA (Zhang et al., 2019a)
CsPbBr3/TiO, NA 2.52—4.04 NA NA (Chen et al., 2021)
CsPbBr3/TiO2 NA 2.1—-14.8 3775 NA (Li et al., 2017b)
CsPbBr3/nCdS/Al,O3 NA 51.19—15.80 45—-80 NA (Liu et al., 2019b)
CsPbBr3/PS-b-P2VP NA—51 NA stable NA (Hou et al., 2017)
MAPbX3/PS-b-P2VP 55—NA 0.59—0.41 NA NA (Hintermayr et al., 2019)
MAPbBr3/(OA),PbBrs/PMMA NA— 88 NA stable NA (Mary Vijila et al., 2019)
CsPbX3/Cs4PbXs 84.4—-96.2 16.2—9.1 40—95 NA (Jia et al., 2018)
CsPbBrs/A-CsPbBry 54—84 6.68—7.25 stable NA (Wang et al., 2017b)
FAPbBr3/CsPbBr; 82—93 30.2—40.1 20—80 1.03—8.1 (Zhang et al., 2020a)
FAPbBr3/CsPbBr; NA NA 60— 90 NA (Zhang et al., 2021¢)
CsPbBrs/PCN-333(Fe) NA NA stable NA (Qiao et al., 2021)
MAPbBr3/MOF 1.73—70.48 NA stable NA—15.4 (Tsai et al., 2021)
CsPbBrs/MOF NA NA stable NA—5.6 (Tsaietal, 2021)
CsPbly/KI 75—96 7—10 stable 16—21.3 (Wang et al., 2021a)
CsPbl3-in-matrix 0.5—-70 NA stable 3-18 (Liu et al., 2021¢)
CsPbBr3:Sr/PbBr(OH)/MS NA—75 NA—7.46 stable 15—36.5 (Xuan et al., 2022)
CsPbBr3-in-matrix NA NA stable 0.5-13.8 (Liu et al., 2022)

Photo stability: X—Y, represents that the PL intensity maintained X% of its initial value under a UV light or blue LED for the
same time, X is for no protecting structure, and Y is for protecting structure.

in situ encapsulation of perovskite NCs in a polymer shell provides another route to obtain highly stable
halide perovskite NCs. In 2017, Hou et al. successfully synthesized the first perovskite/multidentate poly-
mer core/shell nanostructure by using a unique solution-based template method (Hou et al., 2017).
CsPbBr; perovskite NCs were coated by a multidentate copolymer polystyrene-block-poly-2-vinylpyridine
(PS-b-P2VP), forming a core/shell heterostructure. Later, Urban et al. applied the same diblock copolymer
approach to shell MAPbX5 NCs with PS-b-P2VP (Hintermayr et al., 2019). Again, the polymer micelles acted
as nanoreactor growth templates to guide the core/shell structure formation. The PL intensity of the NC
films exhibited more than 15 times enhancement in the lifetime as compared to unprotected NCs and sur-
vived in the water for more than 75 days. Jayaraj et al. reported the synthesis of a MAPbBr3/(OA),PbBr,
core/shell nanoparticles using the LARP method (Mary Vijila et al., 2019). 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 vari-
ation in the electron density between the core and shell. High-resolution TEM images showed a single
core/shell NC with a core size of 1.5 nm coated with a shell of (OA),PbBr, of thickness 4 nm. These core-
shell nanoparticles could be incorporated into a PMMA matrix to form stable transparent nanocomposites,
showing reduced wettability and improved PLQY of 88%.

Perovskite or perovskite derivatives can also be formed on the surface of perovskite NCs. Jia et al. firstly
used a seeded growth approach to synthesize core/shell CsPbBr3/Cs,PbBr, perovskite NCs (Jia et al.,
2018). The obtained core/shell NCs consisted of a light-emitting CsPbX3 core with a narrow bandgap
and a Cs4PbX, passivating shell with a large bandgap (>3.2 eV). Such type Il structure led to the observed
improved PLQY. Tian et al. obtained core-shell structured cubic CsPbBr;@amorphous CsPbBr, (A-CsPbBr,)
perovskite NCs via a facile hot injection method and centrifugation process (Wang et al., 2017b). The core-
shell structure NCs showed a record blue emission PLQY of 84%, much higher than blue-emitting cubic
CsPbBr3 NCs and CsPbBr,Cls_, NCs. It was found that the amorphous CsPbBr, shell protected the
CsPbBrj core against radiative corrosion and enhanced the core’s absorption ability, thereby improving
the PLQY. In 2020 Yang et al. developed a novel method to grow mono-dispersed core-shell FAPbBr3/
CsPbBr3 NCs (Zhang et al., 2020a). The formed FAPbBr3/CsPbBr; NCs emitted light in the visible range
460-560 nm with narrow linewidth (~20 nm) and high PLQY up to 93%. In particular, the core/shell perov-
skite NCs exhibited enhanced optical stability under ambient conditions and UV radiation. The enhanced
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properties could be attributed to the overgrowth of FAPbBr3 with an inorganic CsPbBrs shell, which acted
as a protective layer and enabled effective passivation of the surface defects. Very recently, using the same
core-shell NCs of FAPbBr3/CsPbBrs, an amplified spontaneous emission (ASE) was observed by Chen et al.
with a stable threshold of 447 nJ/cm? under pulsed nanosecond pumping (Zhang et al., 2021¢).

MOFs have been previously applied to address the issues related to the toxicity of lead because they
could capture the Pb?* leaked from the degraded perovskite solar cells by forming water-insoluble solids
(Wu et al., 2020). Recently, integration and encapsulation of perovskite NCs with multifunctional MOFs to
form perovskite NC@MOF composites, prove to be a promising strategy for enhancing stability. Yu et al.
encapsulated CsPbBr; NCs into a stable iron-based MOF with mesoporous cages (~5.5 and 4.2 nm) via a
sequential deposition route to obtain a perovskite-MOF composite material, CsPbBrs@PCN-333(Fe), in
which CsPbBr3 NCs were stabilized from aggregation or leaching by the confinement effect of MOF cages
(Qiao et al., 2021). A significant interfacial charge transfer from CsPbBr3 NCs to PCN-333(Fe) was observed,
which is ideal for photocatalysis. Perovskite NCs stabilized in MOF thin films could also make bright and
stable LEDs. Nie et al. employed a two-step method for the fabrication of perovskite NCs stabilized in
MOF thin film (Tsai et al., 2021). Firstly, a Pb/MOF thin film was deposited. It was then converted into
the perovskite/MOF NCs by spin coating with the halide salt-containing precursor. Bright LEDs made
from perovskite-MOF NCs were demonstrated with a maximum EQE of over 15% and high brightness of
over 105 cd m~2 after the device reached stabilization. The stabilization of perovskite NCs by a surrounding
MOF proved to be a simple yet effective way to make extraordinarily bright perovskite-NC-based LEDs,
with stable continuous operation of up to tens of hours.

COMPONENT ENGINEERING

Component engineering, i.e., doping or alloying, represents the most efficient way to tune the bandgap,
crystal structure, and optical and electronic properties of semiconductor materials (Lu et al., 2020a; Luo
etal., 2019). Beneficial from the ionic nature of perovskites, it is facile to achieve tunable properties by vary-
ing the composition of these compounds (Li et al., 2020a; Tablero Crespo, 2019). In terms of the location of
substitution ions, we simply divided these strategies into three categories, i.e., A-site, B-site, and X-site.

A site

Dopants of A-site were always monovalent metal cations or organic cations. It has been demonstrated that
A-site cations hardly change the electronic band structures of perovskites because the DOS is mainly contrib-
uted by the [BX4]* octahedra. However, A-site doping can adjust the tolerance factor t of the obtained perov-
skite structure to a more stable region and hence significantly improve the resulting optical properties as well
as the device stability. For example, Amgar et al. reported on a mixed-cation system of Rb,Cs;_,PbX3 (where
X = Cl or Br) perovskite NCs. (Amgar et al., 2018). The size and the average side lengths of the NCs showed a
declining trend with an increase of the Rb* content for both Cl and Br, and the tolerance factors were also
reduced slightly with the addition of more rubidium, which meant a more stable perovskite phase.

Li's group demonstrated the monovalent K* ion doping of CsPbBr; perovskite NCs by a post-modification
method (Huang et al., 2018). Because K" and Cs" have the same valence and comparable ionic radii (1.67 A
for Cs* and 1.38 A for K*), itis concluded that K* ions can replace part of surface Cs* ions. The incorporation
of K" not only increased the PLQY from 65% to 83% but also considerably improved the stability of CsPbBr3
NCs. This implies that the doping of K* could effectively reduce the defects at the NC surface and facilitate
the charge-carrier dynamics, thereby decreasing trap-dominated nonradiative recombination.

In addition to changing the perovskite structure stability by modifying the tolerance factor, the size of the
A-site organic cation also changes the bandgap of perovskite NCs. Sapra et al. reported for the first time
colloidal synthesis of (EA),(MA); _,PbBr3 NCs. The bandgap was observed to be tuned from 2.38 to 2.94 eV
by varying the ratio of ethylammonium (EA) and methylammonium (MA) cations (Mittal et al., 2016). The
wide tuning of bandgap was further confirmed by electronic structure calculations using DFT, which ex-
plained the increase in the bandgap upon going toward larger "A” site cations in APbBr; NCs. The blue
shift of optical emission was a result of the insertion of larger EA cations as compared to MA cations in
the voids between corner sharing [PbBrg]* octahedra.

In fact, the impact of A-site cation on the properties of halide perovskites is rather complex. Very recently,
Seok, Yang and Park et al. pointed out that the conventional roles of the A cation in bulk perovskites should
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be reevaluated (Lee et al., 2022a). In particular, expanded roles of the A cations including phase stabiliza-
tion, suppression of ion migration, and surface functionalization should be emphasized. Considering the
difference between bulk perovskites and perovskite NCs, systematic studies are still required to gain
deeper understanding of the doping mechanisms and their impact on the properties of perovskite NCs.

B site

Compared with the A-site substitution, the B-site doping (or alloying) is more concerned, providing added
freedom to design the properties of perovskite NCs. The B-site doping not only enables precise tuning of
their properties and novel functionalities but also improves the stability, as well as reduces the use of toxic
lead. Up to now, a variety of metal ions have been employed for B-site doping of perovskite NCs. These
metal ions can be divided into two categories, i.e., isovalent doping and heterovalent doping, according
to the valence electrons of the extrinsic ions and the Pb?* host.

Isovalent doping

Isovalent metal ions with the same valence electron as the Pb?* host have been used to dope perovskite
NCs for combined properties of perovskite NCs and the metal ions. For instance, manganese ion
(Mn?*)-doped perovskite NCs possess the combination of paramagnetic and optical properties that do
not exist in undoped perovskite NCs. An early attempt to dope Mn?* into CsPbCl3 and CsPb(Cl/Br); perov-
skite NCs was reported by Son et al. using a one-pot hot injection method (Parobek et al., 2016). Intense
orange luminescence sensitized by the d—d transition of Mn?* ions was observed, indicative of sufficiently
strong exchange coupling between the charge carriers of the NC host and dopant d electrons mediating
the energy transfer (Figure 12B). Subsequently, Klimov et al. discovered that the dual-color emission
including the intrinsic band-edge emission and dopant-sensitized emission of Mn?* doped perovskite
NCs could be controlled by the halide content (Figure 12A) (Liu et al., 2016). The mechanism of halide iden-
tity on relative intensities of the dual emission bands could be ascribed to the influence of the energy dif-
ference between the corresponding transitions on the characteristics of energy transfer between the
dopant and the perovskite-NC host (Figure 12C). Further, Ricciarelli et al. simulated the electronic structure
of Mn?*-doped perovskite NCs in various charge and spin states. They found that both energy- and charge-
transfer mechanisms contributed to the long-lived dopant-related luminescence and the enhanced PLQYs
of perovskite host (Ricciarelli et al., 2021). Recently, Locardi et al. synthesized Mn?*-doped Cs,AgInCl, dou-
ble perovskite NCs (Locardi et al., 2018). A bright PL emission with a much higher PLQY of ~16 + 4% was
obtained, compared to the weak white PL emission (PLQY ~ 1.6 + 1%) of undoped NCs.

For Ni?* doping, a different mechanism is revealed for engineering the optical properties of perovskite
NCs. Kim et al. reported improvement in both the PLQY and stability of CsPbBr3 NCs by varying the con-
centration of Ni?* (Kim et al.,, 2021a). The Ni?* ion introduced impurity states in the perovskite structure,
reducing the recombination rate of electrons and holes, thereby enhancing the optical performance. Under
continuous UV light irradiation, the PL intensity of Ni**-doped CsPbBr; NCs drops by 18%. As a compar-
ison, the PL intensity of undoped NCs decreases by 70%. Sun et al. reported controlled Ni?* doping of
CsPbCls NCs using the hot injection method (Yong et al.,, 2018). The Ni?* ions have a strong tendency
to form octahedral coordination with halide ions, enhancing the short-range order of the lattice and
thereby the violet PL of CsPbCl3 NCs.

Itis intriguing that the doping of metal ions into perovskite NCs can also be realized by post-synthesis cation-
exchange methods although it was more difficult compared with the anion exchange. Donega et al. reported
partial cation exchange of Pb?* in colloidal CsPbBrs NCs with several isovalent cations by using bromide salts,
resulting in doped CsPb;_,M,Br; NCs (M = Sn?*, Cd?*, and Zn?*; 0 < x < 0.1) (van der Stam et al., 2017). Both
the shape and size of the parent NCs were preserved, apart from a small contraction of the unit cells upon the
incorporation of the guest cations (Figures 12D and 12E). A blue shift in the optical spectra was observed scale
linearly with the lattice contraction that accompanies the Pb?* for M?* cation exchange. The high PLQYs, sharp
absorption features, and narrow emission of the parent CsPbBrz NCs were all maintained.

When the metal precursors and CsPbX3; NCs have a different halide species, both anion exchange and
cation exchange can take place. Yang et al. investigated the interplay between anion exchange and cation
exchange for efficient doping of Sn?* into CsPbX3 NCs (Li et al., 2018b). It was found that the anion ex-
change reaction could provide a driving force, accelerating the cation exchange rate between the host
Pb2" and guest Sn?*.
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Figure 12. Component engineering by metal ion doping
(A) Absorption and PL spectra of undoped and Mn?*-doped CsPbCl3 NCs.

(B) Images of undoped and Mn?*-doped CsPbCls NC colloids under UV excitation. Reprinted from (Parobek et al., 2016). Copyright © 2016, American

Chemical Society.

(C) Schematic showing the mechanism for dual-color emission in Mn?*-doped perovskite NCs controlled by halide content. Figures A and C reprinted from
(Liu et al., 2016). Copyright © 2016, American Chemical Society.
(D) PL energy as a function of the lattice vector in doped CsPb;_,Sn,Brs NCs obtained by post-synthetic Pb?* for Sn?* cation exchange in parent CsPbBr;

NCs.

(E) PL energy as a function of the lattice vector in doped CsPb;_,M,Brs (M = Sn, Cd, and Zn) NCs obtained by post-synthetic Pb?* for M?* cation exchange in
parent CsPbBrs NCs. Figures D and E reprinted from (van der Stam et al., 2017). Copyright © 2017, American Chemical Society.

(F) Emission spectra of CsPbCl; NCs doped with different lanthanide ions.

(G) Left: Energy level diagram of Yb®* ions doped CsPbCl; perovskite NCs and the possible quantum cutting mechanisms. Right: Energy level diagram of
Eu®* ions doped CsPbCl perovskite NCs and the possible PL mechanisms. Figures F and G reprinted from (Pan et al., 2017a). Copyright © 2017, American

Chemical Society.

