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ABSTRACT: Oriented semiconductor nanostructures and thin films exhibit many
advantageous properties, such as directional exciton transport, efficient charge transfer and
separation, and optical anisotropy, and hence these nanostructures are highly promising for
use in optoelectronics and photonics. The controlled growth of these structures can facilitate
device integration to improve optoelectronic performance and benefit in-depth fundamental
studies of the physical properties of these materials. Halide perovskites have emerged as a
new family of promising and cost-effective semiconductor materials for next-generation high-
power conversion efficiency photovoltaics and for versatile high-performance optoelec-
tronics, such as light-emitting diodes, lasers, photodetectors, and high-energy radiation
imaging and detectors. In this Review, we summarize the advances in the fabrication of
halide perovskite nanostructures and thin films with controlled dimensionality and
crystallographic orientation, along with their applications and performance characteristics
in optoelectronics. We examine the growth methods, mechanisms, and fabrication strategies
for several technologically relevant structures, including nanowires, nanoplates, nanostruc-
ture arrays, single-crystal thin films, and highly oriented thin films. We highlight and discuss the advantageous photophysical
properties and remarkable performance characteristics of oriented nanostructures and thin films for optoelectronics. Finally, we
survey the remaining challenges and provide a perspective regarding the opportunities for further progress in this field.
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1. INTRODUCTION

Starting from the latter half of the twentieth century,
semiconductor-based optoelectronic and electronic devices
have become central to the engines that sustain the development
of civilization, with diverse applications in many fields ranging
from energy, environment, and communication to computing,
education, and medicine.1 With the fast pace of modernization,
demand for optoelectronic device quality, quantity (e.g., high
efficiency and durability), and features (e.g., flexibility,
patternability, microminiaturization, environmental friendliness,
and biocompatibility) has sharply increased.2−7

In recent years, there has been a significant research effort
focusing on the discovery of new semiconductor materials with
compelling optical and transport properties and on the
development of methodologies to improve the quality and to
control the shape, size, orientation, and alignment of these
materials. Combining developments in materials science and
device fabrication techniques, various types of high-performance
optoelectronic devices, such as efficient and stable photovoltaic
cells,8,9 bright and durable light-emitting diodes (LEDs),10,11

flexible and sensitive photodetectors,12,13 radiation detectors,14

and patternable bright lasers,15,16 have been manufactured.
To date, the investigation, modification, and fabrication of

semiconductors with various designed morphologies, such as
nanostructures, thin films, and single-crystal wafers, have
enabled the development of myriad optoelectronic devices for
meeting the end-users’ expectations.17−21 Compared with their
bulk forms, semiconductor nanostructures, such as 0D quantum
dots, 1D nanowires, 2D quantum wells, and 3D hierarchical
structures, have demonstrated adaptable properties stemming
from their unique structures, including distinct electron−matter
and light−matter interactions, tunable optical and electronic
properties, and high surface-to-volume ratios.22 Among the
various nanostructures that have been developed, semi-

conductor nanostructures with a specific crystallographic
orientation (i.e., 1D nanowires/nanorods, 2D nanoplates/
belts, and horizontally/vertically oriented thin films) are of
particular importance as building blocks for optoelectronic
devices.23−29 These oriented nanostructures usually have high
crystallinity with a regular, smooth, and well-defined morphol-
ogy, exhibit the ability for directional charge transfer and
separation, and can be intimately integrated with other
components/layers of devices. These advantages enable
oriented nanostructures not only to simplify the fabrication
and promote the performance of optoelectronic devices but also
to serve as useful platforms for fundamental photophysical
studies of materials.
Over the past decades, advances in the fabrication of oriented

nanostructures have been achieved for many established
semiconductor materials, such as silicon wafers and nano-
wires,30−32 III−V crystalline films and layered devices,33−35 and
atomically thin transition metal dichalcogenides.36,37 The ability
to control the size, shape, density, crystal quality, thickness, and
crystallographic orientation of semiconductor nanostructures
and thin films is essential for achieving high-performance
optoelectronics. In particular, for optoelectronic devices, it is
highly desirable to grow large-scale and patternable nanostruc-
ture arrays with controlled orientations, large-area single-crystal
thin films (SCTFs), and highly oriented polycrystalline thin
films with single-crystal-like properties.
To emulate past breakthroughs, researchers have been

actively exploring the controllable growth of oriented optoelec-
tronic nanostructures and thin films of metal-halide perovskites
that are a class of emerging high-performance semiconductors.38

The basic formula of a halide perovskite is ABX3, where A is
typically methylammonium (MA), formamidinium (FA), or Cs,
B is Pb or Sn, and X is Cl, Br, or I. In the perovskite structure, the
B atom is located at the center of an octahedron with X atoms at
its vertices. Traditional perovskites with the ABX3 formula have
adjacent octahedra linked through all of their vertices, forming a
structurally 3D network of connected octahedra. A reduction in
the connectivity of the octahedra network gives rise to halide
perovskites of reduced dimensionality, such as structurally 2D/
quasi-2D layered perovskites that have the general formula of
(LA)m(A)n−1BnX3n+1, where LA is a large monovalent (m = 2) or
divalent (m = 1) organic cation, and n is an integer that indicates
the thickness of the perovskite layer. The hallmark of the crystal
structure of 2D/quasi-2D perovskites is their 2D anion slabs of
[(A)n−1BnX3n+1]

2− sandwiched by a specific number of organic
spacers.39−41

The crystal structure units of 3D and 2D/quasi-2D perov-
skites are shown in Figure 1a. Both 3D and 2D/quasi-2D halide
perovskites have been widely used in optoelectronic applications
due to their remarkable photophysical, optical, electronic, and
charge-transport properties. In general, 3D perovskites have
long charge-carrier lifetimes and low deep trap densities,42 high
yet balanced electron and hole diffusion lengths,43,44 large
absorption coefficients, and a widely tunable band gap that
enables light harvesting from the UV to the near-IR spectral
range.45−47 In addition, 2D/quasi-2D perovskites have unique
properties, such as tunable quantum confinement and dielectric
confinement,48−50 due to the tunability of n and LA. These
properties have enabled the successful application of halide
perovskites in various optoelectronic devices, including solar
cells with a power conversion efficiency (PCE) exceeding
25%,51,52 low-threshold lasers,53 bright and color-specific
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LEDs,54 and sensitive photodetectors and radiation detec-
tors.55,56

In this Review, we summarize the advances achieved to date in
the fabrication of oriented nanostructures and thin films of
halide perovskites (Figure 1b) for optoelectronic applications,
including lasers, solar cells, photodetectors, radiation detectors,
and LEDs (Figure 1c). We highlight and discuss the growth
methods and mechanisms, advantages, applications, and
performance characteristics of oriented structures for contact-
less photonic devices (e.g., microlasers), vertical layered devices
(e.g., solar cells and LEDs), and lateral optoelectronic devices
(e.g., photoconductive photodetectors). We begin the Review
by introducing the growth methods and mechanisms in Section
2, then present the design and growth of nanowires and their
vertical/horizontal arrays in Section 3 and continue with a
discussion of nanoplates and their patterned arrays in Section 4.
The growth methods and modification strategies of SCTFs and
oriented polycrystalline thin films of 2D/quasi-2D and 3D
halide perovskites are highlighted and discussed in conjunction
with the applications and performance characteristics of layered
optoelectronic devices in Section 5. Our Review aims to
motivate researchers to translate the benefits afforded by
oriented nanostructures and thin films into high-performance
optoelectronic devices and inspire new ideas for the design and
growth of versatile types of oriented materials beyond halide
perovskites.

2. GROWTH METHODS AND MECHANISMS
The oriented structures covered in this Review are nanowires
(NWs) and their arrays, nanoplates (NPs) or nanoplatelets
(NPls) and their arrays, and single-crystalline or high-quality

polycrystalline thin films with a specific crystallographic
orientation. In this section, we introduce the general methods
commonly used for the growth of oriented nanostructures. To
date, vapor−liquid−solid (VLS) growth, wet chemical growth
(e.g., dissolution and recrystallization growth and colloidal
synthesis), template-directed synthesis, and vapor-phase growth
(e.g., epitaxy and conversion) represent the major methods used
to grow oriented halide perovskite structures.

2.1. Vapor−Liquid−Solid Growth

NWs and NW arrays oriented vertically or horizontally are
important building blocks for various optoelectronic applica-
tions. VLS growth is one of the most common methods for the
growth of NWs. VLS growth was first introduced in 1964 by
Wagner and Ellis via demonstrating the Au-catalyzed vertical
growth of Si NWs on a Si(111) surface.57 In VLS growth, a
metallic liquid droplet usually acts as a catalyst that is
supersaturated by the addition of the material from the vapor-
phase, leading to the growth of a single-crystalline semi-
conductor NW at the interface of the liquid metal catalyst and
solid NW.57,58 VLS growth has yielded a wide range of
semiconductor materials, including group IV, III−V, and II−
VI semiconductors and lead-containing compounds (PbS, PbI2,
etc.).59−61 The materials grown by the VLS process are usually
high-quality or single-crystalline, and this process enables
precise control of the morphology, growth density, position,
and composition of the grown materials.
In 2017, Meyers et al. reported the growth of vertical MAPbI3

NWs by the vapor-phase conversion of single-crystalline PbI2
NWs that were initially grown by VLS growth using liquid Pb as
the metallic catalyst.58 The researchers also provided a detailed

Figure 1. (a) Schematic crystal structures of 3D halide perovskite ABX3 and 2D (n = 1) and quasi-2D (n≥ 2 ormixed) halide perovskites. n = 1 and n =
2 units are shown to represent the basic units of 2D/quasi-2D perovskites. (b) Illustrations of the structures of interest in this Review, including 1D and
2D nanostructures, bulk crystals, oriented nanostructure arrays, single-crystal thin films, and highly oriented thin films of 3D and 2D/quasi-2D halide
perovskites. (c) Schematics of Fabry−Peŕot (F−P) and whispering-gallery-mode nano/microlasers, lateral optoelectronic devices such as
photoconductive detectors, and vertical optoelectronic devices such as radiation detectors, solar cells, and LEDs. Note that the simplest structures of
the devices are shown here, and the solar cell is schematically illustrated as an n−i−p structure as an example.
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explanation of the VLS growth mechanism of the PbI2 NWs.
The mechanism of VLS growth of PbI2 NWs can be inferred
from the Pb−I binary equilibrium-phase diagram shown in
Figure 2a. In the diagram, Pb will form an equilibrium liquid
phase with a wide range of I concentrations at temperatures
above 328 °C. Above these equilibrium concentrations (the
shaded region in Figure 2a), solid PbI2 NWs precipitate due to
the supersaturation of the liquid Pb droplet with I.
Consequently, as illustrated in Figure 2b, single-crystalline
PbI2 NWs will grow upon the continuous supply of I from the
vapor phase to the Pb droplet. The right side of Figure 2b shows
the scanning transmission electron microscopy (STEM)−
energy-dispersive X-ray spectroscopy (EDS) elemental maps
of the PbI2 NWs that indicate that there are at least two
orientations of the catalyst interface, where the (1100) or
(1210) plane acts as an interfacial growth plane, which can
enable the growth of NWs. The PbI2 NWs were treated with
methylammonium iodide (MAI) vapor to form MAPbI3 NWs.
However, the MAPbI3 NWs obtained by this two-step process
had a rough polycrystalline rather than single-crystalline surface,
as clearly shown in the bottom image of Figure 2b. We note that
this post-treatment conversion reaction usually produces
polycrystalline materials due to the possible deconstruction−
reconstruction processes that the crystals undergo.62 Using a
similar procedure, Shim et al. converted VLS-grown PbI2 to
produce MAPbI3 vertical NWs.63 The difference between these
two approaches is that the MAPbI3 vertical NWs formed by the
Shim group had a high density due to the modification of the
VLS growth method by the use of an epitaxial PbI2 layer as the
substrate to increase the density of the PbI2 wires.
Later, in 2019, VLS growth of halide perovskite NWs using Sn

as the catalyst was reported by Meng et al.64 Single-crystalline
all-inorganic lead halide perovskite (i.e., CsPbX3; X=Cl, Br, or I)

NWs were grown on SiO2/Si substrates in a nearly vertical
fashion (Figure 2c,d). As illustrated in the schematic diagram
presented in Figure 2c, the liquid-state Sn catalyst was
supersaturated through the addition of vapor-phase precursors,
inducing the growth of CsPbX3 NWs at the liquid−solid
interface. This growth method effectively took advantage of the
low-melting-temperature feature of the Sn catalyst (232 °C) that
is sufficiently high for the CsX and PbX2 precursors to evaporate
and continuously incorporate into the Sn liquid metal to
maintain the supersaturation state for NW growth, and the
temperature is not high enough for the thermal decomposition
of the as-grown CsPbX3 NWs. Notably, by changing the halide
in the precursors and slightly modifying the growth temperature,
CsPbI3, CsPbBr3, and CsPbCl3 single-crystalline NWs can all be
obtained (Figure 2e).

2.2. Wet Chemical Growth Method

Most of the approaches reported to date for the synthesis of
oriented halide perovskite nanostructures are based on wet
chemical methods; however, it is usually difficult to achieve
highly ordered nanostructures and arrays directly on substrates
for the direct fabrication of optoelectronic devices using such
methods. Among the wet chemical methods reported in the
literature, surfactant/molecular-directed self-assembly growth in
colloids has been most widely adopted for the synthesis of well-
defined nanostructures of halide perovskites. Prior to their
application to the production of halide perovskites, self-
assembly growth methods were adopted to grow a wide range
of materials, including metallic nanostructures and super-
lattices,65 inorganic compounds,66 organic−inorganic hybrids,67
and organic molecules.68 Here we focus on the growth of halide
perovskite nanostructures using wet chemical growth methods,
including surfactant-directed colloidal growth, stimuli-induced
assembly growth, and dissolution−recrystallization growth.

Figure 2.Vapor−liquid−solid growth. (a) Pb−I binary-phase diagram. The shaded area denotes the region where a liquid Pb droplet is supersaturated
with I. The right side shows a schematic of the VLS growth of PbI2 NWs. (b) Tilt-view (52°) SEM image of the as-grown PbI2 NWs. Scale bar, 5 μm.
The bottom shows an SEM image of a MAPbI3 NW. Scale bar, 1 μm. The right side shows EDS maps of two NWs grow along different planes. (c)
Illustration of the VLS growth process of CsPbX3 NW (X = Cl, Br, or I) using a Sn catalyst. Reproduced with permission.58 Copyright 2017, American
Chemical Society. (d) SEM image of vertical CsPbBr3 NWs grown on SiO2/Si substrates. (e) XRD patterns of VLS-grown CsPbX3 NWs. Reproduced
with permission.64 Copyright 2019, American Chemical Society.
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2.2.1. Solution-Phase Surfactant-Directed Growth. A
series of studies on the surfactant-directed growth of CsPbX3
halide perovskite NWs were initially reported by the Yang
group.69,70 CsPbX3 NWs with a high aspect ratio were obtained
using octadecene (ODE) as the surfactant by adding Cs
precursors into a Pb precursor solution at a high temperature.
This process is also referred to as the hot-injection process, as
illustrated in Figure 3a. High-resolution transmission electron

microscopy (HR-TEM) images and X-ray powder diffraction
(XRD) patterns show that the CsPbBr3 NWs afforded by this
method are single-crystalline in an orthorhombic phase with a
uniform [110] growth direction, whereas the CsPbI3 NWs are
single-crystalline in an orthorhombic phase with a uniform
[100] growth direction. Monitoring the growth process of
CsPbBr3 NWs revealed that NW growth starts with the
formation of nanocubes with sizes in the 3−7 nm range (Figure
3b). In the following hour, bundles of NWs with uniform
diameters smaller than 12 nm and lengths of up to 5 μm were
formed with the consumption of the nanocubes (Figure 3c). A
further increase in the growth time will produce only large
crystals (Figure 3d).
The growth mechanism was revealed by careful real-time

observation using electron microscopy. On the one hand, no
dimers or oligomers of nanocubes were found in the final
products, thus excluding the possibility that the NWs were
formed due to the dipole-driven attachment of the nanocubes.
On the other hand, changing the reaction solvent from ODE to
oleylamine (OAm) resulted in much slower growth kinetics but
a higher yield of NWs, suggesting that the surfactant likely
directed the growth.
The growth conditions were further modified by Zhang et al.

to produce ultrathin CsPbBr3 NWs; specifically, these
researchers changed the amount and type of the surfactant
and the reaction temperature and removed air from the
reaction.70 CsPbBr3 NWs with diameters of 2.2 ± 0.2 nm and
lengths of up to several microns were obtained; however, the
yield of the ultrathin NWs was low. Therefore, a stepwise

purification process was developed to improve the purity of the
sample to >90% by separating the ultrathin NWs from other
impurities using different volumes of ethyl acetate (EA).
Wet chemical methods for the growth of oriented ultrathin

perovskite NWs have also been explored and improved by other
researchers to control the purity, composition, and diameter/
dimension of the resulting materials. Chen et al. reported that
ultrathin and highly stable CsPbBr3, CsPb(Br/I)3, and CsPb-
(Cl/Br)3 NWs (with a diameter as small as 2.6 nm) can be
directly synthesized by a solvothermal approach in a very high
reaction yield (the morphologic yield is almost 100%) without
purification.71 As illustrated in Figure 4a, the key to growth is
predissolving the precursors, which increases the concentration
of the precursor ions in the initial stage of the growth process.
Otherwise, low initial concentrations of precursor ions will lead
to the growth of the nuclei into nanocubes with the assistance of
capping ligands. Moreover, on the basis of the pattern of black
dots in the NWs (Figure 4b), the authors proposed that both the
nanocubes and the NWs in their solvothermal synthesis
followed a seed-mediated growth route, where metallic Pb
formed first to act as a seed. Interestingly, instead of using Pb as
the seed, Peng et al. found that by using CsPbX3 clusters as the
seed and enriching the system with halides, armed structures
such as hexapods can be synthesized.73 It was confirmed by both
experiment and calculations that these armed hexapod
structures were formed from 26-facet polyhedron-shaped
nanocrystal intermediates.
In addition to their composition and purity, the diameter of

ultrathin NWs can also be controlled. Imran et al. reported that
the width of CsPbBr3 NWs can be controlled by tuning the ratio
between the short-chain carboxylic acid (i.e., octanoic acid or
hexanoic acid) and amine (i.e., OAm) ligands.72 Short-chain
carboxylic acid to alkyl amine volume ratios of 0, 0.1, and 0.3
yielded NWs with diameters of 10, 5.1, and 3.4 nm, respectively
(Figure 4c−e). This finding means that increasing the relative
amount of short-chain acids favors the growth of orthorhombic-
phase CsPbBr3 NWs along the [11̅0] direction while inhibiting
the growth along the [001] direction. The concentration of
short-chain acids affected the stability of certain crystallographic
facets. In addition to ODE and OAm, branched tris-
(diethylamino)phosphine (TDP) has been used as a ligand to
direct the orientational growth of CsPbBr3 NWs, as reported by
Wang et al.74 TDP has unequal binding energies with different
crystal faces to promote the orientated growth of NWs and
provides strong steric hindrance to separate NWs in solution.

2.2.2. Stimuli-Induced Assembly. External stimuli are
important factors that can induce the self-assembly of colloidal
nanocrystals.75 As ionic crystals with a soft lattice, halide
perovskites and their colloidal nanocrystals are susceptible to the
effects of external stimuli. Stimuli, such as temperature,76

light,77−79 and additive ligands,80 have been demonstrated to be
effective in inducing the oriented assembly of halide perovskites.
Light irradiation has been widely explored as a stimulus for

inducing the self-assembly growth of halide perovskites. Wang et
al. were the first to report the discovery of photon-driven
transformation phenomena in CsPbBr3 NPls in 2016.79 As
photoresponsive materials, few-monolayer perovskite NPls were
converted to the bulk formwithin tens of minutes of continuous-
wave laser irradiation. As shown in Figure 5a−d, upon exposure
to laser irradiation, the NPls (Figure 5a) first merged into large
clusters (Figure 5b) after irradiation for 20 min and then
transformed into microsized crystals with a rectangular and
cubic geometry after irradiation for 90 min (Figure 5c). The

Figure 3. Solution-phase surfactant-directed growth. (a) Schematic of a
wet chemical synthesis reaction. (b−d) SEM images of the as-prepared
CsPbBr3 nanostructures at different reaction times. Scale bar, 100 nm.
Reproduced with permission.69 Copyright 2015, American Chemical
Society.
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authors attributed the light-induced assembly to the combined
effects of the desorption of the surface ligands and the
subsequent ion-migration-facilitated coalescence driven by
light irradiation. Moreover, organic−inorganic hybrid perov-
skites (in this case, MAPbBr3) did not show this light-induced
assembly behavior, possibly because MAPbBr3 tends to
decompose and lose its organic MA component rather than
form bulk MAPbBr3 upon irradiation.
A similar phenomenon was observed by Shamsi et al. when

exposing CsPbBr3 NPls to UV/blue light at a higher power.
Their as-prepared stacked NPl structures transformed into
micrometer-sized green-emitting nanobelts (NBs) (Figure
5e).78 However, lasers or LEDs emitting at wavelengths between
360 and 440 nm at amoderate intensity did not induce assembly.
The authors attributed the observed self-assembly to the
combined light-induced effects of lattice instability and labile
surface passivation.
In addition to the reported NPls, in 2019, Liu et al. reported

that CsPbBr3 nanocrystals can also undergo light-induced
assembly (Figure 5f).77 Interestingly, the nanocrystals self-
assembled into NWs by anisotropic linear growth via oriented
attachment instead of forming NPs by isotropic coalescence.
This anisotropic growth was due to the light-induced selective
desorption of surface ligands, namely, oleic acid (OA) and
OAm, which created an anisotropic environment to facilitate the
formation of NWs.
In addition to light irradiation, the incorporation of additive

ligands, such as OA and didodecyldimethylammonium sulfide
(DDA-S), also triggered the oriented self-assembly of colloidal
CsPbBr3 nanocrystals. Pan et al. demonstrated that OA breaks
the surface equilibrium of the perovskite surface, resulting in the
detachment of oleylammonium and thus creatingmore space for

DDA-S to attach to the perovskite surface.80 S2− groups from the
DDA-S ligands tend to occupy Br vacancies on the vacancy-rich
(100) surface of CsPbBr3, thus bridging two adjacent perovskite
monomers in an oriented manner to form NWs.

2.2.3. Solution-Phase Recrystallization Growth. Wet
chemical methods that do not involve the addition of a
surfactant have also been developed to grow nanostructures with
a specific orientation, such as NWs, nanorods, and NPs.
However, the products obtained in a given batch usually exhibit
random morphologies and orientations. Such growth methods
usually effectively exploit the supersaturation and recrystalliza-
tion kinetics of halide perovskite crystals in different types of
solvents.
Compared with conventional covalent inorganic semi-

conductors, ionic perovskites are highly soluble in water and
polar solvents and have a low crystal formation energy barrier,
enabling their facile solution synthesis at low temperature. Fu et
al. were the first to develop a catalyst-free and surfactant-free
solution method to grow single-crystal 1D NWs and 2D NPs of
various perovskites.53,81−83 Specifically, 1D and 2D nanostruc-
tures were synthesized by placing a thin film of lead precursor
(e.g., lead halide or lead acetate) in contact with a relatively
highly concentrated AX solution in alcohol under ambient
conditions (Figure 6a,b). For example, single-crystalline
CsPbBr3 NWs can be readily grown by reacting a PbX2 film
with a CsBr solution in methanol.83 The as-grown NWs have
rectangular cross-sections and well-defined end facets (Figure
6c,d). The authors found that crystal growth proceeds via a slow
dissolution−recrystallization mechanism (Figure 6a) involving
the formation of a soluble intermediate of [PbX4]

2− in a
concentrated halide solution.