Heterovalent doping

Perovskite NCs that are doped with heterovalent metal ions are also attracting great attention. Because a
substitutional heterovalent impurity has one more or less valence electron than the hostion it replaces, the

ionization of the heterovalent impurity by thermal energy could, in principle, generate an extra electron or
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hole in the perovskite NC host. This leads to the shift of the Fermi level (Eg) and n- or p-type doping of
perovskite NCs, which is particularly demanded creating various functional devices.

Motivated by the active role of heterovalent dopants in modulating the electronic properties Zhou et al.
reported controlled doping of monovalent Ag* into CsPbBr3 NCs via a facile room temperature synthesis
method (Di et al., 2015). The Ag" ions act as substitutional dopants to replace Pb%* ions in CsPbBr3 NCs,
shifting the Ef down toward the valence band and in turn inducing a heavy p-type character. Using the same
method, they successfully doped Bi** into CsPbBr3 NCs (Lee et al., 2020b). A Bi®* ion has one more valence
electron than the host Pb?*. The substitution of a Pb?" with a Bi®* leads to the shift of the Ef toward the
conduction band and dedoping of CsPbBrs NCs. A theoretical study within the DFT regime performed
by Lyons et al. confirmed that the Bi** incorporates favorably at the Pb site and acts as a deep donor in
CsPbBrj perovskites (Lyons, 2021).

By contrast, Begum et al. reported doping of trivalent Bi** into CsPbBrs NCs by a hot-injection method
(Begum et al., 2017). They found that Bi** was successfully doped into the core of CsPbBrs NCs and
quenched the PL because of the doping-induced trap states. The Bi®* doping modified the band structure
of CsPbBr3 NCs and shifted the Ef toward the conduction band. This could improve the interfacial energy
alignment between CsPbBr3 NCs and molecular acceptors, which in turn facilitated the charge transfer at
the interface. Meng et al. doped trivalent AI** into CsPbBr; NCs using AlBr5 as the dopant precursor (Liu
et al., 2017¢). During the growth, the incorporation of AI** was favored due to the small disparity in bond
strengths within the precursor and the host lattice, and the pre-existing Al-Br (bridging) bond that facili-
tated the binding to the host lattice. Further theoretical calculation suggested the AI** doping introduced
anew energy level in the bandgap due to the hybridization of the Al s-orbitals, the Br p-orbitals, and the Pb
p-orbitals. This resulted in the extended bandgap compared with the undoped NCs. Therefore, the AI**
doped CsPbBr3 NCs exhibited stable blue PL, being a possible down-convertor material for backlit
displays.

Compared with Bi®* and AI**, trivalent rare earth (RE) ions possess abundant and unique energy levels.
Multicolor emissions could be achieved by doping RE ions into perovskite NCs via energy transfer from
the perovskite-NC host to RE impurities (Arfin et al., 2020; Marin and Jaque, 2021). Song et al. presented
doping of various lanthanide ions (Ce**, Sm**, Eu®*, Tb**, Dy**, Er**, and Yb®*) into the lattices of CsPbCl,
perovskite NCs through a modified hot-injection method, which endows tunable light emissions spanning
from visible to NIR spectra (Figures 12F and 12G) (Pan et al., 20172). The XRD patterns confirmed the incor-
poration of lanthanide ions into the lattice of perovskite NCs. The efficient energy transfer from CsPbCls-
NC host to the lanthanide ions gave rise to intense emission bands from the intrinsic electronic transitions
of lanthanide ions, i.e., 4f—5days transition for Ce>", *Hso-°H, (J = 2/5, 2/7, 2/9, 2/11) for Sm>*, 5Do-"F, for
Eu®*, %Dy-"Fy (J = 3-6) for Tb>*, 4Gs/o-°H, (J = 15/2, 13/2, 11/2) for Dy®*, Hy12-*115/2/S3/2-*115/2 for Er**, and
2Fs/5-°F4, for Yb3* ions. Using the same method, they prepared Ce®* and Yb** codoped CsPbCly 5Brq 5
NCs (Zhou et al., 2017a). The codoped NCs possessed larger absorption cross-sections, weaker elec-
tron-phonon coupling, and higher inner luminescent QY (146%) in terms of an efficient quantum cutting
emission mechanism. Films assembled from these NCs were finally explored as a downconverter to
enhance the performance of commercial silicon solar cells.

In another similar work, Milstein et al. synthesized Yb3*:CsPbCl; NCs which reproducibly yielded sensitized
Yb3* 2Fs,,—2F;,, luminescence with near-infrared PLQYs over 100%, while almost no excitonic lumines-
cence was observed (Milstein et al., 2018). With the assistance of spectroscopy study, they proved that
the extremely high PLQYs could be attributed to the energy captured by Yb**-induced defect and the sub-
sequent transfer to two neighboring Yb** ions in a single concerted step on the picosecond timescale.

Unlike Yb3*, Ce®* has a similar ion radius as the Pb?" cation and forms higher energy level of conduction
band with bromine. Therefore, the substitution of a Pb?* with a Ce** would maintain the integrity of the
perovskite structure without introducing additional trap states, thereby enhancing the interband excitonic
luminescence. Yu et al. demonstrated the doping of Ce®* ions into CsPbBrs NCs via a facile hot-injection
method (Yao et al., 2018). As expected, the excitonic luminescence of the CsPbBr3 NC host was greatly
enhanced when a proper amount of Ce®* was included. However, no PL from the electronic transitions
of Ce3* was observed even at the highest concentration, in direct contrast to Cce’* doped CsPbCl3 NCs.
The underlying mechanism responsible for the PL evolution was elucidated by means of ultrafast transient

¢? CellPress

OPEN ACCESS

iScience 25, 105371, November 18, 2022 33




¢? CellPress

OPEN ACCESS

absorption and time-resolved PL spectroscopy, signifying the importance of halide identity on the charac-
teristics of energy transfer between the dopant and the perovskite-NC host.

Recently, Yin et al. reported a binary RE-doped lead-free Cs,Agln;_,_,BisLa,Cl, double perovskite NCs
(Yin et al., 2021). The binary La®**-Bi** codoping can break the parity-forbidden transition and modify the
associated optical functionalities. The doped NCs achieved a broadband bright warm-white emission in
the visible regime with an excellent PL quantum yield of 60%. In a similar work reported by Zheng et al., a
binary Na*-Bi®* codoping strategy raised the PLQY up to 56% because the lattice symmetry breaking
induced by doping relaxed parity-forbidden transition (1Sg — 3P,) of Bi-6s® orbitals (Zheng et al,
2021). These findings can be used to optimize the optical properties of emerging lead-free halide perov-
skite NCs.

X-site

In the framework of ABX3 perovskites, ion exchanges at A-site and B-site are more difficult because of the
octahedra structure. By contrast, it is much easier to achieve X-site anion exchange. Via a controlled anion
exchange reaction using different halide precursors, one can finely tune the chemical composition and
thereby the optical response of perovskite NCs across the entire visible spectrum at a fast rate in the pres-
ence of a high concentration of mobile halide vacancies (Vx*) and singly charged X™.

As shown in Figure 13A, Akkerman et al. demonstrated that the anion exchange approach was accessible to
a wide variety of CsPbX3 perovskite NCs without deteriorating the structure and the overall stability of the
initial NCs. By simply mixing solutions of perovskite NCs having different halide compositions, the anion
exchange could readily take place (Akkerman et al., 2015). Figure 13B shows that the PL of the pristine
CsPbBr3 NCs could be tuned within an energy interval comprised between 1.88 and 3.03 eV following
the titration curves. Additionally, it is notable that the PLQY of the NCs generally dropped from the starting
value of 78% when replacing Br™ ions with either CI~ or | ions, which may be relevant to the intrinsic prop-
erties of halide perovskites. Wang et al. further demonstrated that the fast anion exchange could extend
the PL based on the as-synthesized CsPb,Brs NPLs, signifying its potential for application in versatile op-
toelectronic devices (Wang et al., 2016a).

Moreover, Parobek et al. found that controllable anion exchange can be achieved in a dihalomethane
solution of CsPbX3 NC in the absence of any spontaneously reacting anion source using the photoexci-
tation of CsPbX3 NCs as the triggering mechanism for the halide ion exchange (Parobek et al., 2017).
The reaction starts only in the presence of excitation light and the rate and extent of the reaction could
be controlled by varying the light intensity. Recently, a two-phase anion exchange (TAE) synthesis
method (Figure 13C) was reported by Chen'’s group. They firstly prepared CsPbBr3 NCs with a well-main-
tained cubic morphology and high PLQY of about 95% (Lv et al., 2020). Then they made the ClI™ ions from
water into hexane to complete a Br-to-Cl exchange. By controlling the concentration of Cl sources and
reaction time, the ratio of Cl to Br could be adjusted. They also found that ultra-high PLQYs could be
achieved only by employing CdCl; rather than NH4CI, ZnCl,, BaCl,, SrCly, and so forth as the halide
source.

Lead-free double perovskites with less toxicity and higher stability have also gained plenty of attention. Via
a novel anion-exchange protocol using trimethylsilyl iodide, Creutz et al. converted the as-synthesized
colloidal Cs,AgBiX, (X = Cl, Br) elpasolites NCs to new materials including Cs;AgBils. The resulting
Cs,AgBil, NCs showed strong absorption throughout the visible region, suggesting that this material
could be a promising photovoltaic absorber (Creutz et al., 2018). Liu et al. recently researched the stability
and the bandgaps of Cs,TiX, (X = Cl, Br, 1) NCs using DFT. They confirmed that the bandgap increased
slightly when the A-site cation changed from K to Rb and Cs, while the bandgap increased apparently
with the increase of Cl concentration, especially for Cs;Til,Cly (Liu et al., 2021a). Other groups also inves-
tigated the pseudo-halide ion exchange process. For example, doping of CsPbBr3 NCs with rod-like SCN™
anion would introduce disorder in the crystal lattice, leading to lattice expansion. This impacted the elec-
tronic band structure of perovskite NCs and caused bandgap broadening (Lou et al., 2018). Interestingly,
Yang's group combined the anion-exchange chemistry with nanofabrication to create high-quality spatially
resolved multicolor CsPbX3 (X = Cl, Br, |, or alloy of two halides) NW heterojunctions and patterns at the
nanometer scale with a pixel size down to 500 nm, which could find practical applications in large-scale
electronic circuit, information storage, full color displays, and photovoltaic cells (Dou et al., 2017).
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Figure 13. Component engineering by post-synthetic anion-exchange

(A) lllustration of the different routes and precursors for the anion exchange reactions on CsPbX3 (X = Cl, Br, I) NCs.

(B) Top: PL spectra of the CsPb(Br:X); (X = Cl, I) NCs prepared by anion exchange from CsPbBr3 NCs. Bottom Left: PL calibration curves, a targeted emission
energy could be obtained by adding a precise amount of halide precursor to a crude solution of CsPbBr;z NCs. Bottom Right: PLQY recorded from the
exchanged NCs and the directly synthesized NCs. Figures A and B reprinted from (Akkerman et al., 2015). Copyright © 2015, American Chemical Society.
(C) lllustration of the post-synthesis process and essential methodology using CdCl, as a Cl~ ion source in the two-phase anion exchange method. Reprinted
from (Lv et al., 2020). Copyright © 2020, Royal Society of Chemistry.

(D) Illustration of structural differences in when as-synthesized CsPbl3 NCs undergo anion exchange to CsPbBrs. Reprinted from (Wang et al., 2020a).
Copyright © 2020, American Chemical Society.

So far, it is not clear whether the morphology of perovskite NCs is preserved during the anion exchange
process. Two typical models have been proposed to explain the anion exchange between perovskite
NCs. One is the lattice reconstruction model including disintegration, anion exchange, and lattice recon-
struction, while the other is the general anion exchange model. By means of time-resolved in situ PL mea-
surement Tian et al. found that the formation of mixed-halide perovskite NCs was dominated by both lat-
tice reconstruction and anion-exchange processes rather than the general anion exchange model (Biet al.,
2018). Later, fluorescence microscopy was used to monitor the reaction trajectories of anion exchange be-
tween CsPbBr3 and CsPblz NCs (Wang et al., 2020a). It was found that CsPblz NCs underwent more abrupt
shifts in their emission characteristics when they transformed to CsPbBr3 NCs, while CsPbBr3 NCs exhibited
a smoother transition during their transformation to CsPblz NCs (Figure 13D), highlighting the structural
differences between CsPbX3 NCs directly synthesized by the HIl method and those prepared by anion ex-
change. Later, to investigate time-dependent in situ PL spectra after mixing CsPbBr3 and CsPb(Brg 09/l0.91)3
NCs, Gan et al. proposed a three-stage model involving photon reabsorption, initial anion exchange, and
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adequate anion exchange (Sheng et al., 2020). The model is generally applicable when the two parent
perovskite NCs were mixed in different orders and at different ratios.

APPLICATIONS

Light-emitting devices

Halide perovskite NCs are exceptional candidates for LEDs. Research on LEDs based on halide perovskite
NCs started in 2015 (Song et al., 2015). The EQEs of the first LEDs based on all-inorganic CsPbX3 NCs were
0.07%, 0.12%, and 0.09% for the blue, green, and orange emission, respectively. After a few years of intense
efforts, the performance of perovskite-NC-based LEDs has been rapidly improved (Table 2), paving the way
toward the niche market application of perovskite LED technologies.

Red light-emitting devices

Many strategies such as surface ligand management and metal ion doping have been proposed to improve
the performance of red LEDs based on perovskite NCs. In order to confront the instability of cubic-phase
CsPbls NCs, Shen et al. reported a B-site doping strategy for stable and efficient red perovskite LEDs
(Shen et al., 2021). Ca®* (1.00 A) as a new B-site doping ion can successfully boost CsPbl; NC performance
with both improved phase stability and optoelectronic properties. Red LEDs exhibited about triple enhance-
ment for maximum EQE up to 7.8% and 2.2 times enhancement for half-lifetime Tso of LED up to 85 min. By a
sequential ligand post-treatment strategy, Lan et al. demonstrated spectrally stable and efficient pure red
LEDs based on CsPbl; NCswith a mean size of ~5nm (Lan et al., 2021). The sequential post-treatments using
the ligands of 1-hydroxy-3-phenylpropan-2-aminium iodide (HPAI) and tributylsulfonium iodide (TBSI) led to
apure red LED with a peak EQE of 6.4% and a stable EL emission centered at the wavelength of 630 nm (Fig-
ure 14A). Similarly, the EQE of red LEDs (emission wavelength ~750 nm) based on MAPbI; perovskite NCs
was boosted to greater than 15% by engineering the surface stoichiometry and chemical structure of bulky
organoammonium ligands (Figure 14B) (Xiao et al., 2019). The NC surface was well passivated when the size
was decreased to smaller than 5 nm. This strategy ensures minimal undercoordinated Pb and halide atoms
on the surface, avoids the formation of 2D phases, and provides nanosized perovskite grains, leading to
smooth and pinhole-free films, and thereby an excellent EQE (Figures 14C and 14D).

Inspired by the active role of K* in stabilizing perovskite solar cells, Wang et al. developed an inorganic
ligand (KI) exchange strategy that could increase both phase stability and thermal transport of the
CsPbl3-NC films (Wang et al., 20212). The atomic-ligand-exchanged NC films were mechanically coupled,
resulting in distributed strain across the film. This makes cubic CsPbl3 NCs more stable. Operando mea-
surements of the temperature of the LEDs indicate that Kl-exchanged NC films exhibit increased thermal
transport compared to control films that rely on organic ligands. More importantly, the LEDs exhibit a
maximum EQE of 23% with an EL emission centered at 640 nm (FWHM ~31 nm). These red LEDs provide
an operating half-lifetime Tso of 10 h (luminance of 200 cd m~2) and operating stability that is 6-fold higher
than that of control devices.