Figure 4. Ultrathin NWs with purity, composition, and diameter controlled by surfactant-directed growth. (a) Proposed growth process of CsPbBr3
nanocrystals obtained without predissolving and with predissolving. (b) TEM images of ultrathin CsPbBr3 NWs. Insets show the bright emission color
of the colloidal CsPbBr3 solution in hexane under UV illumination (λ = 365 nm). Reproduced with permission.71 Copyright 2017, Wiley-VCH. (c−e)
Increasing the ratio of short-chain carboxylic acids to amine ligands leads to CsPbBr3 NWs with different widths: (g) 0, (h) 0.1, and (i) 0.3. Scale bars
are 200 nm. Reproduced with permission.72 Copyright 2016, American Chemical Society.
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After the solution is oversaturated with [PbX4]
2− complex

ions, [PbX4]
2− will precipitate with A+ ions to form perovskites.

The key to nanostructure growth is the slow generation of
[PbX4]

2− that maintains the low-supersaturation condition and
promotes 1D and 2D anisotropic crystal growth. In general,
perovskite structures tend to form cubes due to the lack of
anisotropy in their crystal structure. The mechanism of
anisotropic growth for this catalyst-free and surfactant-free
approach is not yet fully understood. A hint can be provided by
the observation of the spontaneous formation of single-crystal
hollow tubes,53 which suggests that screw dislocations may drive
the growth of 1D anisotropic NWs.84

The dissolution−recrystallization growth method is generally
applicable to a wide range of perovskites, including hybrid
perovskites and all-inorganic perovskites with different cations
or anions.53,82,83,85 The key requirements for the successful
nanostructure growth using this approach include the use of a
solvent with a solubility that is high for AX but low for the
perovskite products to ensure that the concentration of AX is
high enough to chemically transform the solid lead precursors
into the corresponding perovskites and the selection of a suitable
lead precursor that allows for slow dissolution to form lead
complexes.15 By adjusting the ratios of halides or A cations in the

precursor solutions, alloyed nanostructures of mixed halides or
mixed A cations with controlled compositions can be
synthesized (Figure 6e−g).53 Moreover, the growth method
and the corresponding mechanistic insights have been extended
to tin-based perovskites.86

The phase stability of a perovskite structure depends on the
match between ionic radii that can be described by the
Goldschmidt tolerance factor (t). Values of t between 0.8 and
1 are favorable for perovskite structures, whereas larger (>1) or
smaller (<0.8) t values result in nonperovskite structures. The t
values of CsPbI3, CsSnI3, and FAPbI3 are near the limits of this
perovskite stability range, and hence their perovskite structures
are metastable.15 Suchmetastable perovskites can exhibit a more
favorable band gap (e.g., FAPbI3 and CsSnI3) for photovoltaics
and enhanced thermal stability (e.g., CsPbI3 and CsSnI3)
compared with the prototypical MAPbI3.

87,88 However,
metastable perovskites undergo spontaneous phase transitions
at room temperature into nonperovskite structures that exhibit
undesirable optoelectronic properties. Controlling the phase
transition is critical for the fundamental study and practical
application of these materials.
NWs of the nonperovskite structures of FAPbI3 and yellow-

phase CsPbI3 can also be synthesized using the dissolution−

Figure 5. Stimuli-induced oriented self-assembly. (a−c) TEM images of three-monolayer CsPbBr3 nanoplatelets formed after laser irradiation times of
0, 20, and 90 min, clearly revealing the morphological changes induced by laser irradiation. (d) Schematic illustration of the transformation process
driven by irradiation. The CsPbBr3 nanoplatelets gradually coalesce and finally convert to bulk-phase CsPbBr3 under continuous laser irradiation.
Reproduced with permission.79 Copyright 2016, Wiley-VCH. (e) Illustration of light-induced assembly of nanoplatelets into nanobelts. Reproduced
with permission.78 Copyright 2017, American Chemical Society. (f) Illustration of light-induced assembly of nanocrystals into NWs. Reproduced with
permission.77 Copyright 2019, American Chemical Society.
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recrystallization method. For example, Fu et al. synthesized
single-crystal FAPbI3 NWs in the hexagonal phase by reacting a
lead acetate thin film immersed in an FAI isopropanol (IPA)
solution (Figure 7a).88 The nonperovskite structures were
transformed into the desired perovskite structures by heating

above the phase-transition temperature, that is, ∼170 °C for
FAPbI3 NWs and 310 °C for CsPbI3 NWs. These NWs
remained phase-stable for several weeks, indicating their higher
stability compared with the corresponding bulk crystals. The
NW morphology was well-preserved after thermal conversion.

Figure 6. Dissolution−recrystallization growth of APbX3 perovskite nanostructures. (a) Illustration of the dissolution−recrystallization growth of
APbX3 perovskite NWs where PbAc2 is lead acetate. Reproduced with permission.81 Copyright 2015, American Chemical Society. (b) Photographs of
an as-grown MAPbI3 nanostructure film at reaction times of 1 min and 20 h. Reproduced with permission.53 Copyright 2015, Nature Publishing
Group. (c) SEM image (left) of CsPbBr3 nanostructures grown by the dissolution−recrystallization method. (d) TEM image of a CsPbBr3 NW.
Reproduced with permission.83 Copyright 2016, American Chemical Society. (e) Optical and (f) SEM images of halide-alloyed MAPbCl1.24Br1.76
nanostructures. (g) SEM image of a MAPbCl1.24Br1.76 NW and the corresponding EDS mapping. Reproduced with permission.53 Copyright 2015,
Nature Publishing Group.

Figure 7. Dissolution−recrystallization growth of metastable perovskite nanostructures. SEM images of (a) hexagonal FAPbI3 nanostructures grown
via the dissolution−recrystallizationmethodwithout long-chain alkyl or aromatic ammonium cations and (b) cubic FAPbI3 nanostructures grownwith
LA cations at room temperature. The inset images show the optical images of the substrates. Illustrations of (c) FAI-terminated and (d) PEAI-
terminated (001) surfaces of metastable perovskite FAPbI3. Reproduced with permission.88 Copyright 2017, American Chemical Society. (e) Plot of
the total free energy versus the surface area for a nonperovskite, metastable perovskite, and surface-functionalized metastable perovskite. Reproduced
with permission.53 Copyright 2015, Nature Publishing Group. (f) Calculated formation energies of (FA)2(FA)n−1PbnI3n+1 and (PEA)2(FA)n−1PbnI3n+1
as a function of the n value. Reproduced with permission.88 Copyright 2017, American Chemical Society.
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The improved phase stability in the nanostructures of
metastable perovskites can be attributed to the reduced total
surface energy. In general, metastable polymorphs (i.e.,
perovskite structures) have a lower specific surface energy
than the corresponding thermodynamically stable phases (i.e.,
nonperovskite structures). As the size of the nanostructures
decreases, the energy contribution from the surface increases,
and thus the thermodynamic energy driving the phase transition
deceases. In fact, when the surface energy contribution
outweighs that from the bulk, the metastable phase can
potentially be stabilized in a thermodynamic sense, as illustrated
by the crossover in Figure 7e. A combined approach has also
been used to synthesize perovskite NWs of the mixed-metal
cation Cs(Pb,Sn)I3 with a tunable band gap ranging from 1.3 to
1.78 eV by varying the Pb/Sn ratio in the precursor.89

Surface ligand functionalization is another effective approach
for accessing metastable perovskite polymorphs by reducing
their specific surface energy.87,88 Fu et al. directly synthesized
pure FAPbI3 in the perovskite phase at room temperature using
the dissolution−recrystallization method in the presence of
long-chain alkyl or aromatic ammonium (LA) cations, such as
butylammonium and phenylethylammonium (Figure 7b).
Single-crystal perovskite NWs and NPs of FAPbI3 with
dimensions of up to tens or hundreds of micrometers can be
obtained and stabilized. The surfaces of functionalized FAPbI3
perovskites are terminated by LAI, similar to the 2D
Ruddlesden−Popper (RP)-phase perovskites. In a halide-rich
growth environment, the I− anions will coordinate with the
surface Pb2+ ions such that all of the surface lead iodide

octahedra are complete, and the LA+ cations will occupy the
surface A sites to balance the charge. Density functional theory
(DFT) calculations (Figure 7f) show that the LAI-terminated
surface (Figure 7c) has a lower specific surface energy than the
FAI-terminated surface (Figure 7d) in the metastable perov-
skite. As a result, the crossover between the metastable
perovskite and the nonperovskite structure shifts to a larger
crystal size (Figure 7e). The smaller specific surface energy can
be attributed to the van der Waals interactions between the
adjacent LA cations on the surfaces. In addition to the
thermodynamic stabilization effect, even when the nanostruc-
tures reach a critical size, the growth of metastable perovskites
can still be kinetically favored because the nucleation of
thermodynamically stable nonperovskites involves a higher
energy barrier. In one study, functionalized FAPbI3 nanostruc-
tures did not show detectable phase conversion for several
months, indicating their higher stability compared with the
thermally converted nanostructures.82 A hydrophobic surface
can also mitigate the moisture-induced phase transformation.

2.3. Template-Confined Growth

In general, the products obtained using the wet chemical
methods discussed in Section 2.2 have poorly controlled
orientations and alignments. Therefore, further processing of
the nanostructures is usually required for device fabrication and
photophysics studies. In this regard, large-scale vertically or
horizontally aligned NWs and NPs with controlled orientation
on the substrate surface can facilitate fundamental studies and
direct integration into practical devices. One straightforward

Figure 8. Hard template “infiltration” growth. (a) Schematic of an AAO substrate with uniform pores. (b) Halide perovskite NWs grown in AAO
substrates. Reproduced with permission.91 Copyright 2016, American Chemical Society. (c) Schematic illustration for the Sn perovskite NWs formed
by vapor diffusion of MAI. Reproduced with permission.95 Copyright 2016, American Chemical Society. (d) Schematic of the halide perovskite NW
extrusion setup. Reproduced with permission.96 Copyright 2017, American Chemical Society. (e) Schematic of the patterning of halide perovskite
vertical NWs using AAO as a template. Reproduced with permission.97 Copyright 2020, Elsevier.
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method for growing aligned nanostructures is to use templates
to guide growth in a specific direction. Moreover, given the vast
diversity of possible templates, the orientation, size, shape, and
dispersity of the nanostructures, among other properties, can be
precisely controlled.
Template-confined/directed growth of nanostructures has

been an advanced technology since the 1990s.90 Templates can
be either hard, such as anodic aluminum oxide (AAO) and
molecular sieves, or soft, such as cetyltrimethylammonium
bromide and Pluronic P123. Template methods have many
advantages that facilitate operation, scale-up, and reproducibility
and are not sensitive to the preparation conditions. Moreover,
the development of template materials is relatively mature, and
many templates are commercially available, thus rendering
template-confined growth an inexpensive and reliable method
tightly coupled to industrial applications.
2.3.1. Hard Template-ConfinedGrowth.The structure of

AAO, a typical hard template, is shown in Figure 8a. AAO
represents an ideal template for NW synthesis because it has
well-aligned, straight channels with finely tuned pore diameters
to control the NW diameter. In 2016, Ashley et al. reported for
the first time the template synthesis of uniformly oriented
perovskite NW arrays of MAPbI3, MAPbBr3, and Cs2SnI6 with a
controlled diameter (50−200 nm) on transparent conductive
substrates (Figure 8b).91 AAO templates with oriented and
cylindrical nanopores were employed in the growth process,
where the halide perovskite precursor solutions were dispensed
onto the AAO surface and penetrated the AAO pores for the
subsequent crystallization of solid NWs. Because of the use of
AAO, the NWs grew oriented perpendicular to a transparent
conductive electrode (TiO2/fluorine-doped tin oxide (FTO)

glass). In addition to AAO, a periodically aligned SU-8
photoresist has been used as a template for the oriented growth
of perovskite NWs.92 In 2020, Deng et al. developed a
microchannel-confined crystallization (MCC) strategy using
SU-8 as a microchannel template to grow uniform and large-area
MAPbI3 arrays for integrated devices.93 The flow dynamics are
controlled well by confining the solution to the microchannels,
allowing for the uniform crystallization of perovskite arrays with
a suitable thickness.
Using AAO and a porous alumina template, Waleed et al.

fabricated vertical CsPbI3 and MASnI3 NWs with significantly
improved stability.94,95 During the growth process, either Pb or
Sn metal was electrochemically deposited at the bottom of the
nanopores as the precursor for NW growth. The metal Pb or Sn
filled in the pores was then vapor-phase-converted to CsPbI3 or
MASnI3 in a tube furnace, as shown in Figure 8c.
Perovskite NWs confined inside AAO substrates do not

appear to be suitable for multiple applications because the AAO
substrates are not transparent and have limited conductivity.
However, vertical LED devices based on a perovskite/AAO/
conductive substrate structure have been fabricated.98 There-
fore, researchers have developed several ways to improve the
synthesis and extend the applications of hard template-confined
grownNWs. Going beyond the growth of structures inside AAO
pores, Oener et al. extruded NWs out of the AAO pores by
applying a pressure gradient to fabricate free-standing vertical
NWs on arbitrary substrates (Figure 8d).96 This method
enabled the growth of perovskite NWs inside the AAO pores,
bypassing the problem posed by the inability to etch AAO
selectively. Lin et al. demonstrated an interesting application by
patterning highly emissive halide perovskites where the pore

Figure 9. Hard template “imprinting” growth. Schematic illustration of two different pathways to obtain micropatterned structures: (i) MIMIC
technology and (ii) imprint lithography. (iii) Procedure used to obtain drop-casted films. Reproduced with permission.100 Copyright 2018, American
Chemical Society. Schematic of the NIL process with a (b) Si flat mold, (c) Si nanopillar mold, and (d) Si nanograting mold. Reproduced with
permission.102 Copyright 2018, American Chemical Society.
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arrays of an AAO substrate are considered as imaging pixels.97

They showed that the perovskite patterns obtained by growth in
AAO can be designed and controlled using inkjet printing of
perovskite precursors with controlled density, location, and
feature size (Figure 8e).
The previously mentioned AAO template growth methods

represent “infiltration” processes in which the perovskite
precursors penetrate into the templates. However, researchers
have also developed template growth methods based on an
“imprinting” process, where the templates are stamped onto the
halide perovskite precursors to mold the precise nanostructures
or patterns.99 In general, imprint lithography and micromolding
in capillaries (MIMIC) are the most commonly used imprinting
methods for materials that can be obtained from solution-phase
precursors.100 Figure 9a shows a typical imprint and MIMIC
process using a polydimethylsiloxane (PDMS) stamp as an
example. The imprint method involves pressing the prepat-
terned stamp into a liquid precursor film on a substrate.
Differently, the MIMIC method involves pressing the
prepatterned stamp on a substrate with intimate contact, leading
to the formation of capillaries between the stamp and the
substrate. The precursor solution then fills these capillaries by
capillary forces to form precise nanostructures. This type of
template-confined method has also been used to fabricate 2D
RP-phase perovskite (BA)2(MA)n−1PbnBr3n+1 (where BA is
C4H9NH3

+) parallel microwire (MW) arrays, as reported by Li
et al.101 In addition to PDMS, silicon nanopillars, nanograting
molds (Figure 9b−d),102 and SU-8 have been used to orient the
growth of halide perovskites via nanoimprint lithography (NIL).
2.3.2. Soft Template-Confined Growth. In addition to

the previously mentioned hard template methods, soft templates
for oriented halide perovskite growth have also been developed.
Some of these soft template methods/processes are similar or
even overlap with the surfactant-directed growth methods
previously discussed. In fact, some surfactants have served as soft
templates,103 although they were not referred to as such. In this
section, we discuss only the studies that have explicitly reported
using a “soft template”.
Nonrigid nanostructures formed by intermolecular inter-

action forces during a reaction usually act as soft templates, as
illustrated in Figure 10a.104 In general, the intermolecular
interaction forces that drive the assembly process are weak
noncovalent bonds, such as hydrogen bonds, van der Waals
forces, and electrostatic interactions. The soft-template method
offers high controllability in terms of the nanostructure size and
shape. In 2015, Bekenstein et al. reported a typical example in
which organic lamellar mesostructures formed during the
growth of cubic CsPbBr3 NPls serve as growth-directing soft
templates.105 These soft templates break the inherent cubic
symmetry of the CsPbBr3 crystal and dictate 2D growth to form
NPl assemblies (Figure 10b). As shown in Figure 10c, some of
the NPls grew following the laterally oriented attachment to
form large plates. It should be noted that in this study, the
CsPbBr3 micron-sized wires, despite their small diameter (12
nm), were orthorhombic phase with a significantly lower
photoluminescence quantum yield (PLQY); interestingly,
however, the small NPls were cubic phase with a high PLQY
of 80−90%.
The soft template method has also been used to form oriented

perovskite thin films. Bi et al. developed a polymer-templated
nucleation and growth method by using poly(methyl meth-
acrylate) (PMMA) as a template to control the nucleation and
crystal growth of perovskite thin films.106 The thin films showed

a trigonal perovskite phase with the (111) lattice plane as the
dominant reflection. The morphologies of the film before and
after annealing are shown in Figure 10d−f, which demonstrates
the increased size of the perovskite grains with the grain
boundaries being perpendicular to the substrate, indicating the
oriented growth of the thin film directed by PMMA as a soft
template. PMMA triggers the uniform heterogeneous nucleation
over the perovskite precursor film and thus improves the grain
size and enables the perovskite crystallites to grow along a
preferred direction.
2.4. Vapor-Phase Growth

Vapor-phase growth, typically conducted in a chemical vapor
deposition (CVD) tube reactor (Figure 11a), provides control-
lable and scaleable approaches to the growth of high-quality,
designed nanostructures or wafer-scale semiconductors. This
approach has demonstrated significant success in forming
conventional III−V semiconductors,107,108 2D materials,109

and emerging halide perovskites.110,111 A typical vapor-phase
growth process involves a crystalline overlayer material growing
on a defined substrate material via epitaxial or nonepitaxial
interactions.28 For epitaxial growth, the overlayer materials
usually have either a well-matched lattice relationship to the
interface with the substrate or dangling bonds that form van der

Figure 10. Soft template-directed oriented growth. (a) Schematic
representation of the soft-templating pathway leading to mesoporous
nonsiliceous materials. Reproduced with permission.104 Copyright
2014, Royal Society of Chemistry. (b) CsPbBr3 NPl growth along the
lamellar mesostructures (red arrow). Scale bar is 50 nm. (c) Two-
dimensional sheets formed by laterally oriented attachment of the
primary material (scale bar, 100 nm). Reproduced with permission.105

Copyright 2015, American Chemical Society. (d,e) SEM and (f) cross-
sectional SEM images of perovskite films deposited by the polymer-
templated nucleation and growth method with 0.6 mg/mL PMMA. (d)
Perovskite film before annealing. (e,f) Perovskite films after annealing.
Reproduced with permission.106 Copyright 2016, Nature Publishing
Group.
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Waals interactions with the substrate. van der Waals epitaxy can
tolerate high lattice mismatch. In addition to lattice-match-
directed epitaxial growth, the overlayer can also grow in a
graphoepitaxial fashion, where the material grows along the
artificial/natural nanosteps or nanogrooves on the substrate
(Figure 11b).
2.4.1. Vapor-Phase Epitaxy Growth. Epitaxial growth in

the vapor phase is not only effective in controlling morphology
and orientation but also enables the integration of high-quality
semiconductor nanostructures with versatile epitaxial substrates
to create advanced electronic and optoelectronic devices. This
technique has been highly successful in the development of
semiconductor heterostructure devices over the past decades.
For example, III−V semiconductors have been epitaxially grown
on silicon wafers for use in solar cells and LEDs, and perovskite
oxides (LaAlO3, SrRuO3, SrTiO3, etc.) can be grown on each
other for use in electronics and superconductors.112,113

Halide perovskites (both lead-based ones117,118 and lead-free
ones119,120) have been epitaxially grown on a number of
substrates, such as mica, sapphire, SrTiO3, NaCl, and GaN, by
virtue of using lattice-matching epitaxy, van derWaals epitaxy, or
artificial graphoepitaxy. Oksenberg et al. reported that
horizontally aligned CsPbBr3 NWs with a certain crystallo-
graphic orientation were grown on flat and faceted sapphire
surfaces to form arrays along specific directions of the sapphire
substrate (Figure 11c).115,121 This type of surface-guided
epitaxial growth was found to induce substantial and uniform
lattice rotations as a result of the heteroepitaxial strain and lattice
relaxation.121,122 Similarly, exploiting the graphoepitaxial effect
on annealed M-plane sapphire substrates, Shoaib et al.
demonstrated for the first time the controlled growth of in-
plane ultralong monoclinic-phase CsPbBr3 NWs.123 The NWs
grew with a [100] orientation along the V-shaped nanogrooves
due to the graphoepitaxial effect. The wires had a diameter of

several hundred nanometers and lengths of up to several
millimeters. In 2020, Zhong et al. demonstrated the vapor-phase
epitaxial growth of orthorhombic-phase CsPbBr3 SCTFs (∼300
nm) on a c-plane sapphire substrate at high temperature.118

Similarly to the growth of CsPbBr3 thin films on SrTiO3,
117 high

temperature is the key to achieving the growth of continuous
CsPbBr3 thin films by maintaining a low reactant concentration
and sufficiently long surface diffusion lengths of the reactant
species.
Chen et al. reported the synthesis of CsPbBr3 horizontal NWs

with six-fold symmetry on a mica substrate.116 The cubic-phase
CsPbBr3 wires grew along the [001] direction and had their
(100) facets exposed (Figure 11d). As inferred from the EDS
results (Cs:Pb:Br≈ 1:1:3), which show a stoichiometric balance
of Cs, Pb, and Br, the (100) exposed surface of CsPbBr3 NWs
should be CsBr-terminated.124 In this high-temperature CVD
reaction, Br vacancies will likely be the surface defect sites. The
asymmetric lattice mismatch between CsPbBr3 and mica (001)
was the reason for the growth of the horizontal wires.
Specifically, the CsPbBr3 lattice matches well with mica’s
[010] direction along the [001] direction of CsPbBr3, but the
CsPbBr3 [110] direction has a slight lattice mismatch along
mica’s [100] direction; this mismatch favors the growth of the
CsPbBr3 crystal in the [001] direction but limits the growth in
the [110] direction, leading to the formation of a NW. The mica
(001) surface can be further modified by removing the interlayer
potassium to induce a distortion of the aluminosilicate
tetrahedra, resulting in the breaking of the intrinsic quasi-
hexagonal symmetry and the making of groove bunches along
the [100] direction. As reported by Li et al., such grooves
enabled vapor-phase graphoepitaxial growth on the millimeter-
scale, unidirectional single-crystalline CsPbBr3 NW arrays.125

2.4.2. Vapor-Phase Nonepitaxy Growth. Halide perov-
skites can also be grown nonepitaxially on substrates via vapor-

Figure 11. Vapor-phase epitaxy growth. (a) Schematic of a chemical vapor deposition setup for vapor-phase growth. (b) Schematic representation of
the three guiding modes: epitaxy, graphoepitaxy, and artificial epitaxy. Reproduced with permission.114 Copyright 2019, American Chemical Society.
(c) Graphoepitaxial growth of CsPbBr3 NWs and a dark-field optical microscopy image of a typical NW. Reproduced with permission.115 Copyright
2018, American Chemical Society. (d) Illustration of the vapor-phase epitaxial growth of CsPbBr3 NWs with a triangular cross-section. Reproduced
with permission.116 Copyright 2017, American Chemical Society.
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phase growth. Oriented nanostructures can also be obtained,
although the substrates usually do not have a lattice-matching
relationship with halide perovskites. For example, Zhou et al.
grew high-quality, all-inorganic CsPbX3 alloy perovskite micro/
nanorods on a SiO2/Si substrate, as shown in Figure 12a,b.126

The as-grown micro/nanorods were single-crystalline with a
triangular cross-section. One possible mechanism of growth is
that SiO2 canminimize the surface energy of the (011) surface of
the monoclinic-phase CsPbBr3, inducing triangular NW growth
with the [100] direction as the growth direction. Another
example was reported by Hu et al. with the growth of CsPbBr3
NPs on prepatterned tin-doped indium oxide (ITO) as a
substrate, as shown in Figure 12c,d.127 Notably, the CsPbBr3
NPs were directly grown on ITO as electrodes for the fabrication
of electroluminescent (EL) devices, demonstrating that vapor-

phase growth is beneficial for the direct integration of
optoelectronic devices.