By contrast, Li et al. reported highly efficient and stable red LEDs based on stable tetragonal phase CsPbls
(B-CsPbls) NCs (Li et al., 2021). By incorporating poly(maleic anhydride-alt-1-octadecene) (PMA) into the
NCs, the PLQY for B-CsPblz NCs films remarkably increased from 34% to 89%. Moreover, the EQE of red
LEDs based on B-CsPbl; NCs was up to 17.8%, and the time to half the initial EL intensity Tso was over
300 h at a constant current density of 30 mA cm™2, superior to most of the reported red perovskite LEDs
to date.

Efficient red LEDs have also been demonstrated by using mixed-halide perovskite NCs. Hassan et al. fabri-
cated efficient red LEDs centered at 620 nm with a high EQE of 20.3% by using MAPb(l,_,Br.)3 NCs (Fig-
ure 14E) (Hassan et al., 2021). The key to stable EL operation is the treatment of the MAPb(l;_,Br,)3 NCs
with a lead-complexing multidentate ligand to ‘clean’ the NC surface through the removal of Pb atoms,
and to suppress the segregation of halide ions (Figures 14F-14H). Both ligand-ligand and ligand-surface
interactions are important to achieve a stable ligand shell on the NC surface. The work highlighted the
role of perovskite-NC surface in stable LEDs and provided a route to control the formation and migration
of surface defects which are detrimental to stable mixed-halide perovskite NCs.

Different from the strategies discussed above, Liu et al. explored bright and stable red LEDs by using
CsPbl; NCs embedded in a mixed-halide perovskite matrix (Figure 141) (Liu et al., 2021c). The CsPbls
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Table 2. Performance of red, green and blue LEDs based on perovskite NCs

fabrication = EL peak V,, EQE.x CE Lmax CIE Operation g’_
Emitter layer (EL) Device configuration method (nm) V) (%) (cdA™) (edm™ (x, y) stability Ref. )
CsPbCl3 NCs ITO/PEDOT:PSS/PVK/EL/TPBI/LiF/Al spin coating 455 5.1 0.07 0.14 742 0.19,0.04 NA (Song et al., 2015) 8
CsPbBr3 NCs ITO/PEDOT:PSS/PVK/EL/TPBI/LiF/Al spin coating 516 4.2 0.12 0.43 946 0.08,0.78 NA (Song et al., 2015) ‘D
CsPbl3 NCs ITO/PEDOT:PSS/PVK/EL/TPBI/LiF/Al spin coating 586 4.6 0.09 0.08 528 0.52,0.44 NA (Song et al., 2015)
CsPbl3 NCs ITO/PEDOT:PSS/EL/TPBI/LiF/Al spin coating 683 2.8 7.8 NA 790 0.72,0.27 Tso = 85 min (Shen et al., 2021)
CsPbl3 NCs ITO/PEDOT:PSS/PTAA/EL/PO-T2T/LiF/Al spin coating 630 3.2 6.4 NA 1212 0.67,0.32 Tso = 78 min (Lan et al., 2021)
MAPbI3 NCs ITO/Poly-TPD/EL/TPBI/LiF/Al spin coating 774 NA 15.2 NA NA NA NA (Xiao et al., 2019)
CsPbl3 NCs ITO/PEDOT:PSS/Poly-TPD/EL/TPBIi/LiF/Al spin coating 640 2.0 23 NA 200 0.70,0.29 Tso=10h (Wang et al., 2021a)
CsPbl3 NCs ITO/PEDOT:PSS/Poly-TPD/EL/TPBIi/LiF/Al spin coating 689 ~3.9 17.8 NA 618 0.721,0.275 Ts0=317h (Li et al., 2021)
MAPb(l1_,BrJ3 ITO/PEDOT:PSS/Poly-TPD/TFB/EL/TPBI/LiF/Al  spin coating 620 2.8 20.28 31.28 627 NA NA (Hassan et al., 2021)
NCs
CsPbls ITO/PEDOT:PSS:PFI/LiF/EL/TPBI/LiF/Al spin coating 650 NA 18 NA 4700 NA Tso = 2400 h (Liu et al., 2021¢)
NC-in-matrix
CsPbBr3 NCs ITO/PEDOT:PSS/Poly-TPD/EL/TPBIi/LiF/Al spin coating 512 3.4 6.27 13.3 15,185 0.05,0.71 NA (Li et al., 2017a)
CsPbBr3 NCs ITO/PEDOT:PSS/PTAA/EL/TPBI/LIF/Al spin coating 515 275 11.6 455 55,800 0.09,0.71 NA (Song et al., 2018)
CsPbBr3 NCs ITO/PEDOT:PSS/PTAA/EL/TPBI/LiF/Al spin coating 516 NA 18.7 75 2.1 NA Tso=15.8h (Xu et al., 2020)
CsPbBr3 NCs ITO/PVK:F4-TCNQ/EL/TPBI/LiF/Al. spin coating 516 NA 16.8 62 7348 NA Tso =208 h (Han et al., 2021a)
CsPbBr3 NCs ITO/PEDOT:PSS/PTAA/EL/TPBIi/PO-T2T/LiF/Al  spin coating 520 2.0 21.63 81.4 41,900 0.17,0.74 Tso=180.1h (Fang et al., 2021b)
FA;_,GA,PbBr3 ITO/Buf-HIL/EL/TPBI/LiF/Al spin coating 531 2.7 23.4 108 25,000 NA Tso=132h (Kim et al., 2021b)
NCs
MAPbBr3 ITO/PEDOT:PSS/PFI/EL/TPBI/LiF/Al spin coating ~521 4.2 15.4 NA 120,000 NA Tso = 2400 min  (Tsai et al., 2021)
NC-in-MOF
CsPbBr3 NCs/ EL + InGaN Mini-LED inkjet printing 525 NA  36.50% NA 3.3 x 10% 0.318,0.341  Tso = 600 min (Xuan et al., 2022)
PbBr(OH)/MS
CsPbBr3 NCs ITO/PEDOT:PSS/PTAA/LIF/EL/B3PymPm/LiF/Al  spin coating 521 2.4 17.85 61.1 98 0.115,0.803 Tso = 175 min (Yang et al., 2021)
CsPbBr; NCs ITO/PEDOT:PSS/PTAA/EL/TPBI/LiF/Al inkjet printing 517 3.4 8.54 31.45 43,833.39 0.09,0.74 Tso = 63.84 min  (Wei et al., 2022)
CsPbl3; NCs ITO/PEDOT:PSS/PTAA/EL/TPBI/LiF/Al inkjet printing 688 4.2 5.54 0.46 455.20 0.73,0.27 Tso = 33.89 min  (Wei et al., 2022)
CsPb(Br,Cli,J)3 ITO/PEDOT:PSS/PTAA/EL/TPBI/LiF/Al inkjet printing 488 3.6 0.81 1.05 151.32 0.07,0.28 Tso = 1.97 min  (Wei et al., 2022)
NCs
CsPb(Br.Cl1,)3 ITO/NiOx/PVK:PVP/EL/TPBI/LiF/Al spin coating 477 2.6 11.0 NA 2180 0.107,0.115 Tso = 1-2 min (Karlsson et al., 2021)
NCs
CsPb(Br,Cl1.J)3 ITO/NiOx/PVK:PVP/EL/TPBI/LiF/Al spin coating 467 2.9 5.5 NA 330 0.130, 0.059 Tsp = 1-2 min (Karlsson et al., 2021) %
NCs % O
CsPb(Br,Cl1,)3 ITO/TFB/PFI/EL/3TPYMB/Lig/Al spin coating 471 4.5 6.3 NA 0.0465 NA Tso=99s (Zheng et al., 2020) g %
NCs > U
N
Cs,FA;_,PbBr3 NCs  ITO/NiO/TFB/EL/TPBI/LiF/Al spin coating 483 3.3 9.5 12 700 0.094,0.184 Ts50=250s (Liu et al., 2019¢) ') (‘D
(Continued on next page) g %
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Table 2. Continued

fabrication EL peak V., EQE,.x CE Linax CIE Operation
Emitter layer (EL) Device configuration method (nm) V) (%) (cdA™ (cdm? (x, y) stability Ref.
CsPbBr3 NCs ITO/PEDOT:PSS/PVK/EL/ZnO/Ag spin coating 470 3.7 4.7 NA 3850 0.13,0.11 Tso=12h (Bi et al., 2021)
CsPbBr; NCs ITO/PEDOT:PSS/PTAA/EL/TPBI/Al spin coating 479 2.8 12.3 NA 500 NA Tso = 20 min (Dong et al., 2020)
CsPbBrs3 ITO/PEDOT:PSS:PFI (PEPFI)/EL/TPBI/LiF/Al spin coating 495 NA 13.8 NA 6113 0.11,0.37 Tso = 140 min (Liu et al., 2022)
NC-in-matrix solid
CsPb(l,Bri_,)3 NCs  ITO/PEDOT:PSS/Poly-TPD/EL/ETL/LiF/Al spin coating 642 2.6 24.4 NA 290 NA Tso=20h (Wang et al., 2022)
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Figure 14. Red LEDs based on perovskite NCs

(A) Normalized EL spectra of LEDs based on H + T-treated CsPbl; NCs. Reprinted from (Lan et al., 2021). Copyright © 2021, American Chemical Society.
(B) Schematic of LEDs based on MAPbl; NCs terminated with bulky ligands.

(C) Current density versus voltage (J-V) and (D) EQE versus current density of LEDs with different MAI:Pbl, molar ratios and constant PMAI loading.
Figures B-D reprinted from (Xiao et al., 2019). Copyright © 2019, Wiley.

(E) Schematic of the LED architecture based on MAPb(l;_,Br,)3 NCs and an SEM image showing the cross-section of a device.

(F) Optimized structures of interacting surface-adsorbed ligands. Reprinted from.

(G) J-V and luminance-voltage (L-V) curves, and (H) EQE-current density curves for LEDs incorporating neat and E + G-treated NC layers. Figures E-H
reprinted from (Hassan et al., 2021). Copyright © 2021, Springer Nature.
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Figure 14. Continued

(I) EL spectrum of a representative CsPbl3-NC-in-perovskite matrix LED at different driving voltages.

(J) Transient absorption kinetics of NC-only sample and NC-in-matrix sample.

(K) Relative luminance versus operation time at ambient condition, measured with a constant drive current and an initial luminance of 914 cd m~2 (NC-in-
matrix LED). Figures |-K reprinted from (Liu et al., 2021¢). Copyright © 2021, American Chemical Society.

NCs (~4 nm, ~1.9 eV bandgap) remained stable in a thin layer of perovskite precursor solution and acted as
nucleation centers to drive the homogeneous crystallization of the mixed-halide perovskite matrix (~40%
Br, 5-8 nm thickness, ~2.2 eV bandgap). The NCs-in-perovskite solid demonstrated suppressed Auger
biexcition recombination and bright luminescence at high excitation (600 W cm™2) (Figure 14J). A high
EQE of 18% was obtained from the LEDs which retained high performance to brightness exceeding
4700 cd m~2. Moreover, the LEDs show an operating half-lifetime Tso of 2400 h at an initial luminance of
100 cd m~2 (Figure 14K), representing a 100-fold enhancement relative to the best primary red perovskite
LEDs.

Green light-emitting devices

Green-emitting CsPbBrs perovskite NCs are more phase stable at ambient conditions than CsPbl; NCs. Li
et al. reported the progress of green LEDs by tuning the surface ligand density of CsPbBrs NCs that were
originally capped by OA and OAm (Figures 15A and 15C) (Li et al., 20172). Surface passivation and carrier
injection that was in close relation to the ligand density could be balanced via controlling the number of
purification cycles. A 50-fold EQE improvement (up to 6.27%) was finally achieved for green LEDs based
on CsPbBr3 NCs by modifying the solution process and device structure (Figures 15B and 15D). The
EQE was further improved to 11.6% by surface engineering using a combination of short ligands of tetraoc-
tylammonium bromide (TOAB), didodecyldimethylammonium bromide (DDAB), and octanoic acid (OTAc)
(Song et al.,, 2018). Such triple-ligand strategy synergistically boosted ink stability, recombination dy-
namics, charge injection, and thereby the device performance. In the following, they proposed the bilateral
passivation of both top and bottom interfaces of perovskite-NC film with organic molecules (Xu et al.,
2020). The passivated device with TSPO1 achieves a maximum EQE of 18.7% and current efficiency of
75 cd A~". Particularly, the operational lifetime of CsPbBr3-NC LEDs is enhanced 20-fold, achieving a
half-lifetime Tso of 15.8 h. Subsequently, the operational stability was further enhanced by a methylene-
bis-acrylamide cross-linking strategy, demonstrating a Tsg lifetime over 200 h under continuous operation
with an initial luminance of 100 cd m~2 (Han et al., 2021a).

By modifying the device structure Song et al. demonstrated green perovskite-NC LEDs with simultaneously
improved efficiency and operational lifetime (Fang et al., 2021b). The key to boost the device performance
is using a bilayered electron transport structure to balance the charge injection. The champion device ex-
hibited a color-saturated green emission with an FWHM of 18 nm and a peak at 520 nm, a low turn-on
voltage of 2.0 V, a remarkable EQE of 21.63%, and operational lifetime of 1.15 h at an initial luminance
of 4064 cd/m?. The findings in this work highlight the importance of charge balance for constructing
high-performance perovskite-NC-based LEDs.

Kim et al. reported doping of guanidinium (Ga™) into FAPbBr3 NCs to suppress defects for high-efficiency
LEDs (Kim et al., 2021b). The Ga" drives a tendency to increase the surface-to-bulk ratio, leading to an
increased charge carrier confinement without inducing added defects on the NC surfaces (Figure 15E).
At low concentration (<0.6) the Ga* segregates to the NC surface and stabilizes the undercoordinated
sites, resulting in a high PLQY (~90%) (Figure 15F). At high concentration (>0.6), the perovskite phase
was destabilized with reduced crystallinity. Therefore, the PLQY quickly drops. To further reduce nonradia-
tive recombination a surface-stabilizing 1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene (TBDB) was applied
as a bromide vacancy healing agent. LEDs based on FAg 9GAg 1PbBrs NCs and TBTB interlayers have a cur-
rent efficiency of 108 cd A~" and an EQE of 23.4% (Figures 15G and 15H), which rises to 205 cd A" and
45.5% when a light outcoupling hemispherical lens was applied onto the emitting glass substrate.

Perovskite NCs passivated by an inorganic shell could also be used to boost the device performance. Nie
et al. demonstrated that perovskite NCs embedded in MOF thin films can make bright and stable LEDs
(Tsai et al., 2021). Green LEDs constructed from the perovskite-MOF NCs demonstrated a maximum
EQE of over 15% and a high brightness of over 10° cd m™2. Protected by the MOF matrix, both PL and
EL could be maintained under continuous UV irradiation, heat, and electrical stress. The LED devices
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Figure 15. Green LEDs based on perovskite NCs

(A) Schematic illustration of the device for structure optimization and (B) corresponding comparison of current efficiency and EQE.

(C) Schematic illustration of device for purifying solvent optimization and (D) corresponding comparison of current efficiency and EQE. The NCs were all
rinsed for one cycle with acetone or ethyl acetate. Figures A-D reprinted from (Li et al., 2017a). Copyright © 2017, Wiley.

(E) Three-dimensional charge density difference plots, showing the point chemical interactions between the perovskite surface and acid (left) or amine (right)
ligands.

(F) PLQY and schematic crystal structures (inset) of FA;_.GA,PbBr3 NCs.

(G) EQE and (H) current efficiency of LEDs with or without a TBTB interlayer and a hemispherical lens. Figures E-H reprinted from (Kim et al., 2021b).
Copyright © 2021, Springer Nature.

(I) Schematic illustrations of solvent flow, solvent evaporation processes, and self-assembled NC thin film formation with binary and ternary perovskite NC ink
system.

(J) Images of optical microscopy and 3D confocal microscopy of the inkjet-printed NC thin films.