2.4.3. Vapor-Phase Conversion Growth. As a class of
ionic materials with a soft lattice, halide perovskites can be easily
made by the conversion of PbX2 or SnX2 with CH3NH3X or CsX
vapor. This characteristic has been well exploited for the growth
of halide perovskite nanostructures by vapor-phase conversion.
Ha et al. demonstrated that PbX2 platelets with a controllable
thickness can first be grown on a muscovite mica substrate and
then converted into halide perovskite NPls.128 Figure 13a−d
shows the CVD setup, optical microscopy, and scanning
electron microscopy (SEM) images of the PbI2 platelets. The
PbI2 platelets were converted to MAPbI3 platelets using MAI as
the vapor source. Interestingly, the thickness of the MAPbI3
platelets was proportional to the thickness of the PbI2 platelets
with a proportionality constant of 1.81 (Figure 13e), which is in

Figure 12. Vapor-phase nonepitaxy growth. (a) Schematic of the setup for growing CsPbX3. (b) SEM image of the as-grown CsPbBr3 nanostructures
(scale bar, 10 μm). Reproduced with permission.126 Copyright 2017, American Chemical Society. (c) Schematic illustration of the fabrication of a
single EL nanodevice using an ITO/CsPbBr3 nanoplate. (d) SEM image of an electroluminescence device. The inset image is a magnified tilted image
of the nanoplate. Reproduced with permission.127 Copyright 2017, American Chemical Society.

Figure 13.Vapor-phase conversion growth. (a) Schematic of a home-built vapor-transport setup. (b) Optical microscopy and (c) SEM images of PbI2.
(d) Optical microscopy images of individual PbI2 nanoplatelets. (e) Thickness of the PbI2 platelets before and after their conversion to MAPbI3.
Reproduced with permission.128 Copyright 2014,Wiley-VCH. (f) SEM image of PbI2 NWs grown on a silicon substrate. (g)Optical microscopy image
of MAPbI3 NWs on a silicon substrate. Reproduced with permission.129 Copyright 2015, American Chemical Society.
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good agreement with the lattice constant ratio of hexagonal PbI2
and tetragonal MAPbI3 along the c axis, indicating the full
conversion of the PbI2 platelets. In addition to horizontal NPs,
free-standing NWs of halide perovskite were grown via vapor-
phase conversion. In the synthesis reported by Xing et al., PbI2
and PbBr2 NWs were first grown on a silicon substrate via vapor-
phase deposition (VPD) (Figure 13f) and then converted by
MAI and MABr vapor to MAPbI3 and MAPbBr3 NWs (Figure
13g) in the same CVD tube.129

3. HALIDE PEROVSKITE NANOWIRES AND ARRAYS
Having reviewed the major methods for growing oriented halide
perovskite nanostructures, in the next section, we summarize the
present status of research into random NW batches (random),
vertical and horizontal NWs and their arrays (Section 3), NP
batches and their patterns (Section 4), oriented single-crystal
and high-quality polycrystalline oriented thin films, and oriented
2D/quasi-2D RP-phase perovskite nanostructures and films
(Section 5). Note that oriented films are discussed in
conjunction with optoelectronic devices in Section 5, as the
growth methods and strategies for forming films are closely
related to those for producing high-performance layered devices.
In this section, we summarize and discuss the current research

status of halide perovskite NWs in the following order: random
NWs, horizontal arrays, vertical arrays, and 2D/quasi-2D RP-
phaseNWs. This section highlights the growthmethods used for
the on-substrate growth of NWs and arrays that can be directly
used in device fabrication and photophysics studies. In addition
to the four primary growth methods discussed in Section 2,
other complementary methods and discoveries are covered in
this section, with typical examples provided.
3.1. Random Nanowires

Random NWs were usually grown by solution-phase methods
during the initial research stage on halide perovskite
nanostructures. Although randomly oriented, such NWs are

useful for the study of the growth mechanism of perovskites, for
the investigation of their photophysical, stability, and phase-
transition properties, and for the fabrication of nanostructured
devices.81 The most intensively studied method is solution-
phase self-assembly growth (see the detailed discussion in
Section 2.2), which has been widely applied to produce random
NWs. Using this method, researchers have continually
discovered interesting growth behaviors of perovskite nano-
structures. Through a series of control experiments, Liu et al.
found that the ratio of OA to OAm and the concentration of the
PbBr2 precursor played essential roles in triggering the
anisotropic assembly of perovskite nanocrystals into 1D/2D
single-crystalline nanostructures (Figure 14a).130 NWs can be
produced only at an OA/OAm ratio of 8/2, again indicating the
critical role of the surfactant in controlling the nanostructure
growth. Thus further spin- or blade-coating of the self-assembled
nanostructures is necessary for the fabrication of optoelectronic
devices.
As a class of ionic salts, halide perovskite random

nanostructures can be simply obtained by crystallization of the
solution precursors. However, these nanostructures do not
exhibit any alignment. To enable the alignment of the
nanostructures obtained from natural crystallization, Horvat́h
et al. applied a simple slip-coating method. In this technique, a
bottom substrate was held steady while gradually sliding the
upper glass plate to expose the liquid precursor to air.131 Then,
the MAPbI3 solution precursors in the thin liquid film
crystallized into NWs. This approach enabled the anisotropic
growth of NWs along the direction of sliding between the two
glass plates (Figure 14b,c).
Additionally, benefiting from the facile crystallization of ionic

salts, the conversion of the as-formed PbI2 layers with the
assistance of a typical polar solvent to tune the crystallization
kinetics can lead to the on-substrate growth of perovskite
nanostructures. Im et al. prepared porous MAPbI3 NW films by

Figure 14. Random NWs. (a) CsPbBr3 NW obtained at a certain ratio of OA to OAm. Reproduced with permission.130 Copyright 2018, American
Chemical Society. (b) Schematic illustration of the low-temperature slip-coating process for the fabrication of filiform MAPbI3 thin films. (c) SEM
image of micrometer-sizedMAPbI3 NWs grown on the SiO2/Si surface. Reproduced with permission.131 Copyright 2014, American Chemical Society.
(d) SEM image of the MAPbI3 NW film formed by two-step spin-coating deposition. Reproduced with permission.132 Copyright 2015, American
Chemical Society. (e) SEM images of the Y-CsSnI3 NWs (scale bar, 10 μm). (f) Schematic illustration of the phase-transition process from Y-CsSnI3 to
B-CsSnI3 NWs driven by thermal energy. Reproduced with permission.133 Copyright 2016, National Academy of Sciences.
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using a small amount of aprotic solvent in a two-step spin-
coating procedure.132 As shown in Figure 14d, the porous film
structure is beneficial for fast carrier separation in the presence of
the hole-transport layer and high lateral conductivity. The best-
performing device employing the MAPbI3 NWs delivered a
photocurrent density (Jsc) of 19.12 mA cm−2, an open-circuit
voltage (Voc) of 1.052 V, and a fill factor (FF) of 0.721, leading to
a PCE of 14.71% under standard AM 1.5G solar illumination.
The type of polar aprotic solvent used (e.g., dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), or gamma-butyrolactone
(GBL)) plays a major role in the formation of 1D NWs, and a
given amount of DMF plays a vital role in determining the
porous structure of the resulting NWs. It is possible that the
NWs are formed with the locally dissolved PbI2 serving as a
preferential site for reacting with MAI to grow 1D structures.
The moderate solubility of PbI2 in DMF is the key to controlling
NW growth because on the one hand, because of its low PbI2
solubility, GBL will not produce NWs, while on the other hand,
because of its high solubility, DMSO will produce imperfect
NWs. Wu et al. applied a similar two-step spin-coating method
to grow MAPbI3 NWs with an IPA/DMF mixed solution and

found that the addition of an appropriate amount of DMF is key
for producing NWs rather than nanocubes.134 Such a two-step
spin-coating method was also applied to grow CsPbI3 and
CsPbBr3 NWs by Zeng et al.135 In their growth process,
nonperovskite CsPbI3 NWs were first formed by the PbI2 film
reacting with a CsI additive solution. Then, the CsPbI3 NWs
were converted to CsPbBr3 NWs by anion exchange.
Random NWs can also be grown via a dissolution−

recrystallization process. In 2016, Eaton et al. demonstrated a
solution growth process for the synthesis of single-crystal
CsPbX3 (X = Br, Cl) NWs and NPs via dipping a PbI2 thin film
into a CsX−methanol solution with mild heating.85 They
suggested that an intermediate CsPbIxBr3−x initially forms and
then evolves into pure CsPbBr3. This work was the first reported
synthesis of surfactant-free all-inorganic perovskite CsPbX3

NWs and NPs via a simple, low-temperature, solution-phase
process. Similarly, by reacting a SnI2 film with saturated CsI
solution (anhydrous 2-propanol), Kong et al. grew Y-CsSnI3
NWs, as shown in Figure 14e.133 Following a thermally driven
phase transition, Y-CsSnI3 NWs were structurally transformed

Figure 15. Parallel NW arrays of 3D perovskites. (a) Growth process of CsPbX3 NWs grown on an annealed M-plane sapphire substrate. Reproduced
with permission.136 Copyright 2018, American Chemical Society. (b) Low-magnification SEM image of ultralong and directional CsPbBr3 NWs.
Reproduced with permission.123 Copyright 2017, American Chemical Society. (c) Schematic illustrations of the growth of alignedMAPbI3 NW arrays
by the confined epitaxial method. (d) SEM images of MAPbI3 NW arrays. Reproduced with permission.137 Copyright 2018, Springer. (e) Schematic
illustration of the solution-confined growth method. (f) SEM images of MAPbBr3 NW arrays. Reproduced with permission.138 Copyright 2017,
American Chemical Society. (g) Asymmetric wettability modification of the micropillar-structured template. (h) Representative SEM image of 1D
perovskite arrays. Reproduced with permission.139 Copyright 2017, Wiley-VCH.
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into B-CsSnI3 NWs with a color change from yellow to black at
∼150 °C, as shown in Figure 14f.

3.2. Parallel Nanowire Arrays

Parallel arrays of NWs on substrates are particularly useful for
photodetection applications by virtue of their efficient direc-
tional charge separation and transport. They are also useful for
lasing applications because the wires have well-defined shapes
that can form an optical cavity. Parallel arrays also favor the
fundamental study of halide perovskites because they can be
readily used as platforms for photophysical and electrical
measurements.
To grow NWs in parallel, an external force is needed to direct

the growth of the crystals in the same direction. External forces
include van der Waals forces, ionic bond interactions, capillary
forces, and physical constraints. In a series of studies, the Pan
group developed a graphoepitaxial approach for the growth of
parallel CsPbX3 NWs on annealed M-plane sapphire sub-
strates.123,136 As demonstrated in Figure 15a, well-aligned
CsPbX3 wires grew along the groove direction of the substrate
in a CVD tube. The first step of the growth is the deposition and
graphoepitaxial nucleation of the vapor precursors at the V-
shaped nanogrooves of the sapphire substrate. Then, the as-form
CsPbBr3 nanocrystal seeds grow into 1D nanostructures along
the (100) planes, as driven by the low surface energy. Ultimately,
ultralong wires with lengths of up to several millimeters are
achieved, as shown in Figure 15b.
Parallel arrays of halide perovskite NWs can also be grown by

physical confinement using patterned substrates, such as ST-cut
quartz (Figure 15c,d)137 and PDMS rectangular groove
templates (Figure 15e,f).138 Using these methods, perovskite
crystals are physically constrained during crystallization. There-
fore, the pattern exhibited by the physical molds shapes the final
synthesis product. More interestingly, Feng et al. carefully
applied a micropillar-structured template with asymmetric
wettability (Figure 15g) to direct the growth of well-aligned
parallel arrays of perovskite NWs.139 Micropillar-structured
templates with asymmetric wettability were fabricated by the
selective modification of a low-surface-energy molecule,
heptadecafluorodecyltrimethoxysilane (FAS), onto the top

regions of the micropillars, while the sidewalls had no FAS.
Therefore, the top regions were lyophilic, and the other regions
were lyophobic. A capillary force-driven growth setup was
constructed by sandwiching the precursor between the micro-
pillar and another flat substrate to generate aligned single-
crystalline 1D perovskite arrays. The perovskite precursor was
confined in the gaps between the micropillars for further
capillary rising and crystallization.
Compared with 3D perovskite NWs, 2D/quasi-2D RP-phase

perovskites with higher stability but more complex organic−
inorganic layered crystal structures are more challenging to grow
into NWs or plates and their arrays. Remarkably, in 2018, Feng
et al. demonstrated the first 2D/quasi-2D RP-phase perovskite
NW parallel array (Figure 16).56 Similar to the template used for
3D perovskite growth in ref 139, a “capillary-bridge rise”
assembly system combining an asymmetric-wettability topo-
graphical template and a flat target substrate was used to direct
2D/quasi-2D perovskite NW growth.
As shown in Figure 16a, the sidewalls and bottoms of the

templated substrate are lyophobic, while the top regions
(marked by violet) are lyophilic. Driven by capillary forces
and Laplace pressure, the liquid will rise inside the gaps between
the tops of the micropillars and another flat substrate, yielding
1D capillary bridges pinned onto the tops of the micropillars.
The subsequent dewetting of the capillary bridges generates NW
arrays at the predetermined positions. The NWs are high-
quality, as indicated by the TEM image (Figure 16b) that shows
no detectable grain boundaries in the n = 4 2D perovskite NW.
The corresponding selected-area electron diffraction (SAED)
pattern (Figure 16c) presents sharp diffraction spots assigned to
the [040] and [101̅] zone axes, indicating the growth of the
highly crystalline RP-phase 2D/quasi-2D perovskite NW along
the [010] direction. This method can be used to controllably
grow 2D/quasi-2D perovskite NWs with different n values.
Figure 16d shows an example of n = 2.

3.3. Nanowire Networks

In addition to parallel NW arrays, NW network arrays are also
useful for optoelectronic devices and fundamental studies, and
the mechanism underlying the growth of such network arrays is

Figure 16. Parallel NW arrays of 2D/quasi-2D perovskite. (a) Capillary bridge rise for the fabrication of 2D perovskite NW arrays. (b) TEM image of a
single-crystalline NW of n = 4 2D perovskite. Scale bar, 500 nm. (c) Corresponding SAED pattern of a NW. (d) SEM images of the NWs of the
(BA)2(MA)n−1PbnI3n+12D perovskite with n = 2. Scale bar, 5 μm. Reproduced with permission.56 Copyright 2018, Nature Publishing Group.
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even more diverse and interesting than that of parallel arrays.
Networks can be grown via vapor-phase epitaxy, as reported by
Chen et al.116 and Wang et al.140 A typical image of a CsPbBr3
NW network is shown in Figure 17a. The hexagonal growth
direction of the NWs is due to the guidance of the epitaxial
relationship between the perovskite epilayer and the mica
substrate that features hexagonal lattice alignment on the
surface.
Beyond pure perovskites, I−Br mixed MAPbIxBr3−x networks

were fabricated by Wang et al., as shown in Figure 17b; these
structures possess a hexagonal symmetry similar to that of the
pure-phase networks.141 Interestingly, the I−Br mixed-phase
perovskite NWs underwent photon-induced spinodal decom-
position to artificially form a double heterojunction with a Br-/
I-/Br-rich structure (Figure 17c). Such a double heterojunction
provides an excellent platform for the study of quantum
confinement effects and electron−phonon coupling in semi-
conductors. Huang et al. demonstrated that all-inorganic mixed
perovskite CsPbIxBr3−x NW networks can also be achieved by
vapor-phase epitaxial growth.142 As shown in Figure 17d,e, the
NWs exhibited a graded composition with an increasing Br/I

ratio from the center to the ends due to the desynchronized
deposition of CsPbX3 and the temperature-controlled anion-
exchange reaction.
Lead-free CsSnX3 (X = I, Br) NW networks that to date have

been impossible to obtain by solution-phase methods were
grown by direct vapor-phase epitaxy by Chen et al.143 As shown
in Figure 17f,g, the resulting CsSnX3 NWs with a triangular
cross-section demonstrated a hexagonal alignment similar to
that of the CsPbX3 networks. Chen et al. cleverly took advantage
of the reaction through which SnI4 can be decomposed into SnI2
and I2 at the temperature of vapor-phase growth. Thus the
growth is tolerant of Sn4+ species even if the Sn(II) precursors
are not pure or a highly protective environment is absent.
Going beyond direct growth, Wu et al. developed a

posttreatment method by pressure annealing to weld MAPbI3
NWs into an interconnected network structure.144 In this
process, loosely connected MAPbI3 NWs were physically
pressed and annealed to merge with each other (Figure 17h).
Such a connected network can withstand up to 1000 cycles of
bending at fixed bending radii, as shown in the inset of Figure
17h.

Figure 17. NW networks of halide perovskites. (a) NWs with hexagonal alignment symmetry forming an equilateral triangle. Reproduced with
permission.140 Copyright 2016, American Chemical Society. (b) Optical microscopy images of a mixed-halide perovskite rod grown epitaxially on a
mica substrate. (c) Optical microscopy image of multiple double heterojunctions patterned on a single rod by manipulating the laser location. The two
different phases show a clear contrast. Reproduced with permission.141 Copyright 2017, American Chemical Society. (d) PL image of double
heterojunctions, with the Br-rich phase shown in green and the I-rich phase shown in red upon uniform laser illumination. (e) Schematic structure of
composition-graded CsPbBrxI3−x NW and the correspondingly graded band gap. Reproduced with permission.142 Copyright 2018, Wiley-VCH. (f)
Optical microscopy and EDS images of CsSnI3 wires. (g) SEM cross-sectional image of CsSnI3 wires. Reproduced with permission.143 Copyright 2019,
American Chemical Society. (h) Pressure-annealing technique schematic for welding perovskite NWs (top) and plane-view SEM images of a MAPbI3
NWnetwork with welding (bottom). The inset schematically shows the improved device stability and the flexibility attained using the welding strategy.
Reproduced with permission.144 Copyright 2020, American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00181
Chem. Rev. XXXX, XXX, XXX−XXX

Q

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig17&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 18. Vertical NW arrays of halide perovskite. (a) Top-view SEM image of the MAPbBr3 nanorod array. Reproduced with permission.145

Copyright 2015, American Chemical Society. (b) SEM images of vertically aligned CsPbBr3 NWs with a rectangular cross-section. Reproduced with
permission.146 Copyright 2016, American Chemical Society. (c) Top SEM image of CsPbI3 NWs growing out of anodic alumina membrane.
Reproduced with permission.94 Copyright 2017, American Chemical Society. (d) SEM image of vertical MAPbBr3 NWs extruded from AAO pores.
Reproduced with permission.96 Copyright 2017, American Chemical Society.

Figure 19. Random nanoplates of 3D halide perovskites. (a) HR-TEM image of halide perovskite nanosheets produced by solution methods using
capping ligands. Reproduced with permission.152 Copyright 2019, American Chemical Society. (b) TEM image of CsPbBr3 nanosheets. Scale bar is 1
μm. Reproduced with permission.153 Copyright 2016, American Chemical Society. (c) Summary of the shape and size versus the chain length of
carboxylic acids and amines. Reproduced with permission.154 Copyright 2016, American Chemical Society. (d) Low-resolution TEM image of CsSnI3
nanoplates. Reproduced with permission.155 Copyright 2018, American Chemical Society. (e) Scheme of the transformation process of the as-
synthesized CsPbBr3 nanoplatelet stacks in solution over time. (f) HR-TEM images of representative mosaic-like nanotiles. Reproduced with
permission.76 Copyright 2020, American Chemical Society.
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3.4. Vertical Arrays

Vertical NW arrays are of vital importance for solar cell and LED
applications because they present advantages such as enhanced
light trapping, reduced light reflection, intimate contact, large
active surface area, and directional and efficient charge transfer.
However, compared with horizontal arrays of halide perovskite
NWs, vertical arrays have rarely been reported. Wong et al.
demonstrated a solution-phase method for the growth of high-
quality MAPbBr3 nanorod arrays by the uniform reaction of a
lead acetate film with a MABr solution at a carefully controlled
concentration, as shown in Figure 18a.145 The concentration of
MABr played an essential role in controlling the morphology of
the product. Cubes, sheets, and disordered wires in addition to
well-aligned vertical wires were obtained by changing the
concentration of the MABr precursor.
Vertical CsPbX3 (X = Cl, Br, I) NWs can also be grown via

vapor transport, as reported by Park et al. Vertical CsPbX3 NWs
were grown on silicon using PbX2 and CsX as precursors inside a
quartz tube reactor.146 The NWs have a length of 2−15 μm and
rectangular cross-sections with diagonal length of 200−500 nm,

as shown in Figure 18b. The size of the CsPbX3 wires made them
suitable for Fabry−Peŕot (F−P) lasing, whereas the density of
the wires was too low to fabricate a solar cell or LED. Waleed et
al. grew CsPbI3 vertical NWs (Figure 18c) by reacting Pb metal
with vapor-phase CsI in AAO used as the template confining
vertical NW growth.94 Pb metal was first electrochemically
deposited at the bottom of the nanopores of an AAO template
using PbCl2 as the precursor. Upon CsI vaporization, the
deposited Pb metal was first converted to PbI2 as an
intermediate; then, the reaction was completed to form
CsPbI3. The as-formed CsPbI3 NWs were found in a cubic
phase and demonstrated excellent stability. Still using AAO but
with the help of a low-pressure system, Oener et al. extruded
MAPbBr3 perovskite NWs out of the pores of an AAO template
to obtain freely standing NWs on another substrate and to form
vertical NW arrays, as shown in Figure 18d.96

4. HALIDE PEROVSKITE NANOPLATES AND ARRAYS

NPs, which are crystallographically oriented along a certain
lattice direction with certain facets exposed, are important

Figure 20. 2D/quasi-2D RP-phase perovskite random nanoplates and heterostructures. (a) TEM image of a thin (C4H9NH3)2PbBr4 sheet. Scale bar, 1
mm. (b) AFM image and height profile of several single layers. The thickness is∼1.6 nm. Reproduced with permission.159 Copyright 2015, AAAS. (c)
Optical microscopy images of the assembled 2D (4Tm)2PbI4 crystals grown on SiO2/Si substrates. The inset shows monolayer-thick single-quantum-
well structures. Reproduced with permission.156 Copyright 2019, Nature Publishing Group. (d) Schematic illustration of the (2T)2SnI4-(2T)2PbI4-
(2T)2PbBr4 lateral multiheterostructure. The corresponding photoluminescence image is shown on the right (scale bar is 3 μm). (e) Schematic
illustration of (2T)2PbI4-(2T)2PbBr4 × n lateral superlattice. The corresponding photoluminescence image is shown on the right (scale bar is 5 μm).
Reproduced with permission.158 Copyright 2020, Nature Publishing Group. (f−i) Optical micrographs of representative I/Br heterostructures
produced by anion exchange of the homologous series of (HA)2(MA)n−1PbnI3n+1 (n = 1−4): (f) (HA)2PbI4, (g) (HA)2(MA)Pb2I7, (h)
(HA)2(MA)2Pb3I10, and (i) (HA)2(MA)3Pb4I13. All scale bars are 10 μm. Reproduced with permission.160 Copyright 2021, American Chemical
Society.
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building blocks for optoelectronic applications and for photo-
physics studies due to their in-plane charge-carrier diffusion
behavior, unique quantum confinement effect, anisotropic
optical/electrical/chemical properties, and rich chemistries at
the surfaces and edges. Moreover, patterned NP arrays on a
functional substrate enable diverse applications in lighting,
displays, sensors, and electronics.147−151 Many methods for the
growth of halide perovskite NPs and their arrays have been
developed, including solution-phase colloidal methods, tem-
plate-assisted methods, and vapor-phase epitaxy and conversion
methods.
In this section, we summarize and discuss the current status of

research into both 3D and 2D/quasi-2D halide perovskite NPs.
First, we discuss random NPs of 3D halide perovskites, random
NPs of 2D/quasi-2D halide perovskites, and arrayed and
patterned NPs. Atomically thin NPs of 2D and 3D halide
perovskites with unique quantum properties and heterostruc-
tures of 2D/quasi-2D halide perovskites, together with on-
substrate NP patterning, are highlighted in this section. In
addition to the major methods introduced in Section 2, we
provide a comprehensive review of the methods for growing
halide perovskite NPs.