(K) Schematic description of the advantages in ternary-solvent-ink recipe.

(L) The fluorescence optical microscopy image of double horses (lighting area, 44 x 28 mm?).

(M) EL spectra of inkjet-printed LEDs recorded under an operating voltage of 3.4 V. Figures |I-M reprinted from (Wei et al., 2022). Copyright © 2022, Wiley.

iScience 25, 105371, November 18, 2022 41



mailto:Image of Figure 15|tif

¢? CellPress

OPEN ACCESS

can work stably for over 50 h. Xuan et al. reported the use of green luminescent perovskite-NC composites
with the structure of CsPbBr3:Sr/PbBr(OH)/molecular sieve for stable mini-LED displays (Xuan et al., 2022).
The excellent encapsulation by PbBr(OH) and molecular sieves together with the Sr doping leads to highly
efficient and reliable Mini-LED backlights with a high luminous efficacy of 86 Im/W and a color area of ~93%
of the Rec. 2020 standards by combining with a blue Mini-LED chip.

In order to improve the color purity of green LEDs, Yang et al. chose CsPbBr3 NCs with a size far exceeding
the Bohr exciton diameter. A hybrid ligand passivation strategy using calcium tributylphosphine oxide was
proposed to produce highly dispersed large-size (18 nm) colloidal CsPbBrz NCs with a very weak size
confinement effect and high PLQY (~85%) (Yang et al., 2021). The LEDs based on large-size CsPbBr3
NCs demonstrated efficient green EL (EQE of 17.9%) with the highest color purity (FWHM of 16.4 nm)
and rapid brightness rise around the turn-on voltage. The device operation half-life time was also improved
to be 5-fold that based on small-size (? nm) CsPbBr3 NCs, providing a new avenue for improving the per-
formance of LEDs based on unconventional large-size effects.

In order to meet the demand for low-cost and large-scale manufacturing, the development of high-quality
and stable perovskite-NC inks for inkjet printing is a key step to push perovskite LED technology toward
practical applications. For this purpose, Wei et al. proposed a novel ternary-solvent-ink strategy (naph-
thene, n-tridecane, and n-nonane) for strongly emissive and stable inks of perovskite NCs (Figures 15I-
15K) (Wei et al., 2022). Compared with the binary-solvent (naphthene and n-tridecane) inks, the ternary-sol-
vent system produces excellent printability and film-forming ability (Figure 15J). The inkjet-printed green
CsPbBr3-NC LEDs exhibited a peak EQE of 8.54% and maximum luminance of 43883.39 cd m~2 (Figures 15L
and 15M). This strategy can also be applied to inkjet-printed red and blue LEDs based on perovskite NCs
with high efficiency.

Blue light-emitting devices

Bright and efficient blue emission plays a key role in the development of halide perovskite LEDs. Blue emis-
sion could be achieved via component engineering for bandgap tuning, i.e., using mixed halide perov-
skites. Gao et al. reported blue perovskite LEDs over a wide range of EL wavelengths from 490 to
451 nm, tuned by modifying the halide composition (Karlsson et al., 2021). However, the blue-emitting pe-
rovskites using mixed halide ions usually suffer from severe ion migration and phase segregation under
external excitation of light or bias voltage. This problem is more serious in mix-halide perovskite NCs
although they provide high EL efficiency in the red region by careful design of the NC surface (Vashishtha
and Halpert, 2017; Zheng et al., 2020). By contrast, quantum-confined perovskite NCs with a single halide
composition could provide efficient blue LEDs with spectrally stable light emission.

Foralongtime, the EQE of blue perovskite-NC LEDs lies below 2%. Until 2019 Jin et al. demonstrated blue
perovskite-NC LEDs emitting at 483 nm with color coordinates of (0.094, 0.184) and operating with a peak
EQE of up to 9.5% at a luminance of 54 cd m~? (Figures T6A=16E) (Liu et al., 2019¢). The efficient blue EL
originated from a unique core/shell structure of strong quantum-confined CsPbBr3 NCs embedded within
a quasi-two-dimensional perovskite shell with a relatively larger bandgap, which was prepared by an anti-
solvent process. To improve the brightness, Tian et al. devised a novel acid etching-driven ligand-ex-
change strategy to synthesize pure-blue emitting small-sized (~4 nm) CsPbBr; perovskite NCs (Bi et al.,
2021). The CsPbBr3-NC-based LEDs exhibited pure-blue EL at 470 nm with an EQE of 4.7%, a remarkable
luminance of 3850 cd m~2, and a half-lifetime Tso exceeding 12 h under continuous operation, which is su-
perior than reported pure-blue perovskite LEDs.

The advance in blue LEDs technology has been speeding up in the recent two years. Dong et al. developed
a bipolar-shell-passivation strategy to provide increased NC coupling and improved charge transport
(Dong et al., 2020). The bipolar shell consisted of an inner anion shell, and an outer shell comprised of cat-
ions and polar solvent molecules. The outer shell was electrostatically adsorbed to the negatively charged
inner shell. This strategy produced strongly confined CsPbBr3-NC solids featuring improved carrier
mobility (>0.01 cm? V=" s7") and reduced trap density. Films casting from the optimally exchanged NCs
maintained a high PLQY (>70% for 4 nm NCs) under low excitation density (<1 mW ecm™?) even after puri-
fication (Figure 16F). Both efficient blue and green LEDs could be obtained by using the NCs. In particular,
green devices with reduced trap density have an EQE of 22% and the blue devices achieve an EQE of 12.3%.
Very recently, they developed CsPbBrs-NC-in-perovskite matrix solids that exhibit high luminescent
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Figure 16. Blue LEDs based on perovskite NCs

(A) A cross-sectional STEM-HAADF image of LED devices based on quantum-confined bromide perovskite nanostructures. The zoomed-in STEM-HAADF
image and GISAXS image show the crystal structure of a perovskite nanoparticle.

(B) Flat-band energy level diagram of the device.

(C) EL spectra under forward biases of 4, 5, and 6 V. Inset: a photograph of a blue LED (56 mm?).

(D) Current density-luminance-voltage characteristics and (E) the corresponding EQE-voltage relationship of a device with a peak EQE of 9.5%. Figures A-E
reprinted from (Liu et al., 2019¢). Copyright © 2019, Springer Nature.

(F) PLQYs of NCs and NC films made from DDAB-treated perovskite NCs and bipolar-shell-stabilized NCs of two different diameters. The gray area
represents washing iterations without the ligand exchange process and the green and blue areas represent iterations using bipolar exchanges or DDAB
ligand exchanges, respectively. Reprinted from (Dong et al., 2020). Copyright © 2020, Springer Nature.

(G) Schematic of Sr** cations passivated by DFPPO, which offers strong binding and steric hindrance to block H,O.

(H) Time-resolved PL tracking under intense excitation and ambient condition for samples of matrix-only, CsPbBr; NC-only, and CsPbBr3 NCs in a mixed Sr/
Pb matrix.

(I) EQE as a function of current density for devices made from CsPbBrz NCs in a mixed Sr/Pb matrix. Reprinted from (Liu et al., 2022). Copyright © 2022,
American Chemical Society.

efficiency and spectral stability with an optical bandgap of over 2.6 eV (Figure 16G) (Liu et al., 2022). Spe-
cifically, a CsPb;_,SrBrs perovskite matrix was employed in which alloying with Sr?* increased the
bandgap of CsPbBr3 and minimized lattice mismatch. Furthermore, the mixed Sr/Pb perovskite matrix
was passivated by using bis(4-fluorophenyl)phenylphosphine oxide (DFPPO) molecules to overcome the
hygroscopic nature of Sr** cations. The resulting NC-in-matrix solids exhibit enhanced air- and photo-sta-
bility with efficient charge transport from the matrix to the NCs (Figure 16H). As a result, the fabricated blue
LEDs exhibited an impressive EQE of 13.8% and a brightness exceeding 6000 cd m ™2, representing the
highest efficiency and brightness for blue perovskite LEDs to date (Figure 16l).
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Despite recent significant progress made on perovskite-NC LEDs, serious concerns should be addressed
before their commercial applications. In particular, attention should be turned to the lifetime and stability
issues of devices to meet the commercial demands when the EQEs are already high (Lee et al., 2022b; Liu
etal., 2021b). Besides, more efforts should be spared to address lead toxicity, as what has been suggested
for perovskite solar cells. The development of stable and high-performance optoelectronics based on lead-
free perovskite NCs and their derivatives should also be encouraged.

Compared with red, green, and blue light emissions, white light emission from perovskite NCs appears to
be more challenging due to the anion-exchange reaction when different NCs are mixed. Current progress
for white LEDs based on perovskite NCs largely benefits from the codoping strategy, the use of a compos-
ite structure comprising of perovskite NCs and organic materials, or the anchoring of perovskite NCs on a
YAG-based phosphor (Pan et al., 2018a; Shen et al., 2018; Wu et al., 2019). Although white perovskite-NC
LEDs still require substantial improvements in terms of both efficiency and stability, investigations on novel
structures and methodologies to construct efficient white LEDs are worth exploring given the vast market
demand for advanced lighting and display technologies.

Solar cells
Perovskite-nanocrystal solar cells

In principle, the efficiency of solar cells based on halide perovskite NCs can hardly exceed that of their bulk
counterparts. However, perovskite NCs offer tremendous potential to achieve excellent tuning of both
structure and optical properties by means of quantum confinement, which is absent in bulk crystalline solar
cells. In this light, perovskite NCs can offer new possibilities to resolve the challenges that impede the
further development of thin-film perovskite solar cells.

Several groups contributed to boosting the efficiency of perovskite-NC solar cells (Table 3). In 2016 Swarn-
kar et al. for the first time reported perovskite-NC solar cells with a PCE over 10% by using cubic-phase
CsPbls NCs without volatile organic ligands (Figures 17A and 17B) (Swarnkar et al., 2016). These cubic-
phase CsPbl3 NCs are much more stable than the cubic phase of bulk CsPbls in ambient air. Subsequently,
they developed A-site cation halide salt (AX) treatments for surface chemistry tuning to improve the elec-
tronic coupling between CsPbls NCs (Sanehira et al., 2017). The AX treatments doubled the film mobility,
leading to increased photocurrent and a certified PCE of 13.43%. By using a variety of spectroscopic tech-
niques they established a molecular-level understanding of the NC surface chemistry for the deposition of
high-quality electronic coupled perovskite-NC films toward high photovoltaic performance (Wheeler et al.,
2018). Combining the surface chemistry control with a predesigned charge separating heterostructure, i.e.,
CsPbls NCs/Cs,FA;,Pbl3 NCs, a remarkable PCE of 15.52% was finally achieved (Zhao et al., 2019a).
Further, Jia et al. introduced a "“surface matrix curing” strategy to restore the surface matrix of CsPbls
NCs (Jia et al., 2021). With this strategy, the optoelectronic properties and stability of the NCs were signif-
icantly improved and the related solar cell yielded an improved PCE of 16.21% (stabilized power output
efficiency of 15.45%). The charge carrier dynamics revealed that trap-assisted charge carrier recombination
was significantly reduced after restoring the NC surface matrix, resulting in improved photovoltaic perfor-
mance. Recently, the same group adopted 2-pentanol to mediate the ligand exchange of NCs due to its
appropriate dielectric constant and acidity (Jia et al., 2022). The solvent of short ligands is tailored for
the post-treatment of removing pristine insulating OAm ligands from the NC surface without introducing
halogen vacancy defects. Consequently, the NCs solar cells delivered an efficiency of up to 16.53%.

Hao et al. developed a new OA ligand-assisted cation-exchange strategy that enabled the controllable
synthesis of mixed cation Csy_,FAPbl; NCs with reduced defect density (Figure 17C) (Hao et al.,
2020b). The champion device delivered a certified record PCE of 16.6% with negligible hysteresis
(Figures 17D-17F). The nanoscale phase stabilization of Cs;_,FA,Pbl3 NCs resulted in enhanced photo-
stability compared with their bulk counterparts. The device retains 94% of the original PCE under contin-
uous T-sun illumination for 600 h.

In addition, Li et al. constructed perovskite-NC solar cells by using a combinational absorbing layer based
on stacked cubic CsPblz and FAPbl3 NCs (Figure 17G) (Li et al., 2019b). The bilayer structure produced a
graded heterojunction for more efficient charge extraction, and an impressive PCE of 15.6% with improved
ambient stability has been achieved. The device stability could be further improved by using a p-mercap-
topyridine ligand post-treatment, showing decent efficiency after storage under ambient conditions for
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Table 3. Performance of solar cells based on perovskite NCs
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fabrication Jse Voe FF PCE area
Absorbing Layer (AL) Device configuration method (MAcm™2) (V) (%) (%) (cm?) Operation stability ~ Ref.
CsPbl; NCs FTO/c-TiO,/Al/spiro-OMeTAD/MoO,/Al spin casting 13.47 1.23 65 10.77 0.10 NA (Swarnkar et al., 2016)
AX-coated CsPblz NCs FTO/c-TiOo/Al/spiro-OMeTAD//MoQO, /Al spin casting 15.246 1.1626 76.63 13.43 0.058 NA (Sanehira et al., 2017)
Csg.25FAq.75Pbls NCs ITO/c-TiO,/Al/spiro-OMeTAD/MoO, /Al spin coating 18.91 1.2 76 17.39 0.059 NA (Zhao et al., 2019a)
CsPbl; NCs ITO/SnO,/AL/Spiro-OMeTAD/Ag spin coating 17.71 1.27 72 16.21  0.06 ~83% of the initial (Jia et al., 2021)
PCE after 30 days
CsPbl; NCs ITO/SnO,/AL/Spiro-OMeTAD/Ag spin coating 17.80 1.27 73 16.53 0.04 ~93% of the initial (Jia et al., 2022)
PCE after 960 h
Cso.5FA0.sPblz NCs ITO//SnO2/AL/spiro-OMeTAD/Au spin coating 18.3 1.17 783 166  0.058  94% of the initial PCE  (Hao et al., 2020b)
after 600 h
CsPbl3/FAPbl; NCs FTO/c-TiO,/AL/FAPbI3/PTAA/MoO3/Ag spin casting 17.26 1.22 74 15.6 0.0725  84% of the initial PCE  (Li et al., 2019b)
after 350 h
CsPbls; NCs FTO/TiO2/AL/PTAA/MoO3/Ag spin coating 14.32 1.25 79 14.25 NA 75% of the initial PCE  (Khan et al., 2020)
after 67 days
n-type CsPbl; NCs/ FTO/c-TiO,/AL/PTAA/MoO5/Ag. spin coating 17.12 1.251 71.4 15.29 0.0725 about 80% of the (Zhang et al., 2022a)
p-typeCsPbl; NCs initial PCE after 90 h
CsPbl3; NCs Glass/ITO//SnO,/PCBM/AL/PTB7/ spin coating 15.2 1.26 78 15.1 0.072 70% of the initial PCE  (Hu et al., 2021)
MoOs/Ag after 14 days
CsPblz NCs PET/ITO//SnO,/PCBM/AL/PTB7/ spin coating 13.6 1.24 73 12.3 0.072 NA (Hu et al., 2021)
MoOs/Ag
CsPbBr3 NCs FTO/c-TiO,/Al/spiro-OMeTAD/Au spin coating 5.512 1.505 62.8 5.20 0.0935 NA (Akkerman et al., 2016)
CsPbBr3 NCs FTO/c-TiO2/Al/spiro-OMeTAD/Au spin coating 4.68 1.59 56.9 4.23 0.096 over 90% of the initial  (Cho et al., 2020a)
PCE after 14 days
CsPbBr3 NCs FTO/c-TiOL/AL/PTAA/MoO3/Ag spin coating 4.49 1.54 72.45 5.01 0.0725  over 90% of the initial  (Zhang et al., 2020b)
PCE after 100 days
CsPbl; NCs FTO/c-TiOy/AL/spiro-OMeTAD/Au spray coating 13 1.035 68.5 9.19 0.12 80% of the initial PCE  (Yuan et al., 2019)
after 30 days
DPP:PC61BM:FAPbI; NCs ITO/Zn0O/Ba(OH),/AL/Mo0O,/Ag blade coating 15.22 0.56 65.41 5,51 0.0104 NA (Soltani et al., 2018)
PTB7-Th:PC71BM:CsPbl; NCs ITO/ZnO/AL/MoO3/Ag spin coating 19.06 0.806 65.9 10.84 0.0016 NA (Guijarro et al., 2019)
PTB7-Th:FOIC:CsPbl; NCs ITO/ZnO/AL/MoO3/Ag spin coating 25 0.74 71.4 13.2 0.04 85.1% of the initial (Wang et al., 2020b)
PCE after 3 h
PM6:Y6:CsPbls NCs ITO/ZnO/AL/MoO3s/Ag spin coating 27.2 0.839 72.5 16.6 0.04 NA (Wang et al., 2020b)
PBDB-T:IT-M:CsPbl; NCs ITO/PEDOT:PSS/AL/BFN-Br/Al spin coating 17.55 0.963 68.9 11.64 NA NA (Li et al., 2020b)
PM6:Y6-BO:CsPbBr3 NCs ITO/ZnO/AL/MoO3/Ag spin coating 27 0.83 74.7 16.9 NA 88% of the initial PCE  (Miao et al., 2021)
after 35 days

(Continued on next page)
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Table 3. Continued

fabrication Jse Voc FF PCE area
Absorbing Layer (AL) Device configuration method (MAcm™2) (V) (%) (%) (cm?) Operation stability  Ref.
PM6:Y6-BO:CsPbl; NCs ITO/ZnO/AL/MoO3/Ag spin coating 26.9 0.83 74 16.6 NA 79% of the initial PCE  (Miao et al., 2021)
after 35 days
MAPbBr3_,I, NCs FTO/c-TiO,/Al/spiro-OMeTAD/Au spin coating 18.62 0.913 70 12.03 0.122 83% of the initial PCE  (Cha et al., 2016)
after 25 days
CsPbBr; NCs: ITO/SnO,/perovskite/CsPbBrs/ spin coating 23.19 1.1 76.93 19.45 0.102 87.60% of the initial (Zai et al., 2017)
FAq.8sMAg 15Pb(lg.g5Bro.15)3 spiro-OMeTAD/Au PCE after 60 days
CsPb(l,Bry_,)3 NCs:MAPbI3 FTO/c-TiO2/m-TiOo/AL/P3HT/Au blade coating/  2.79 8.842 71.4 17.6 18 stable after 10,000 h (Cheng et al., 2021)
spin coating
CsPb(1,Brq_,)3 NCs:MAPbl3 FTO/c-TiOo/m-TiOo/AL/P3HT/Au spin coating 23.49 1.15 78.3 211 0.12 stable after 500 h (Cheng et al., 2021)
MAPbI3:CsPbBrCl, NCs ITO/PTAA/AL/C60/BCP/Cu spin coating 23.4 1.15 80 21.5 NA about 80% of the (Zheng et al., 2019b)
initial PCE after 500 h
Cs0.05(MAg.17FA0.83)0.95PbBr3 FTO/SnO,/Al/spiro-OMeTAD/Ag spin coating 23.82 1.10 80.8 21.10 0.09 over 90% of the initial  (Xie et al., 2020)
NCs:FAI/MABr/MACI/Pbl, PCE after 550 h
Cs,AgBig.1Ing 9Cle NCs/MAPbI;  ITO/SnO,/Al/spiro-OMeTAD/Ag spin coating 22.8 1.14 77 19.9 0.09 85% of the initial PCE  (Zhang et al., 2022b)

after 30 days
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Figure 17. High-efficiency solar cells based on perovskite NCs
(A) Schematic (with TEM image of NCs) and SEM cross-section of the CsPbl3-NC solar cell.
(B) Current density-voltage (J-V) curves of a device measured in air over the course of 15 days. The black diamond represents the stabilized power output of

the device at 0.92 V. Figures A and B reprinted from (Swarnkar et al., 2016). Copyright © 2016, American Association for the Advancement of Science.
(C) Cross-section TEM image of the Cs;_,FA,Pbl3-NC solar cell.

(D) Typical current density-voltage curves of solar cells using different perovskite NCs.
(E) A certificated J-V curve.
(F) Long-term stability of unencapsulated solar cells fabricated with Csg 25FAg 75Pbls-bulk film, Csg 25FAg 75Pbl3-NC film, and Csg sFAq sPbl3-NC film

monitored at open circuit under 1-sun illumination in N, atmosphere (the device temperature was measured to be ~50-65°C). Figures C-F reprinted from
(Hao et al., 2020b). Copyright © 2020, Springer Nature.

(G) J-V curves from reverse and forward scans of the perovskite-NC solar cells based on an a-CsPbls/FAPbI; bilayer structure (inset image), measured under

AM 1.5G solar illumination. Inset figure shows the stability of corresponding perovskite NC solar cells under dark conditions in a N, atmosphere. Reprinted
from (Li et al., 2019b). Copyright © 2019, American Chemical Society.

~70 days (Khan et al., 2020). In the previous section of remote doping, it has been shown that CsPbl; NCs
that are originally n-type doped could be transformed to weak p-type by surface doping with FeTCNNQ.
Using the n-type and weak p-type CsPbl; NCs, Zhang and his group succeeded in creating a p-n homojunc-
tion perovskite-NC solar cell (Zhang et al., 2022a). The p-n homojunction accelerated the separation, trans-
port, and extraction of photoexcited carriers with minimum recombination loss. In particular, the CsPbls-

NC solar cells with such p-n homojunction were highly thickness tolerant, maintaining a high efficiency
of 12.3% for a 1.2 pm-thick NC layer.
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Figure 18. High-voltage solar cells and bulk heterojunction solar cells based on perovskite NCs

(A and B) Scheme of the architecture and energy-level diagram of CsPbBr3-NC solar cell. Reprinted from.

(C) Evolution of the Jsc and Vo for solar cells measured under AM 1.5G illumination, depending on the number of NC deposition cycles. Figures A-C
reprinted from (Akkerman et al., 2016). Copyright © 2016, Springer Nature.

(D) J-V curve of a semitransparent solar cell based on CsPbBrz NCs with a high V.. approaching 1.6 eV.

(E) Long-term stability characterization of an optimal CsPbBr3-NC solar cell compared with the acetone-treated device. Inset images show the photograph
of the corresponding optimal device after storage in the air.

(F) Transmittance spectra of the CsPbBr3-NC films with different thickness on a glass/FTO/TiO, substrate. The inset photograph shows the semitransparent
NC film with six layers. Figures D-F reprinted from (Zhang et al., 2020b). Copyright © 2020, American Chemical Society.

(G) The device architecture includes the BHJ active layer showing CsPbl; NCs within the blend.
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Figure 18. Continued

(H) HAADF-STEM cross-sectional images and the corresponding EDX elemental mapping of the active layer with 20 wt % CsPbl; NCs loading. Figures G and
H reprinted from (Guijarro et al., 2019). Copyright © 2019, Wiley.

(1) Schematic of perovskite solar cell structure using perovskite-NC interlayer, cross-section SEM image, and TEM image of CsPbl; gsBrq.15 NCs.

(J) Best PCE and (K) corresponding storage stability of undoped P3HT-based perovskite solar cells without or with NC interlayers. Figures I-K reprinted from
(Cheng et al., 2021). Copyright © 2021, American Chemical Society.

Thin films cast from colloidal NCs possess higher mechanical endurance when compared with bulk thin film.
Thus they can be readily integrated into a flexible device. Hu et al. demonstrated high-efficiency flexible
solar cells based on CsPbls NCs (Hu et al., 2021). By introducing phenyl-Cé1-butyric acid methyl ester
into the CsPbls NC layer, a thin hybrid interfacial architecture (HIA) was obtained. Using the ester, the
undercoordinated Pb?* ions were bonded to the NC surface through functional carboxyl groups and an
exciton cascade was formed between the CsPbls NC layer and the electron transport layer (ETL) SnO».
This enables efficient charge transfer and promotes exciton dissociation at the device interfaces, resulting
in a champion PCE of 15.1%. Using the HIA strategy, they demonstrated flexible perovskite-NC solar cells
with an impressive PCE of 12.3% and much improved mechanical flexibility compared to similar thin-film
perovskite solar cells, signifying the potential of perovskite NCs on high performance and flexible opto-
electronic devices.

High operation voltages have also been a critical criterion for perovskite solar cells. Akkerman et al. fabri-
cated perovskite-NC solar cells by using CsPbBr3 NCs with a larger bandgap (~2.4 eV) (Akkerman et al.,
20716). The strongly emissive CsPbBrs NCs were synthesized in environmentally friendly solvents and sur-
face terminated by short and low-boiling-point ligands (Figures 18A and 18B). The thin film casted from
the high-quality NC inks exhibited PLQYs higher than 30% and an amplified spontaneous emission
threshold as low as 1.5 pJ cm™2. Consequently, the solar cells processed in air delivered a PCE exceeding
5% with an extraordinary V.. higher than 1.5V (Figure 18C).

However, CsPbBr3 NCs that are surface-terminated with bulky organic ligands post-treatments should be
performed before they are incorporated into a solar cell device. Via a solvent miscibility-induced ligand ex-
change method Kim et al. demonstrated the V.. of CsPbBr3-NC solar cells could be further improved to
above 1.6 V (Cho et al., 2020a). Recently, Zhang et al. reported using guanidinium thiocyanate (GASCN)
to exchange the native capping ligands of CsPbBr3 NCs (Zhang et al., 2020b). Both the morphology and
carrier transport properties of NC films were clearly improved. Consequently, the V., short-circuit current
density (Jso), and fill factor (FF) of solar cells were all boosted (Figures 18D-18F). With an optimal hole-trans-
porting layer (HTL) a high efficiency exceeding 5% together with an ultra-high V.. of 1.65V was obtained,
representing the most efficient CsPbBr3-NC solar cells to date.

Perovskite nanocrystals/organic hybrid solar cells

Inorganic perovskite NCs/organic hybrid solar cells can be readily realized due to their capacities with a
facile solution process. In 2018 Soltani et al. constructed bulk heterojunction hybrid solar cells based on
blends of DPP:PC,1BM:FAPbI; perovskite NCs (Soltani et al., 2018). They found that the PCE of the hybrid
solar cell comprising 5 wt % (weight ratio) FAPbl3 NCs was nearly 10% enhanced compared to the organic
reference, mainly due to the enlarged light harvesting and increased Js.. However, increasing the content
of perovskite NCs can induce bimolecular and trap-assisted recombination in the ternary devices. In the
following, Guijarro’s group reported hybrid organic solar cells containing CsPbl; NCs as a ternary compo-
nent (Guijarro et al., 2019). They also demonstrated the incorporation of small amount (3 wt %) of CsPbls
NCs into the active layer of an inverted PTB7-Th:PC71BM organic solar cell, increasing the PCE from
7.94% to 10.8%. The presence of CsPbl; NCs was evidenced in the HAADF-STEM cross-sectional images
with the visualization of individual NCs about 7-8 nm in size within the blend, and further established with
the corresponding EDX mapping (Figures 18G and 18H). Using a combination of intensity-modulated pho-
tovoltage spectroscopy and absorption spectra, it was revealed that the improved performance on one
side originated from a promoted PTB7-Th:PC;:BM exciton dissociation mediated by the CsPbl; NCs.
On another side, the CsPbl; NCs as a high dielectric-constant constituent suppressed exciton recombina-
tion by screening the coulomb interactions within the active layer.

Taking advantage of the intense absorption and high dielectric constant of CsPbl; NCs, Wang et al.
reported the first example of efficient hybrid CsPbl; NCs/non-fullerene organic solar cells (Wang
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et al., 2020b). The PCEs were boosted from 11.6% to 13.2% for PTB7-Th:FOIC blend and from 15.4% to
16.6% for PM6:Y6 blend due to simultaneously enhanced Vo, Jsc, and FF. The increased Voc of the solar
cell with perovskite NCs was attributed to the increased energy of the charge transfer state. The near-zero
driving force in such a device configuration leads to efficient charge generation which is separated by the
formation of a cascade band structure and an increased molecular ordering. Therefore, Jsc was enhanced.
The high dielectric constant of the CsPbls NCs screens the Coulombic interactions and reduces charge
recombination, which is beneficial for an increased FF. Lu and coworkers demonstrated that by heterova-
lent Bi®* doping of CsPbl; NCs the charge transfer properties between NCs and organic donor/acceptor
interfaces could be finely tuned, inducing a higher V. (Li et al., 2020b). In addition, they found that the
incorporation of perovskite NCs with different sizes could effectively modify the nanoscale bulk heterojunc-
tion morphology toward more efficient charge collection and thus a higher FF. However, a clear drop in
stability for unencapsulated devices was observed after the addition of CsPbl3 NCs.

In a recent study, Miao et al. found the use of CsPbBr3 NCs instead could enhance the device efficiency
without scarifying the device stability (Miao et al., 2021). With the presence of 1 wt % CsPbBr; NCs doping,
the highest PCE of the corresponding PMé6:Y6-BO solar cell was improved from 16.4% to 17.1%, where the
device stability was not affected due to the better phase stability of CsPbBrz NCs than CsPbl; NCs. The
inclusion of CsPbBr3 NCs shows no obvious impact on the molecular packing and phase separation of
organic components, but enhances light absorption due to the Rayleigh scattering effect. This promotes
exciton dissociation in the Y6-BO phase, and forms an efficient hole transfer pathway from Y6-BO to
NCs and then to PMé to improve hole transport. Together, they contribute to increased Jsc and FF in
the solar cell with a constant V.

Perovskite nanocrystals/perovskite solar cells

Halide perovskite NCs can also be used as interlayers between the active layers and carrier transporting
layers to boost the performance of bulk perovskite solar cells. The inclusion of a perovskite-NC interlayer
can be accomplished during the dropping of antisolvents containing perovskite NCs, or by directly spin-
coating the NC colloids onto the perovskite active layer (Cha et al., 2016; Zai et al., 2017).

Cheng et al. systematically studied the role of perovskite-NC interlayers between perovskite bulk films and
organic HTLs (Cheng et al., 2021). Specifically, the addition of a CsPbl,Br; _,-NC interlayer greatly enhances
the performance of MAPbls solar cells with dopant-free P3HT as the HTL (Figure 18l). The dopant-free
P3HT-based devices with the NC interlayer show a negligible hysteresis of <5%. An improved PCE of
21.1% was obtained, with a Voc of 1.15 V, a Jsc of 23.49 mA cm™2, and an FF of 78.3%, ranking among
the most efficient dopant-free-P3HT-based perovskite solar cells (Figures 18J and 18K). In addition, the sta-
bility of unencapsulated devices with NC interlayers in ambient air (60°C, 40-50% humidity) was also
enhanced. Importantly, for the perovskite module with NC interlayer and dopant-free P3HT, a champion
efficiency of 17.6% was achieved, compared to the 11.6% efficiency of the control. It is striking that the
output at the maximum power point was stable for the encapsulated modules in ambient air (25°C, 65%
humidity) for more than 10,000 h, superior to the one without an NC interlayer. After a careful examination
of the mechanism, they found the NC interlayers played multifunctional roles. First, passivation of the
perovskite surface with NC interlayers reduced the trap states. Second, the formation of cascade energy
levels promoted hole extraction from perovskite to dopant-free HTLs. Third, the hole mobility of
dopant-free HTLs was improved via regulating their polymer/molecule orientation.