4.1. Random Nanoplates of 3D Halide Perovskites

Solution-phase colloidal methods are usually used to produce
random NPs dispersed in solvents. Engineering of the capping
ligands was revealed to be the key for the growth of confined
NPs. In 2015, Jang et al. demonstrated thatMAPbBr3 plates with
an average length of 70 nm and a thickness of 15 nm (Figure
19a) can be grown in a solution using octylamine as the capping
ligand.152 TheMAPbBr3 plates then underwent halide exchange
in an isopropyl alcohol solution to produce a series of mixed-
halide perovskites. Later, in 2016, Shamsi et al. and Pan et al.
separately reported that the size and thickness of CsPbBr3 NPs
can be tuned using a combination of different capping ligands.
According to Shamsi’s report, short ligands (octanoic acid and
octylamine) together with longer ligands (OA andOAm) can be
used to tune the lateral size of CsPbBr3 perovskite nano-
sheets.153 The CsPbBr3 nanosheets had lateral dimensions of up
to 5 μm, whereas their thickness remained fixed at two to three
unit cells (2.5 to 3 nm), as shown in Figure 19b. Interestingly,
the thickness of the nanosheets remained practically fixed at 3
nm at all short-to-long ligand volumetric ratios below 0.67.
Beyond this ratio, control over thickness is lost. Pan et al. carried
out a systematic study on the effect of the hydrocarbon chain
composition and the ratio of carboxylic acids and amines on the
size and shape of perovskite nanocrystals.154 A roadmap to
control the product is shown in Figure 19c. Shorter amines at
relatively lower synthesis temperatures produce thinner
CsPbBr3 NPls, with the thickness of the thinnest NPl reaching
as low as only three unit cells.
Beyond lead halide perovskites, lead-free perovskites, such as

Sn-based perovskites, can also be grown into NPs by the
solution-phase method using capping ligands. Wong et al.
synthesized CsSnI3 NPs with thicknesses of <4 nm for the first
time (Figure 19d).155 Trioctylphosphine played an important
role in the synthesis by acting as both the reducing agent and the
solvent to dissolve SnI2 and minimize oxidation. Similar to Pan
et al., Wong et al. reported that the ratio of long- to short-chain
amines and the use of a a short-chain organic acid are important
for controlling the growth orientation of CsSnI3 nanocrystals.
Although the previously mentioned empirical examples

describe reliable methods for the synthesis of halide perovskite

NPs, the underlying mechanisms of the synthesis processes and
the atomic arrangement of NP assemblies remain unclear. In
2020, Dang et al. presented a detailed analysis of the
transformation of self-assembled stacks of CsPbBr3 NPls by
observing the changes in the nanoparticles over a few months.
This work provides some clues regarding the growth mechanism
of CsPbBr3 NPs in colloids. Oriented attachment proceeds
through three steps: desorption of ligands to form NBs, merging
of neighboring NBs to form extended NPs, and attachment of
NBs and NPs to form mosaic-like nanotiles, as illustrated in
Figure 19e.76 In these mosaic-like nanotiles, as shown in Figure
19f, internal boundaries are clearly visible due to the attachment
of the large structures to each other.

4.2. Random Nanoplates and Heterostructures of
2D/Quasi-2D Halide Perovskites

RP-phase halide perovskite NPs can be grown in a solution
phase with controllable size and thickness. Dou et al. grew
atomically thin, square 2D RP-phase (C4H9NH3)2PbBr4 NPs
with edge lengths ranging from 1 to 10 mm by crystallization
from a very dilute precursor solution under mild heating (Figure
20a). The thickness of the NPs could be controlled to be ∼1.6
nm, which is the thickness of a single-layer 2D
(C4H9NH3)2PbBr4 crystal (Figure 20b). The butylammonium
that caps the surfaces of the 2D [PbBr6]

4− octahedra helped to
confine the growth of PbBr6 sheets and compensate for the
negative charges. The selection of DMF and chlorobenzene
(CB) as cosolvents was found to play a crucial role in the
crystallization of atomically thin crystals. On the one hand, CB
helps to reduce the solubility of (C4H9NH3)2PbBr4 in DMF and
promote crystallization. On the other hand, the similar boiling
points of CB and DMF guarantee uniform solvent evaporation
during the drying process to maintain a steady and uniform
crystallization process across the whole substrate. This strategy
of mild crystallization from diluted precursors in an engineered
cosolvent was further applied to grow a series of 2D RP-phase
halide perovskite NPs with different capping ligands and lateral
heterostructures. In a cosolvent system of DMF/CB/AN, where
AN is acetonitrile, Gao et al. synthesized RP-phase single-
crystalline NPs (Figure 20c) with a series of tunable
tetrathiophene ligand-based monoammonium groups as the
organic interlayers.156 A 2D perovskite incorporating tetrathio-
phene ligands ((4Tm)2SnI4) was found to be useful in the
fabrication of thin-film field-effect transistors, exhibiting an
enhanced holemobility as high as 2.32 cm2 V−1 s−1 together with
dramatically improved stability.157 The use of a cosolvent system
addressed the problem of poor solubility due to the strong
intermolecular π−π interactions of the tetrathiophene-contain-
ing organic ligands.
Remarkably, the Dou group created a series of solution-phase

epitaxial lateral heterostructures, multiheterostructures (Figure
20d), and superlattices (Figure 20e) of 2DRP-phase perovskites
using a cosolvent system of DMF/CB/AN/DCB, where DCB is
dichlorobenzene.158 It was again revealed that the cosolvent
played an important role in the growth of the 2D perovskite
crystals. In the DMF/CB/AN/DCB system, CB helps reduce
the solubility of 2D perovskites in DMF and promotes sheet
crystallization. AN has a lower boiling point and lower solubility
for 2D perovskites than CB. DCB has a higher boiling point than
CB. Therefore, the quick evaporation of AN initiates the
nucleation of 2D perovskite at a relatively low concentration,
thus decreasing the thickness of the sheet. DCB helps ensure the
uniform distribution of the sheets throughout the substrate by
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curbing the increasing concentration of the perovskite solution
induced by the evaporation of AN and CB.
Epitaxial lateral heterostructures were achieved by adding a

dilute epilayer solution in the CB/AN/DCB cosolvent onto the
as-grown 2D RP-phase NP as the substrate. Using the
heterostructure as the substrate, a further addition of an epilayer
solution of another type of 2D perovskite will lead to the
epitaxial growth of the multiheterostructure (Figure 20e);
alternatively, the further addition of the epilayer solution of the
substrate materials and the repetition of the growth process n
times will lead to superlattices (Figure 20f). This growthmethod
and the use of the cosolvent system pave the way for the growth
of a wide variety of 2D perovskites and their heterostructures.
In addition to the effect of solvents/cosolvents, the crystal

structure of 2D/quasi-2D halide perovskites plays an important
role in constructing lateral heterostructures. A typical example
was demonstrated by Roy et al.160 As shown in Figure 20f−i, the
anion-exchange kinetics depend on the layer thickness (n) of the
RP lead iodide perovskites. When n = 1 or 2, sharp and stable
halide lateral heterostructures were formed via anion exchange
with hydrogen bromide vapor, whereas increasing the n value to

3 or more led to more diffuse lateral heterojunctions. Moreover,
the anion-exchange behavior can be further modulated by the
spacer and A-site cations in RP perovskites. This interesting
finding will be useful in guiding the synthesis of high-quality
perovskite heterostructures for high-performance optoelec-
tronics.

4.3. Arrayed and Patterned Nanoplates of 3D and
2D/Quasi-2D Perovskites

Solution-phase methods can hardly produce halide perovskite
NP arrays. The characterization, device fabrication, and
fundamental study of NPs obtained by solution methods thus
require further separation, deposition, or purification of the
products. However, vapor-phase conversion or epitaxial growth
on a typical substrate provides a direct approach to the growth of
well-oriented NP arrays that are readily accessible. The
substrate, growth conditions, and processes must be designed
and modified to obtain well-oriented NP arrays. We note that
according to the literature128 and based on our own experience,
vapor-phase growth can easily produce random morphologies if
carried out without controlling the growth conditions; however,
random morphologies are not discussed in this Review.

Figure 21. Vapor-phase heteroepitaxial growth of nanoplate arrays. (a) Illustration of the incommensurate lattice match relationship between the
CsPbBr3(100) and SrTiO3 (STO) (100) crystallographic planes. (b) Optical microscopy image of the CsPbBr3 nanoplates grown on the STO (100)
substrate. Reproduced with permission.117 Copyright 2017, American Chemical Society. (c) Incommensurate lattice match relationship of CsPbBr3
with the c-wurtzite GaN/sapphire substrate. (d) SEM image of oriented CsPbBr3 crystals with uniform rectangular shape grown epitaxially on a c-
wurtzite GaN/sapphire substrate. Scale bar, 20 μm. Reproduced with permission.164 Copyright 2019, American Chemical Society. (e) Illustration of
the atomistic nucleation process during the initial stages of both ionic and remote epitaxy. (f) SEM images comparing ionic epitaxy and remote epitaxy
regions. Reproduced with permission.165 Copyright 2019, Nature Publishing Group.
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Epitaxial growth is a straightforward approach for the growth
of oriented NPs and arrays for 3D perovskites117 as well as 2D/
quasi-2D perovskites.161,162 The orientation of the epitaxial
substrate will guide the oriented growth of the overlayer
nanostructures through effects such as lattice matching, van der
Waals interactions, and electrostatic interactions. To date,
different strategies for achieving epitaxial growth, including
heteroepitaxy or homoepitaxy, whether in the vapor phase or
solution phase, have been developed to produce oriented halide
perovskite NP arrays and SCTFs.
The selection of a proper substrate is the key to successful

heteroepitaxial growth. Chen et al. used SrTiO3 (100) as a
substrate to grow CsPbBr3 NPs and SCTFs with controllable
thickness. As shown in Figure 21a, two unit cells of the CsPbBr3
(100) surface match well the three unit cells of the SrTiO3 (100)
surface in an incommensurate fashion with a low lattice
mismatch factor of 0.47%, implying that SrTiO3 is thermody-
namically favorable for the epitaxial growth of CsPbBr3.