Bakr et al. also reported a facile strategy for improving MAPbl; solar cells using a trace amount of ligand-
capped CsPbBrCl, NCs (Zheng et al., 2019b). These doped MAPbI; devices showed reduced band-tail
states, lower trap density, and longer carrier lifetime. These enhanced the Voc and consequently
increased PCE to 21.5%. The device stability was also enhanced due to the self-assembly of ligands
on the surface of MAPbIs. By contrast, Xie et al. proposed a different ionic defect passivation strategy
employing multi-cation hybrid halide perovskite NCs (Xie et al., 2020). Through prudent control over
the composition of NCs, ionic defects at both the surface and grain boundaries of perovskite films
can be effectively managed via a process termed ionic solid-state inter-diffusion. In particular, the
NCs containing Cs" (Csp05(MAg 17FA 83)0.95PbBr3) more seriously influence the effect of ionic defect
passivation with significant enhancement to all photovoltaic characteristics. This enables PCE exceeding
21% with more than 90% of its initial PCE retained upon exposure to continuous illumination for more
than 550 h.
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Figure 19. Perovskite-NC scintillators and X-ray imaging

(A) Tunable luminescence spectra of perovskite NCs under X-ray illumination.

(B) X-ray images of the sample, recorded with a digital camera. The X-ray images were recorded at a voltage of 50 kV. Figures A and B reprinted from (Chen
et al., 2018b). Copyright © 2018, Springer Nature.

(C) Schematic diagram describing the hybridization of a CsPbBrz NC with PPO. The negatively charged N in the PPO binds to the positively charged Pb sites
on the (001) surface of the CsPbBr3 NC.

(D) DFT calculations of the energy level alignment for the proposed mechanism of enhanced RL in the hybrid CsPbBr3 NCs/PPO scintillator. Under X-ray
irradiation, a high-energy electron (e in the solid circle) generated in the PPO moves to a neighboring p-type CsPbBr3 NC, leading to green emission at
520 nm via an interband recombination. Figures C and D reprinted from (Cho et al., 2020b). Copyright © 2020, Springer Nature.

(E) Radiograph of Mn?*:CsPbBrCl, NC scintillators under fast neutron irradiation as compared with reported FAPbBr3 NCs and a commercial ZnS:Cu(PP)
screen.

(F) Fast neutron radiograph of 66% Mn?*:CsPbBrCl, thickness and concentration dependence. Figures E and F reprinted from (Montanarella et al., 20217).
Copyright © 2021, American Chemical Society.

In a recent study, Zhang et al. reported the modification of MAPbl3 perovskite solar cells by utilizing lead-
free CspAgBig.1Ing9Clg NCs as an interfacial layer to improve the stability of the devices (Zhang et al.,
2022b). They demonstrated that the inclusion of the perovskite-NC interfacial layer could effectively sup-
press nonradiative recombination caused by interfacial defects without sacrificing the light absorption of
the active layer. Consequently, a stable PCE of 19.9% in the MAPbl; devices was achieved, 11.2% higher
than that of the control devices. This method can also be applied to FAPbIz solar cells, signifying a universe
strategy for stable and efficient perovskite solar cells.

Scintillators and X-Ray imaging

The growing demand for radiation detection materials in a variety of applications has led to extensive
research on scintillators that are capable of converting small doses of high energy radiations (e.g., X-ray)
into multicolor visible light (Zhou et al., 2021b). For conventional semiconductor-based scintillators, how-
ever, the radioluminescence (RL) is rather difficult to be widely tuned across the visible spectrum.

In 2018, Liu et al. prepared all-inorganic CsPbX3 perovskite-NC scintillators exhibiting both strong X-ray
absorption and intense RL tuned across the whole visible spectrum (Figure 19A) (Chen et al., 2018b).
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They further showed that these color-tunable perovskite-NC scintillators can provide a convenient visual-
ization tool for X-ray radiography, as the associated image can be directly recorded by using standard dig-
ital cameras (Figure 19B). The researchers also demonstrated direct integration of these perovskite-NC
scintillators with commercial flat-panel imagers equipped with @-Si photodiode arrays. The integrated
functional device can be utilized for examining electronic circuit boards under low-dose X-ray radiation
(15 uGy). Compared with commercial flat-panel X-ray detectors based on Csl:Tl, the X-ray detectors using
perovskite NCs showed much higher spatial resolution due to the lower degree of light scattering, with a
modulation transfer function of 0.72 at a spatial resolution of 2.0 line pairs per millimeter. In addition, a very
fast response (44.6 ns) to X-ray was demonstrated, outperforming the commercial Csl: Tl scintillators. These
merits made perovskite NCs excellent candidates for dynamic real-time X-ray imaging.

For most X-ray applications a thick and uniform solid film is necessary to enable high detecting function-
alities. Hence, highly concentrated NC colloids are particularly desired when they are applied to solu-
tion-processed scintillator. Zhang et al. synthesized colloids of CsPbBr; NCs with concentration up to
150 mg/mL at room temperature (Zhang et al., 2019¢). The CsPbBr; colloids can be readily casted into a
uniform crack-free large-area film (8.5 x 8.5 cm? in area) with the requisite thickness for high-resolution
X-ray imaging applications, showing a light yield (~21,000 photons/MeV) higher than that of the commer-
cially available Ce:LuAG single-crystal scintillator (~18,000 photons/MeV). The synthesis method could be
further extended for gram-scale production of high-quality CsPbBrz NCs with long-term stability that is
suitable for industrial scintillator application (Wang et al., 2019¢). After optimizing the film thickness for
the X-ray imager, they achieved a high sensitivity down to 27 nGy/s, and an unprecedented spatial resolu-
tion of 26 pm which is one order of magnitude higher than reported perovskite scintillators (Wang et al.,
2021b).

Perovskite NCs also hold considerable potential for flexible and printable X-ray detectors. Flexible and
printable X-ray detectors with remarkable detecting functionalities have been developed by Bao et al. us-
ing high-quality colloidal CsPbBr; perovskite NCs (Liu et al., 2019a). A parallel structure comprising Au/
CsPbBr3 NCs/Au was adopted. Engineering the surface of CsPbBrs NCs using a mixture of ODE and IPA
(volume ratio of ODE: IPA = 1:3) effectively reduced the density of defects. High sensitivities of up to
1450 pC Gy.;, 'cm ™2 were achieved under an X-ray dose rate of 0.0172 mGy,;s~' under a small applied
bias voltage of 0.1 V. These parameters are about 70-fold more sensitive than those of conventional
a-Se devices. Owing to the capacity of an ink-jet printing process, they succeeded in achieving the fabri-
cation of arrays of multichannel detectors on the flexible PET substrates, demonstrating excellent mechan-
ical flexibility that is suitable for advanced X-ray sensing and imaging.

Recently, Im et al. reported a new generation of highly efficient and low-cost liquid scintillators constructed
by surface hybridization of colloidal CsPbX3; NCs with organic molecules (2,5-diphenyloxazole, PPO) (Fig-
ure 19C) (Cho et al., 2020b). The hybrid liquid scintillators demonstrated markedly high RL QYs under X-ray
irradiation typically employed in diagnosis and treatment. The enhanced QYs were found to be associated
with the X-ray photon-induced charge transfer from the organic molecules to the NCs (Figure 19D). Finally,
high-resolution X-ray imaging is demonstrated using a hybrid CsPbBr3 NC-based liquid scintillator. The
novel X-ray scintillation mechanism in the hybrid scintillators could be extended to enhance the QY of
various types of scintillators, enabling low-dose radiation detection in many fields including fundamental
science and imaging. Therefore, the hybrid liquid scintillators have the potential to compete with state-of-
the-art Csl and Gd,O,S scintillators.

In addition to X-ray imaging, the use of perovskite NCs for fast neutron imaging is also attracting increasing
interest. The option of efficient fast neutron scintillators with high spatial resolution is critical for the imag-
ing of thick and large-scale objects containing high-Z elements. Conventional phosphors such as micro-
crystalline ZnS:Cu suffer from intrinsic drawbacks including light scattering, y-ray sensitivity, and afterglow,
which could be greatly lessened in colloidal NCs. Kovalenko et al. demonstrated proof of concept scintil-
lators by using colloidal FAPbBr3 NCs as recoil proton detectors that are free of scattering or afterglow.
Scintillators constructed from the FAPbBr3 NCs with a near-unity PLQY demonstrated very high brightness.
But the low Stokes shift led to bad spatial resolution. Subsequently, they reported a bright scintillator for
fast neutron imaging that features simultaneously high QYs, high concentrations, and a large Stokes shift
by using CsPb(BrCl)3 NCs (Montanarella et al., 2021). The surface of CsPb(BrCl)3 NCs was capped with long-
chain zwitterionic ligands, allowing for attaining very high concentrations of NC colloids. In addition, the
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Figure 20. Perovskite-NC lasers

(A) Schematic of the mechanism of optical gain with one-photon and two-photon excitation. Adapted from (Xu et al., 2016). Copyright © 2016, American
Chemical Society.

(B and C) ASE spectra from thin films of CsPbX3 NCs.

(D) Evolution from PL to WGM lasing with increasing pump intensity in a microsphere resonator, covered by a CsPbBr3-NC film.

(E) Stochastic mode distribution in a series of 256 pump laser shots. Figures B-E reprinted from (Yakunin et al., 2015). Copyright © 2015, American Chemical
Society.

(F) Fluorescence image and (G) PL spectra of two-photon-pumped microring lasing from CsPbBrz NCs. Figures F and G reprinted from (Xu et al., 2016).
Copyright © 2016, American Chemical Society.

(H) Electrical switching of optical gain in CsPbBrs NCs. The device consists of the NC film sandwiched by two ITO electrodes.

(1) Typical emission spectra recorded at different times for the ON and OFF states. Figures H and | reprinted from (Qin et al., 2021). Copyright © 2021,
American Chemical Society.

(J) Schematic of the hybrid VCSEL consisting of a CsPbBr3-NC thin film and two highly reflective DBRs.
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Figure 20. Continued

(K) The output intensity vs input pump fluence demonstrates lasing with a threshold of 0.39 uJ/cm?. Figures J and K reprinted from (Huang et al,, 2017a).
Copyright © 2017, American Chemical Society.

(L) Plasmonic nanolaser based on a gap plasmon cavity.

(M) Calculated electric field distribution showing the cross-section of a film-coupled silver nanocube along with the simulated plasmonic gap mode at a
wavelength of 534 nm.

(N) Simulated mapping of the spontaneous emission rate as a function of the dipole source position in the gap region.

(O) Light-in-light-out plots of the gap plasmonic nanolaser measured at 120 K showing a line width-narrowing behavior, with a lasing threshold of 1.9 W/cm?.
Figures L-O reprinted from (Hsieh et al., 2020). Copyright © 2020, American Chemical Society.

Mn?* doping gave rise to the Mn?*-dominated emission band which is detrimental to minimal self-absorp-
tion. Because of a combination of advantages comprising high NC concentrations above 100 mg/mL,
high QYs (>50%), and minimal self-absorption for good spatial resolution, the reported Mn?* doped
CsPb(BrCl)3 NCs were regarded to have the potential to replace the currently prevalent scintillator
ZnS:Cu for fast neutron imaging (Figures 19E and 19F).

Lasers

Inspired by the highly efficient PL of halide perovskite NCs, the utilization of perovskite NCs as an inexpen-
sive optical gain medium has been intensively investigated. Due to the large absorption cross-sections of
halide perovskite NCs, both one-photon and two-photon excitation could lead to optical gain and pump-
ing (Figure 20A). An amplified spontaneous emission (ASE) and lasing from halide perovskite NCs with a
low threshold was firstly demonstrated under one-photon pumping.

For thin films of CsPbX3 NCs (9-10 nm) capped with OA and OAm as surface ligands, Yakunin et al. reported
observation of ASE, tunable over the visible range (440-700 nm) with low thresholds down to 5 + 1 pJ cm?
and high values of modal net gain above 450 cm ™" (Figures 20B and 20C) (Yakunin et al., 2015). Such low-
threshold pump fluencies have only been demonstrated for limited semiconductor nanostructures such as
CdSe/CdS (Xing et al., 2012). Importantly, two different lasing regimes dependent on the resonator config-
uration have been realized, including the whispering-gallery-mode (WGM) lasing using single silica micro-
sphere resonators coated with CsPbX3 NCs, and the random lasing using CsPbX3-NC films (Figures 20D
and 20E). Later Yan et al. found that the ASE performance of CsPbBr3 NCs could be improved when the
surface ligands were replaced by the 2-hexyldecanoic acid (DA) with two short branched chains (Yan
etal., 2019). The ASE threshold of CsPbBr3-DA NC films was found to be reduced by more than 50% in com-
parison to films of CsPbBr3-OA NCs.

A two-photon-pumped laser requires both efficient two-photon absorption and ease of achieving popula-
tion inversion. A previous study on CdSe NCs indicated that efficient two-photon-pumped optical gain can
only be achieved when the pumping power exceeds a relatively high threshold value (Xing et al., 2012). Xiao
et al. demonstrated large optical gain (>500 cm™") and lasing under two-photon excitation in CsPbBrz NCs
(Xu et al., 2016). The two-photon-pumped lasing arises from the highly efficient PL emission and large
cross-section of two-photon absorption (~2.7 x 10° GM). By coupling the CsPbBrs NCs with microcapillary
resonators, they successfully achieved WGM lasing under two-photon pumping at a remarkable low
threshold of 0.8 mJ/cm?, one-order of magnitude lower than that for CdSe NCs (Figures 20F and 20G).
In a recent study, they. demonstrated a novel method for modulating the optical gain in perovskite NCs
by electrical switching (Qin et al., 2021). It was shown that ASE in films of CsPbBr3 NCs sandwiched by
two ITO electrodes could be tuned by applying an external dc voltage of 20 V (Figures 20H and 20I). An
over 50% threshold reduction was observed due to charged excitons induced by the external electric field.

The potential of perovskite NCs has also been exploited for practical laser devices. Sun and Zeng et al. real-
ized for the first time high-performance vertical cavity surface emitting laser (VCSEL) by using solution-pro-
cessed CsPbX3 NCs (Wang et al., 2017¢). A clear evolution from spontaneous emission to lasing in the de-
vice upon optical pumping was manifested by the spectral narrowing, nonlinear increase of the PL intensity,
drastic reduction of PL lifetime, and remarkable decrease of output beam divergence. The laser device fea-
tures a low threshold (9 pJ em™?), directional output (beam divergence of = 3.6), and favorable stability. The
lasing wavelength can be tuned across the visible spectrum maintaining low thresholds, which is promising
in developing single-source-pumped full-color visible lasers. Lin et al. reported an ultralow lasing threshold
(0.39 pd/cm?) from a hybrid VCSEL consisting of a CsPbBrs NC thin film and two highly reflective distributed
Bragg reflectors (DBRs) (Figures 20J and 20K) (Huang et al., 2017a). In addition to the ultralow threshold, the
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utilization of CsPbBr3 NCs resulted in high device stability, and the laser maintained its performance over
hours of operation under both fs and quasi-CW ns pulse pumping at ambient conditions. The ultralow
threshold lasing performance demonstrates that CsPbBr3 NCs integrated with a high-quality cavity provide
a significant step forward toward the next-generation perovskite lasers. Itskos et al. demonstrated the
monolithic fabrication of all-solution-processed microcavities based on perovskite NCs and polymer-
based DBRs from spin-casted layers of cellulose acetate (CA) and polyvinylcarbazole (PVK) polymers (Atha-
nasiou et al., 2021). In particular, CsPbBrz NCs capped with a dimethyldioctadecylammonium bromide
(DDAB) ligand was used as the optical gain medium, which maintained a high PLQY of ~90% in the form
of spin-casted films. The onset of ASE upon excitation with a continuous wave laser is evidenced by a clear
threshold-type behavior and spectral narrowing on the excitation-variable PL.

In order to enhance the coupling between the optical gain medium and cavity Lu et al. demonstrated a
continuous-wave nanolasing from a single perovskite NC by using a plasmonic gap-mode nanocavity
(Hsieh et al.,, 2020). The localized gap plasmon nanocavity has an ultrasmall mode volume of ~0.002 33,
in which a silver nanocube is situated on a gold film, separated by a 15 nm bilayer spacer containing
5 nm Al,O3 and a single CsPbBrs NC with a mean size of 10 nm (Figure 20L). An intense localized electro-
magnetic field was formed between the gold film and the silver nanocube (Figure 20M). This greatly
enhanced light-matter interactions in the nanocavity, facilitating lasing from the CsPbBrz NC with an ultra-
low threshold of 1.9 Wem 2 under 120 K (Figures 20N and 200).

More recently, halide perovskite NCs have also been explored as a spin laser gain medium. Spin lasers emit
circularly polarized photons that carry angular momentum information, offering new functionalities and
reduced lasing thresholds in terms of the lifting of spin degeneracy. For the case of CsPbBr3 NCs, it was
found that the optical gain threshold could be depressed by polarizing the charge using circularly polarized
photoexcitation. Nevertheless, the spin relaxation time was too short to realize a spin laser (Tang et al.,
2022). If the spin relaxation time could be prolonged, the threshold reduction would be more remarkable
under quasi-continuous wave photoexcitations.

Thin-film transistors

Transistors are one of the most critical components of modern electronics. Constructing transistors based
on thin films of perovskite NCs is rather challenging, mainly because of the limited conductivity and charge-
carrier mobility. Chen et al. reported that the current in films of CsPbBr3 NCs produced from hot-injection is
~6 nA atthe voltage of ~60V (Chen et al., 2018b). In another work reported by Lamberti et al., the current of
MAPbBr3; NCs produced from laser ablation is ~45 pA at the electric field of 2.5 V/um (or the voltage of ~30
V) (Lamberti et al., 2017). These studies reveal the low charge transport properties in undoped perovskite
NCs, which is possibly related to the surface bulky ligands and low carrier concentration.

Surface bulky ligands should be firstly replaced to improve the NC coupling and charge transport proper-
ties. Zhou et al. synthesized CsPbBr3 NCs using a room temperature method that allows the incorporation
of relatively short ligands with low boiling point. Consequently, as-synthesized CsPbBr3 NCs were readily
fabricated into TFTs (Figure 21A) (Zhou et al., 2019b). The transistor showed a p-type transport with a hole
mobility of ~7 x 1077 em?V~"'s™", which is orders of magnitude lower than the mobility measured in a single
CsPbBr3 thin platelet. This indicates that the charge transport in a CsPbBr3-NC film is mainly limited by
tunneling of carriers between the CsPbBr3 NCs. But itis in the same order as that observed in CsPbBr3 poly-
crystalline films, confirming that the employment of short ligands doesn’t impede the charge transport be-
tween NCs.

To further promote the charge transport properties of perovskite NCs, surface treatments such as purifica-
tion to remove the surface short ligands have also been tried. Nevertheless, these treatments do not
contribute to the improvement of the charge transport in CsPbBr3 NCs. The hole mobility is in the same
order as untreated undoped CsPbBr; NCs. However, the extrinsic doping of Ag" significantly increases
the electrical performance of CsPbBr3 NCs. A typical p-type transport character could be gradually tuned
up with doping concentration increasing. An exponential shape of curves was observed in the output char-
acteristics of FETs, indicating the formation of a good-quality Schottky junction between the NCs and elec-
trodes. At higher doping concentration, the p-type character was more prominent. Ag* doping led to
about 3 orders of magnitude higher hole mobility, 8 x 10™* cm?V~"s™", when the Ag® concentration
was increased to 0.48%. Furthermore, the researchers performed low-temperature TFT studies to prevent
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Figure 21. Thin-film transistors based on perovskite NCs

(A) Schematic to show the bottom-gate bottom-contact FET device structure based on CsPbBr3 NCs terminated with short organic ligands.

(B) Electric-field (F)- and temperature (T)-dependent transient response of lys of the undoped CsPbBr3-NC film. Transfer characteristics of the undoped
CsPbBr3-NC TFT measured from (C) 240 to 300 K and (D) 100 to 220 K. Output characteristics of the undoped CsPbBr3-NC TFT measured at 100 K under
(E) negative and (F) positive Vgs. The channel length L is 20 um, and the Vg, is 10 V.

(G) Three types of transistors fabricated by using trivalent Bi3+—doped (normally off p-channel device), undoped, and monovalent Ag*-doped (normally on
p-channel device) CsPbBr; NCs. Figures A-G adapted from (Zhou et al., 2020). Copyright © 2020, American Chemical Society.

the photon scattering and ion migration effects (Zhou et al., 2020). It can be seen that the mobility progres-
sively increased as temperature decreased and saturated at ~100 K when phonon scattering and ion migra-
tion effect was surpassed. The hole mobility of Ag*™-doped CsPbBr; NCs was about two orders-of-magni-
tude higher than undoped NCs, confirming that Ag*-doping should dominantly contribute to the
conductivity and hole mobility improvement at room temperature. In addition, Ag*-doped NCs-based
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TFTs demonstrated negligible hysteresis, which could be ascribed to the effectively reduction in the den-
sity of hole traps in the perovskite NCs.

Subsequently, the same group carried out a systematic study on the ionic and electronic transport mech-
anism in films of CsPbBr; NCs by using a combination of transient response characterizations and field-ef-
fect transistor measurements (Figure 21B) (Zhou et al., 2020). In the transient response characterizations,
they found that the channel current (lys) spiked quickly when the external bias was switched on. The Iy
then dropped to Iy within a second. After that, the Iys gradually increased toward a saturation value I; in
afew tens of seconds. When the external bias was removed the Iy returned to zero immediately. Together,
it is concluded that the device made of CsPbBr3-NC film experiences a dominant electronic current rather
than the ionic current. From the electric-field- and temperature-dependent transient response of Iys of
the CsPbBr3-NC film, the critical electric field, and temperature for ion activation were determined to be
0.5 V/pum and 240 K (Figures 21C and 21D).

An ion-induced doping model for the ionic—electronic transport in perovskite-NC films was proposed on
the basis of the above results. Specifically, electronic transport was the dominant current source under dark
conditions. It was interpreted that the long-range ionic transport that led to interfacial ion accumulation
was not prominent. However, under external bias, a couple of Brions (g, ) and vacancies (Vg,*) (bromine
Frenkel pairs) could be formed. Therefore, Vg, defects moving to the NC surface and the Ig,~ defects re-
maining in the interior of CsPbBr3 NCs induced a p-type self-doping and increased the conductivity. This
implies a dominant role of ionic transport in modifying electronic properties. The corresponding FET trans-
fer characteristics recorded at different temperatures also provided direct evidence of an enhanced p-type
character of the CsPbBr3 NC films by ion migration. A well-defined linear and saturation transport regime
was observed in perovskite-NC-based FET devices at low temperature, suggesting the lgs was smoothly
modulated by the gate (Figures 21E and 21F). However, the enhanced p-doping prevails over the gating
effect at room temperature, resulting in no gate modulation of the channel current. When ionic transport
was effectively suppressed at < 240 K, the electrical gating effect became dominant. In this situation, the
CsPbBr3-NC transistors exhibited a clean unipolar transport characteristic in a p-type mode featuring well-
defined linear and saturation regimes. More significantly, the device could be readily switched from nor-
mally off (p-type enhancement) to normally on (p-type depletion) by electronic doping of CsPbBrs NCs
with monovalent Ag* and trivalent Bi**, respectively (Figure 21G). Impressive hole mobility approaching
1072 em? V™' 57", on—off ratio of ~10% and turn-on voltage in a wide range of —30 to 20 V was finally
demonstrated from the CsPbBr3-NC-based TFTs.

Synaptic devices

Neuromorphic computing has shown great potential in artificial intelligence and other frontiers of science
and technology. Developing new materials and device structures to construct artificial synapses is critically
important for the advance of neuromorphic computing. Halide perovskite NCs possess unique ionic-elec-
tronic ambipolar transport characteristics and outstanding optoelectronic properties that are particularly
desired for high-performance synaptic devices.

Recently, applications of perovskite NCs in the field of resistive switching memories, memristors, and arti-
ficial synapses for neuromorphic computing are specially spotlighting (Kwak et al., 2021). It is well-known
that the computing and memory units are physically separated in conventional computers. In such an ar-
chitecture data must be transferred back and forth during computing. However, memory access typically
consumes 100 to 1000 times more energy than a central processing unit, which greatly limits the perfor-
mance and scalability of the structure, known as the von Neumann bottleneck. To overcome the bottle-
neck, it is critical to design new in-memory devices such as artificial synapses for efficient computing.

A synaptic device can be constructed in the framework of a two-terminal memristor or a three-terminal
memtransistor (Periyal et al., 2020). A two-terminal memristor has a simple structure consisting of a top
electrode, a layer of semiconductor, and a bottom electrode. It could be a limitation for the two-terminal
memristor that the readout and programming occur through the same set of terminals. By contrast, a three-
terminal memtransistor provides another handle with the gate electrode used for programming and the
source-drain terminals used for readout (Wang et al., 2018b; Wen et al., 2021). Figure 22A illustrates the
working principle of a biological synapse. In biological nervous systems, there are numerous neurons
composed of the soma, dendrite, and axon. Numerous neurons are linked via the synaptic junction
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Figure 22. Perovskite-NC synapse

(A) Schematic illustration of a biological synapse.

(B) The application of photonic synapses in face recognition.

(C) Transient characteristic of the device (Vp = 0.5V and Vg = 10 V) showing the change in conductance.

(D) PPF index of the device (Vp = 0.5V and Vg = 10 V).

(E) Transient characteristic of the device (Vp = 0.5V and Vg = 10 V) showing the change in conductance.

(F) Retention of the long-term potentiated device (Vp = 0.5V and Vg = 10 V).

(G) Nonvolatile synaptic plasticity of the device (Vg = 10 V) showing LTP by the train of optical pulses.

(H) Gate-dependent transient characteristic of the device (Vp = 0.5 V) after application of 20 optical pulses.

(I) Neuron network structure for face recognition (left), images for training, and the synaptic weights of certain corresponding output neurons (right).
Figures A-l reprinted from (Pradhan et al., 2020). Copyright © 2020, American Association for the Advancement of Science.
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synapses. A synapse involves a small gap where an electrical or chemical signal is transmitted from a signal-
passing neuron (a presynaptic neuron) to another (a postsynaptic neuron). Figure 22B typically illustrates a
photonic synapse for a high-order face recognition function.

Currently, few reports on electric-stimulated synaptic memristors and memtransistors based on perovskite-
NC thin films largely due to the limited long-distance charge transport. In contrast, light-stimulated synap-
ses using composite structures of perovskite NCs and organic or 2D materials, have been investigated. In
these devices, perovskite NCs are mainly used as a light absorption layer. The interaction between perov-
skite NCs and organic or 2D materials can significantly enhance the charge separation of the photoexcited
charges, thereby improving the photoresponsivity. In addition, blending perovskite NCs with organic or 2D
materials will cause delayed decay of photocurrent, which is essential for achieving efficient photonic
synapses.

In 2018, Yang et al. proposed the use of strongly emissive CsPbBr3z perovskite NCs to construct a photonic
flash memory with the structure of Si/SiO,/CsPbBr; NCs/polymethyl methacrylate (PMMA)/pentacene/Au
source-drain electrodes (Wang et al., 2018b). The obtained devices show light-induced charge trapping
and electrical-mediated charge release characteristics, allowing programming operation in the optical
mode and erasing operation in the electrical mode. Using the photonic flash memory, they emulated a va-
riety of important synaptic functions including short-term plasticity (STP), long-term plasticity (LTP), paired-
pulse facilitation (PPF), paired-pulse depression (PPD), and spike-rate-dependent plasticity (SRDP) at a de-
vice level.

Huang et al. showed that the blended film of CsPbBrs NCs and poly(3,3-didodecylquarter-thiophene)
(PQT-12) could be used as the light-absorbing and charge transport layer, respectively, to fabricate pho-
tonic synaptic transistors (Wang et al., 2019b). A number of neuron-/synapse-like functions could be real-
ized, including excitatory postsynaptic current (EPSC), PPF, high-pass dynamic filter, memory, and learning
behaviors. In another work, poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)
thieno [3,2-b]thiophene)] (DPPDTT) was blended with CsPbBr3 NCs to construct photonic synaptic transis-
tors (Hao et al., 2020a). The synaptic behaviors were enhanced because a large energy barrier was formed
between the VB of CsPbBr; NCs and the HOMO of DPPDTT. Abundant charge traps in the channel or at the
interface resulted in the low combination rate of photogenerated charge carriers. When the operating
voltage was reduced down to —0.0005 V, the device still showed an obvious synaptic response. Chen
et al. reported the use of CsPbBrz NCs/poly(3-hexylthiophene) (P3HT) blend to improve the charge disso-
ciation and photonic synaptic performance (Ercan et al., 2021). Upon solvent evaporation, the hybrid blend
self-assembled into a one-dimensional nanostructure. Due to the homogeneous axial distribution of the
NCs and the formation of P3HT nanofibrils and co-aggregates, the interfacial charge transfer was greatly
enhanced. The photonic transistors showed fundamental synaptic functions with an ultralow energy con-
sumption of 0.18 fJ and zero-gate operation.

Pradhan and coworkers reported photonic synapses using a graphene-perovskite-NC superstructure pre-
pared by growing perovskite NCs directly from a graphene lattice (Pradhan et al., 2020). They found the
superstructure acted as an artificial photonic synapse, where the presynaptic signal was the external light
stimuliin the form of optical pulses and the postsynaptic signal was the current obtained across the channel
keeping both drain source and gate voltage fixed. They recorded the change in conductance for light with
different intensities (Figure 22C), which is helpful to understand the synaptic dynamics of the device under
different conditions of the presynaptic signal spikes. The PPF index exponentially decreased with
increasing off time between two pulses (Figure 22D), indicating that reduction in off time between two
pulses (<10 s) would amplify the postsynaptic response. Figure 22E showed normalized conductance of
the device increased for the incremental number of pulses at a fixed wavelength and intensity. Other mem-
ory effects including variation in normalized conductance triggered by 20 presynaptic light spikes under a
gate bias of 10V, LTP and long-term depression (LTD) were emulated in Figures 22F-22H. Furthermore,
they constructed a spiking neural network to perform unsupervised machine learning and face recognition
(Figure 221). When the presynaptic neuron sensed pixels of the input images, it transformed them into pre-
synaptic spikes, then at the postsynaptic neuron the postsynaptic signals were summed and make a spike.
The real images used for training and the synaptic weights of some corresponding output neurons were
shown in Figure 22| (right). The study highlighted the potential of perovskite NCs in novel synaptic devices
for artificial intelligence and future neuromorphic computing.
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Light communication

The use of visible light emitted from a LED or a laser for simultaneous illumination and communication is an
emerging technology regarded as a major part of the solution to the current bottlenecks in wireless data
communication. Conventional lighting phosphors that are typically integrated with LEDs have limited mod-
ulation bandwidth. To provide the bandwidth required for visible light communication (VLS), a light con-
verter to shape the light emission is usually employed. Dursun et al. presented a promising light converter
for VLC by using green-emitting CsPbBr3 NCs combined with a conventional red phosphor for the first time
(Figure 23A) (Dursun et al., 2016). The novel CsPbBr;-NC/phosphor light converter exhibits a relatively high
bandwidth of 491.4 MHz (Figure 23B), which is much greater than those of conventional nitride-based phos-
phors (~12.4 MHz), organic materials (40-200 MHz) commercial YAG-based phosphors (3-12 MHz) and blue
LEDs. The clear open eye as observed in the eye diagram suggests that the CsPbBr;-NC phosphor-con-
verted LD VLC is capable of transmitting a high data rate of up to 2 Gbit/s (Figure 23C). The perovskite-
NC enhanced white light source combines ultrafast response characteristics with a high color rendering in-
dex of 89 and a correlated color temperature of 3236 K, thereby enabling dual VLC and solid-state lighting
functionalities. In another work, Singh et al. proposed a flexible white-light system for high-speed VLC ap-
plications. The white-light system consists of a semipolar blue InGaN/GaN single-quantum-well micro-LED
(n-LED) on a flexible substrate for pumping a green CsPbBr3-NC paper and a red CdSe NC paper (Singh
etal., 2021). A high bandwidth of 229 MHz and a high data transmission rate of 400 Mbps were achieved for
the CsPbBr3-NC paper with a blue p-LED pumping source (Figures 23D and 23E).

Perovskite NCs/polymethyl methacrylate (PMMA) composite films with multicolor light emission have
also been prepared for VLC (Wang et al., 2021¢). Due to the fast optical response and air stability, the
composite films could be used to make broadband color converters for VLC based on a high-bandwidth
75 pm blue micro-LED (u-LED). The composite films with yellow-emitting CsPb(Br/l)3 NCs have a high
bandwidth of 347 MHz, while the red-emitting composite films with CsPbl; NCs exhibit a higher modu-
lation bandwidth of 822 MHz, which is ~65 times larger than that of conventional phosphors. In partic-
ular, by using the two composite films combined with the blue emission from the p-LED, a warm white
light was obtained with a correlated color temperature of 5670 K, a color rendering index of 75.7, and a
de L'Eclairage (CIE) coordinate at (0.33, 0.35). The color conversion using the p-LED sacrifices part of
received power and slightly decreases the overall bandwidth from 1.130 to 1.005 GHz. However, a
maximum real-time data rate of 1.7 Gbps could still be realized by using a non-return-to-zero on—off key-
ing (NRZ-OOK) modulation scheme.

Kang et al. demonstrated perovskite NCs/polymer composites-based scintillating fibers as a near-omnidi-
rectional detection platform for several tens-to-hundreds of Mbit/s optical communication in both free
space and underwater links (Kang et al., 2022). As shown in Figures 23F-23l, the scintillating fibers offer
good flexibility in terms of shape and near-omnidirectional detection features. Such fiber properties also
introduce a scalable detection area that can resolve the resistance-capacitance and angle-of-acceptance
limits in planar-based detectors, which conventionally impose a trade-off between the modulation band-
width, detection area, and angle of view (Figures 23J and 23K). A high bit rate of 23 Mbit/s and 152.5 Mbit/s
was achieved using an intensity-modulated laser for NRZ-OOK modulation scheme in free-space and
quadrature amplitude modulation orthogonal frequency-division multiplexing (QAM-OFDM) modulation
scheme in an underwater environment, respectively (Figures 23L-23N).

Perovskite NCs with a short emission lifetime and high luminous efficiency is strongly demanded underwa-
ter wireless optical communication (UWOC). However, the instability of perovskite NCs in water must be
confronted first. Tang et al. synthesized extremely stable CsPbBr; NCs embedded in all-inorganic amor-
phous glass by all-solid reaction without any organic ligand (Xia et al., 2021). The amorphous glass pro-
tected the CsPbBr; NCs, showing high PLQY of 70%, excellent stability against water, thermal treatment
(200°C in the air) and intensive laser irradiation (3.6 kWem™2). The application of perovskite NCs for
UWOC was then realized for the first time, reaching a bandwidth as high as 180 MHz and data rates of
185 Mbps. Xu et al. proposed a quasi-omnidirectional transmitter for UNWOC by taking advantages of
the strong PL of CsPbBr3 NCs (Li et al., 2022). The system was tested in a 50-m swimming pool and the water
attenuation coefficient is 0.38 dB/m. It was found that the maximum data rates of OOK signals over 10-m
and 20-m transmission distances can reach 60 Mbps and 40 Mbps, respectively. When four clients are adop-
ted in a code division multiple access (CDMA) based UWOC network, the maximum data rates of each
client can reach 10 Mbps and 7.5 Mbps over 10-m and 20-m underwater channels, respectively. These
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Figure 23. Perovskite NCs for light communication

(A) Schematic showing perovskite NCs as a color converter for visible light communication.

(B) Schematic of the small-signal frequency-response measurement setup and measured frequency responses for various devices.

(C) Schematic of the data transmission measurement using an OOK scheme and bit-error rates (BERs) measured at different data rates, with the forward error
correction (FEC) limit labeled. Figures A-C reprinted from (Dursun et al., 2016). Copyright © 2016, American Chemical Society.

(D) Frequency responses for a semipolar blue micro-LED.

(E) Comparison of bandwidth of perovskite-NC paper with that of perovskite-NC film. Inset shows the eye diagram for the perovskite-NC paper. Figures D
and E reprinted from (Singh et al., 2021). Copyright © 2021, Chinese Laser Press.

(F and G) Images of the CsPbBr; NCs/polymer fiber under ambient light and UV illumination.

(H and 1) Images of the fiber detector array formed by a single CsPbBr3 NCs/polymer fiber and that submerged in a water bath.

(J and K) The received optical power from the CsPbBrz NC-polymer fiber with respect to its polar (6) and azimuthal (¢.) angles.

(L) Normalized frequency response of the CsPbBr3 NCs/polymer fiber when measured at different lengths, i.e., 5 to 30 mm, from the edge of the sample. The
inset shows the corresponding -3-dB frequency bandwidth (f_34g) and the received optical power at different sections of the fiber.

(M) BER of data transmission based on the NRZ-OOK modulation scheme at different data rates.

(N) Photograph of the experimental setup with the transmitter (405-nm laser diode) and receiver (perovskite-polymer fibers) placed across a 1-m-long water
tank. Figures F-N reprinted from (Kang et al., 2022). Copyright © 2022, Optical Society of America.
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high-performance transmitters using perovskite NCs can meet the requirements of the last meter end-user
access in the Internet of underwater things (loUT) and underwater optical cellular network systems.

INDUSTRIAL COMPATIBILITY

Owing to outstanding optical and electronic properties, halide perovskites have the potential to compete
with state-of-the-art silicon technology. (Chen et al., 2016b; Saki et al., 2021; Wang et al., 2016a). In terms of
the cost analysis in the established silicon photovoltaic industry, for a thin-film optoelectronic technology
to be market-compatible, the cost of the active layer should be controlled <5 $/m?, or a $/W value of <0.20
if we consider 20% PCE of modules. For the case of perovskite NCs, the active layer cost is dominated by
materials required for NC synthesis, and the majority of this part comes from the solvents, i.e., MeOAc,
ODE, hexane, and so forth. Besides, labor cost, capital expenditure (capex), operating expenditure
(opex), together with the loss of synthesis yield form another major contributor (Jean et al., 2018).

In a recent study by Kirmani et al. CsPbls NCs were selected as a model to evaluate the cost benefits of
perovskite NCs (Kirmani et al., 2022). Pbl, is the major component of the reaction and most of it is wasted
during the synthesis process. Hence, the synthesis yield (Y) is defined as the ratio of the final optoelectronic-
grade NCs' mass to the Pbl, mass as

mass of optoelectronic grade NCs

Y(%) = mass of Pbl,

X 100%. (Equation 6)

The analysis suggests Y has a dramatic effect on the synthesis cost. $/m? reaches >50 at Y = 12% according
to experimental data. This implies that the current synthesis protocol is highly cost-inefficient and actually
incompatible with industrial scale-up. However, $/m? quickly drops to 10 when Y is increased to 50%. Using
atechnoeconomic model based on the price data from prominent materials suppliers in the United States,
they highlighted that an improved synthesis yield, a recycling of solvents, and synthesis automation are crit-
ical to the market adoption of perovskite-NC technology. Specifically, this three-pronged approach can
make the costs of NC film fabrication down from > $50/m? to ~ $2-3/m?.

High-throughput and economical deposition of high-quality films from perovskite-NC inks represents
another important part of industrial compatibility. Currently, spin-coating is the most frequently used in
the lab for fabricating perovskite-NC-based optoelectronic devices, which is actually not a scalable method
suitable for industry because of their high material wasting. Recently, scaling-up methods such as ink-jet
printing, slot-die coating, spray-coating, and blade-coating have been applied to versatile optoelectronic
devices, leading to exciting performance (Park and Zhu, 2020; Saki et al., 2021; Sukharevska et al., 2021). For
instance, the EQE of doctor-bladed MAPbl; perovskite LEDs (54 cm?) reached 16.1% and the cost of the
active layer could be as low as 0.02 cents per cm?, demonstrating its huge potential in practical applications
of flat panel lighting and display (Chu et al., 2021). FAPbBr3-NC LEDs by a modified bar-coating method
reported an EQE of 23.26% for a pixel size of 4 mm? and an EQE of 22.5% for a large pixel area of
102 mm? with high reproducibility (Kim et al., 2022). A fully automated spray-coated technology could
be used for the construction of CsPbl3-NC-based solar cells (Yuan et al., 2019). Homogeneous CsPbBr3
NCs film on various substrates for X-ray detectors by the inexpensive inkjet printing method, which could
realize the formation of a desirable pattern with a smooth surface morphology (Liu et al., 2019a). Beyond
perovskite NCs blade-coating has been employed for scalable production of PbS-NC solar cells with PCE
over 10% at industrially viable speeds, presenting its commercial prospect for NC photovoltaics (Kirmani
et al., 2018). Despite recent advances in scalable deposition methods, challenges still remain in the com-
mercial relevance of perovskite NCs. Industry-compatible advanced techniques including large-scale,
high-speed, and cost-effective device fabrication and synthetic methods should be developed in order
to promote the niche market application of perovskite-NC-based optoelectronic technologies.

Conclusions and remarks

In summary, we have made a comprehensive review of recent progress on the synthesis, properties, and
applications of versatile perovskite NCs. The advance in both synthesis and post-synthesis of perovskite
NCs enables active tuning of their size, surface, and component for outstanding optical and electronic
properties that are demanded a variety of technical applications. In particular, visible PL with near-unity
QYs and wide optical response ranging from NIR to UV regime have been achieved. Novel optical phenom-
ena including a size-dependent Stocks Shift, multi-photon absorption, and multiple exciton generation
have been revealed. Effective methods to improve the charge-carrier mobility as well as understanding
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of the unique mixed ionic-electronic ambipolar transport mechanism in perovskite-NC films have been
introduced. The continuous improvement of optical and electronic properties has made perovskite NCs
a promising novel class of semiconductor nanomaterials for optoelectronics and beyond.

Despite recent significant progress made on perovskite-NC-based LEDs, serious concerns should be ad-
dressed before their commercial applications. Firstly, the performance of blue perovskite-NC LEDs is still
lower than green and red LEDs. Exploring efficient and bright blue LEDs remains to be the most chal-
lenging task to date. Furthermore, attention should be turned to the lifetime and stability issues of devices
to meet commercial demands when the EQEs are already high. Moreover, more efforts should be spared
to address lead toxicity, as what has been suggested for perovskite solar cells. Development of stable and
high-performance LEDs based on lead-free perovskite NCs and their derivatives should also be
encouraged.

Solar cells based on perovskite NCs have achieved an impressive PCE of 16.6%. The most important task for
perovskite-NC solar cells is to continue to push forward to higher efficiencies of over 20%, on a par with
state-of-the-art organic solar cells and other thin-film photovoltaic technologies. It has been recognized
that defects such as undercoordinated ions on the NC surface are typical roadblocks to the further
improvement of perovskite-NC solar cells. Pursue of defect-free perovskite NCs should be the next big
thing for photovoltaics and other optoelectronic devices. In addition, perovskite NCs offer precisely
tunable optical absorption, holding the promise for the fabrication of optimized tandem devices to
make full use of sunlight and enhance the overall stability.

At present, efficient methods for detecting high-energy radiations are limited and in great demand. Halide
perovskite NCs feature high absorption efficiency and optical sensitivity to X-rays. The thermal and envi-
ronmental instability issues that are often associated with solar cells and LEDs could also be largely avoided
for X-ray scintillation. But perovskite-NC scintillators still require further improvements in terms of light
yields and scalable production. Besides, investigations on perovskite-NC scintillators for advancing
sensing and imaging based on gamma rays and neurons (>1 MeV) with higher energy are also worth
exploring.

The applications of halide perovskite NCs for light communication in the visible region have been demon-
strated and attracting a lot of attention. However, their applications in the infrared region remain much less
explored due to their relatively large bandgap (>1.6 eV). In addition, efficient light absorption and emission
in the short-wavelength infrared (>1000 nm) region has not been realized in spite of a few impressive at-
tempts such as hybrid perovskite/semiconductor structures (Mei et al., 2022; Protesescu et al., 2017).
I stands before perovskite NCs remains to be challenging, but prom-
ising for IR wireless data communication as well as a number of technological applications.

Circumvention of the “infrared-wal

Compared to perovskite bulk films, perovskite NCs appear to be better positioned for synaptic memristors
with very low power consumption approaching or even surpassing bio-synapses. On one hand, the increase
of specific surface area is usually accompanied by the exposure of more surface and edge sites, which is
easy to form ion vacancy defects. On the other hand, the increase of surface and interface can provide
more transport channels for ion migration, which is beneficial to reduce the energy barrier of ion migration.
Furthermore, the ion-electron transport in perovskite NCs is very sensitive to light irradiation. This helps to
achieve a variety of unique photoelectric coupling, offering added possibilities for the development of arti-
ficial synapses.

However, improving devices based on perovskite NCs requires a better understanding of the charge trans-
port mechanism, which has been much less explored to date compared with bulk perovskites. Given the
fact that the charge-carrier behavior in an NC film is very different from bulk film, systematic studies on
the ionic-electronic transport of perovskite-NC films are thus desirable. For instance, the influence of het-
erovalent doping and surface ligands on the carrier transport has been explored, but their impact on mo-
bile ions such as diffusion energy barrier remains unclear (Eames et al., 2015; Zhou et al., 2021a). The charge
transport properties of perovskite NCs are greatly dependent on the concentration of dopants that are
incorporated into perovskite NCs. However, direct observation of the distribution and exact location of
dopants in perovskite NCs is still lacking. Hence, it is of great importance to image the location of dopants
directly to signify controlled doping of perovskite NCs.
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Currently, the charge-carrier mobility in perovskite-NCs films remains much lower than that of bulk perov-
skite in transistor studies. It appears that the low carrier mobility associated with perovskite NCs may not
hinder the fabrication of perovskite-NC-based optoelectronic devices with good performance because the
light emitting/absorbing perovskite-NC layer in a LED or a solar cell with a vertical structure is quite thin
(~20 and 300 nm). The carriers that are injected into the NC layers actually do not need to travel a long dis-
tance. In contrast, the channel length for a horizontal transistor is usually larger than several tens of micro-
meters, signifying the challenge in fabricating high-performance perovskite-NC-based TFT devices.
Further efforts to promote the electronic coupling in arrays of perovskite NCs should contribute to the sig-
nificant improvement of carrier mobility.

Beyond optoelectronics, the applications of halide perovskite NCs including gas sensors and photocata-
lysts have been attracting increasing attention in recent years. For instance, the utilization of a composite of
CsPbBr3 NC/graphene oxide for CO, reduction opens up the possibility for the deployment of perovskite
NCs for versatile photochemical conversion applications (Xu et al., 2017). Wu et al. demonstrated that the
p-type CsPbBr; NCs feature high gas-sensing selectivity to detect NO, with a detection limit down to 0.4
ppm (Kim et al., 2020). As research on perovskite NCs moves forward, there will be exciting opportunities to
further improve perovskite-NC-based optoelectronic devices and explore the use of perovskite NCs for
novel applications in the future.
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