117

Nearly regular, rectangular cubic-phase CsPbBr3 NP arrays grew
on the SrTiO3 substrate to the rather large micron scale, as
shown in Figure 21b. The authors proposed that the growth of
CsPbBr3 on SrTiO3 follows a Volmer−Weber (V−M) island
growth mode and solved the growth kinetics limitations by
raising the growth temperature to fabricate SCTFs. Epitaxial
growth of CsPbBr3 on SrTiO3 using solution-phase precursors
via a spin-coating method was also demonstrated in 2019,163 but
the obtained CsPbBr3 showed a diamond-like morphology
instead of a well-defined NP or film morphology.
GaN is another excellent substrate that can enable the

epitaxial growth of CsPbBr3, as reported by Zhao et al.164 As
shown in Figure 21c, theGaN-(0001) face is Ga-terminated, and
the Ga and N atoms are arranged in a hexagonal lattice in the
P63mc space group. Therefore, highly oriented single-crystal
NPs of CsPbBr3 will be primarily aligned along the three
equivalent directions of the c-GaN/sapphire substrate: [1̅21̅0],
[112̅0], and [21̅1̅0]. The as-fabricated orthorhombic-phase

Figure 22.Homoepitaxial growth of nanoplate arrays. (a) Schematic illustration of the growth process, with each step and key component labeled. (b)
Tilted view of an array of epitaxial MAPbBr3 single crystals, showing their uniform size and cubic geometry. Reproduced with permission.169 Copyright
2018,Wiley-VCH. (c) Optical microscopy images of the epitaxial α-FAPbI3 thin films. Scale bars, 4 mm. (d) Cross-sectional SEM image of an epitaxial
thin film. Scale bar, 2 μm. Inset: magnified SEM image of the heterostructure. Scale bar, 200 nm. (e) High-resolution XRD ω-2θ scan of the (001)
peaks of the epitaxial samples on different substrates. (f) Schematic crystal structures of α-FAPbI3, MAPbClxBr3−x, and the epitaxial heterostructure.
Reproduced with permission.171 Copyright 2020, Nature Publishing Group. (g) Representative SEM image of horizontally aligned (PEA)2PbBr4
plates on CsPbBr3. (h) Representative SEM image of vertically aligned (PEA)2PbBr4 plates on CsPbBr3. (i) Illustration of the horizontally and
vertically aligned (PEA)2PbBr4 lattice on CsPbBr3. Reproduced with permission.162 Copyright 2020, American Chemical Society.
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CsPbBr3 NPs exhibited uniformly rectangular shapes with
lengths of several to tens of micrometers, as shown in Figure 21d.
All of the CsPbBr3 plates were well-ordered along the [1̅21̅0]
direction on the (0001) GaN substrate, suggesting an epitaxial
deposition mechanism.
In addition to semiconducting substrates (i.e., SrTiO3, GaN,

ZnSe166), NaCl and KCl, which possess the same cubic
symmetry and lattice constants similar to those of halide
perovskites, can also be used as epitaxial substrates.120 Both
CsPbBr3 and CsSnBr3 NP arrays and SCTFs were grown on
NaCl or KCl via ionic epitaxy growth by the Shi group. Then, the
growth kinetics of CsPbBr3 were thoroughly investigated by
comparing the growth of CsPbBr3 on NaCl (ionic epitaxy) with
that on graphene/NaCl (remote epitaxy).165 The adsorption
energy (Ead) and the diffusion energy (Ed) of the atoms on the
substrate surface are greatly reduced with a monolayer of
graphene covering the NaCl substrate, as illustrated in Figure
21e. The reduced Ead and Ed of the surface with graphene lead to
large critical nuclei; however, the strong ionic bond in ionic
epitaxy leads to smaller nuclei, as shown by the comparison in
Figure 21f. Vapor-phase epitaxial growth can also produce 2D/
quasi-2D RP-phase perovskites with a well-defined NP
morphology and sharp edges by using mica as the substrate, as
reported by the Shi group.161,167 In particular, the researchers
found that a large vapor pressure difference between the organic
ligands and PbI2 will result in their condensation in different
areas, with most of the PbI2 consumed during cooling. They
solved this issue by spreading PbI2 precursors on a mica
substrate and using a heating belt downstream to increase the
temperature gradient, guaranteeing a sufficient supply of
PbI2.

167

In addition to heteroepitaxial growth in the vapor phase,
solution-phase heteroepitaxial growth has emerged to enable the
epitaxy of halide perovskite nanostructures on a substrate.
SrTiO3 (100) and cubic zinc oxide (c-ZnO) have been used as
substrates for the growth of CsPbBr3 single-crystalline NPs by
spin-coating.163,168 For instance, c-ZnO enables the epitaxial
growth of cubic-phase CsPbBr3 via the epitaxial lattice match

(100) CsPbBr3∥(100) c-ZnO.168 The authors argued that the
crystal facet mismatch of 19% (lattice constants: 5.605 Å for
(100) CsPbBr3 and 4.6 Å for (100) c-ZnO) allows for the
solution-phase epitaxial growth of CsPbBr3 on c-ZnO.
Unlike heteroepitaxy, homoepitaxy is performed by growing a

halide perovskite epilayer on the same halide perovskite as the
substrate. Breakthroughs have been made in growing halide
perovskite NP arrays and thin films using solution-phase
precursors via homoepitaxial growth. In 2018, Xu et al.
demonstrated that MAPbBr3 single-crystal layers in the form
of cubes, NPs (Figure 22a), rods, and prisms could be grown
homoepitaxially on a MAPbBr3 single crystal as the substrate.

169

The MAPbBr3 single-crystal substrate was first protected with
deposited parylene-C/Cr/Au and then patterned by photo-
lithography to provide open sites for epitaxial growth. Then, the
patterned perovskite substrate was placed in a saturated
MAPbBr3 solution to grow epitaxial crystals by the inverse
temperature method.170 The epitaxial MAPbBr3 morphology
was controlled by the growth temperature, growth time, and
pattern geometry. The authors proposed that epi-MAPbBr3
growth follows an island-step flow mode, where the adatom
diffusion rate is high and the nucleation rate is low, thus
encouraging the in-plane terrace diffusion of the adatoms and
suppressing interlayer transport for nucleation, as illustrated in
Figure 22b. In addition to MAPbBr3/MAPbBr3 homoepitaxy,
they conducted an in-depth investigation of the epitaxial growth
of α-FAPbI3 on a series of mixed MAPbClxBr3−x single-
crystalline substrates.171 α-FAPbI3 epilayer thin films were
grown on the MAPbClxBr3−x substrates in an oriented fashion
despite the change in the ratio of themixed anions over the range
0 < x < 1.5 (Figure 22c), and the epilayer showed a uniform
thickness with a well-defined interface between the film and the
substrate (Figure 22d). Interestingly, a profound lattice
mismatch-induced strain force was observed between the
substrate perovskite and the epilayer perovskite. As shown in
the corresponding high-resolution X-ray diffraction pattern
(Figure 22e), the MAPbClxBr3−x (001) peaks shift to higher 2θ
angles with increasing x, indicating a decrease in the lattice

Figure 23. Patterned nanoplate arrays. (a) Schematic illustration of the process for creating a prepatterned substrate, the growth of CsX arrays, and the
conversion of perovskite arrays. Reproduced with permission.173 Copyright 2020, American Chemical Society. (b) Fabrication of the MAPbI3
perovskite platelet array on boron nitride (BN) patterned films. The bottom right shows an SEM image of an as-prepared MAPbX3 platelet array.
Reproduced with permission.174 Copyright 2016, Wiley-VCH.
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parameters, whereas the corresponding epilayer α-FAPbI3 (001)
peak shifts to a lower 2θ angle, which indicates an increase in the
out-of-plane lattice parameter. This phenomenon is due to the
increase in the compressive strain from the lattice of the
MAPbClxBr3−x (001) surface affecting the α-FAPbI3 (001)
surface, as illustrated in Figure 22f. We note that an epilayer thin
film can be grown only within the range 0 < x < 1.5, whereas
epitaxial growth becomes less thermodynamically favorable
when x exceeds 1.50 due to the dramatic increase in the strain
energy.
Beyond the epitaxial growth of 3D/3D perovskites, the

growth of 2D perovskites on 3D perovskites can also be achieved
epitaxially. In 2021, Kuo et al. demonstrated the epitaxial growth
behavior of (PEA)2PbBr4 on CsPbBr3 SCTFs (which were
grown on SrTiO3 epitaxally117) both vertically and horizon-
tally.162 It was proposed that the small mismatch between
CsPbBr3 and (PEA)2PbBr4 and the softness of the perovskite
crystal lattice contribute to the favorable epitaxial growth of 2D/
3D perovskite heterostructures.
Vapor-phase conversion growth enables the patterned design

of halide perovskite NPs because the initial precursors (e.g., PbI2
seeds) can be deliberately patterned onto the substrates for the
subsequent vapor-phase conversion. Wang et al. demonstrated
that PbI2 seeds can be deposited on patterned substrates using a
flow seeding process and grown into larger microplates. Then,

the PbI2 microplates were converted to MAPbI3 using MAI
vapor. The substrates were prepatterned with periodic hydro-
philic regions and hydrophobic regions by functionalization with
hydrophobic (octadecyl)trichlorosilane (OTS) and lithogra-
phy.172 In 2020, Lin et al. devised the approach of using
wettability patterns to grow CsPbX3 NP arrays (Figure 23a).173

Going beyond the use of OTS only, they used a combination of
OTS and methyltrichlorosilane (MTS) that has a shorter alkyl
chain and thus a lower hydrophobicity to control the wettability
of the substrate and thereby control the nucleation behavior of
the CsX seeds for conversion into a single-crystal perovskite
phase. Partially wetting the substrate (by immersion in an MTS
solution for 6 min, yielding a contact angle of ∼75°) is ideal for
obtaining CsX nuclei, whereas a higher hydrophobicity will lead
to the absence of nucleation and a higher hydrophilicity will
increase the nucleation density.
Another approach for the growth of PbI2 NP arrays is to use

typical epitaxial substrates on which PbI2 can grow in a lattice-
matching manner. As illustrated in Figure 23b, Liu et al. utilized
prepatterned single-layer hexagonal boron nitride (h-BN) as an
epitaxial intermediary on the substrate for the growth of well-
defined PbI2 plates via a physical vapor deposition process.174

Then, the PbI2 plates were converted into MAPbI3 by reacting
with MAI under vacuum.

Table 1. Laser Performance of Halide Perovskite Nanostructures

materials growth method modes
emission
(nm) fwhm (nm)

threshold
(μJ cm−2) Q-factor ref

3D and 2D/Quasi-2D Halide Perovskite Nanowires, Microwires and Arrays as Lasers
MAPbX3 NWs dissolution−recrystallization F−P 500−800 0.22−0.23 0.22−0.6 2400−3600 53
MAPbX3 NWs vapor-phase conversion F−P 551−777 1.6−2.0 11−60 372−405 129
MAPbI3 NWs dissolution−recrystallization F−P 785 ∼5 13.5 151 195
MAPbBr3 MWs colloidal synthesis with soft templates F−P 552 ∼0.9 112a 600 190
MAPbBr3 MWs solution precipitation assisted by

antisolvent
F−P 546 0.8 674a 650 196

MAPbBr3 microrods solution self-assembly method assisted by
antisolvent

WGM 550 0.1 2.37 5000 197

FAPbI3 NWs dissolution−recrystallization F−P 824 0.53 6.2 ∼1500 82
(MA,FA)Pb(Br,I)3 NWs dissolution−recrystallization F−P 782 0.55 2.6 ∼1450 82
CsPbX3 NWs dissolution−recrystallization F−P 420−710 0.26−0.33 6.2 1300 83
CsPbX3 NWs vapor-phase deposition F−P 425−720 0.3−0.6 3−7 1200−1400 146
CsPbX3 NWs solution precipitation F−P 420−650 4.03 12.33 / 198
CsPbX3 micro/nanorods vapor-phase deposition F−P 415−673 0.155−0.45 14.1 1450−3500 126
CsPb(Br/Cl)3 NWs dissolution−recrystallization F−P 425−545 0.5 4−111 1009 85
CsPbBrxI3−x dual-color NWs vapor-phase epitaxy F−P 521 and 560 16 and 28 1700−1800 142
CsPbX3 NWs array vapor-phase epitaxy F−P 420−720 0.2−0.32 4 1931−2256 136
MAPbBr3 NWs array PDMS template F−P 543 0.9 12.3 500 138
BA2FAn−1PbnBr3n+1 NW array PDMS template F−P 546−553 0.3 27−31 1800 199
3D and 2D/Quasi-2D Halide Perovskite Nanoplates, Microdisks, and Arrays as Lasers
MAPbBr3 nanoplatelet solution precipitation F−P 554 4.2 0.137 mW 1352 200
MAPbI3−aXa hexagonal and
triangular microplatelet

vapor-phase conversion WGM 780−788 0.9−1.2 37−128 650−900 192

MAPbI3 hexagonal microplate arrays vapor-phase conversion WGM 770−780 0.64 12 1210 174
MAPbBr3 square microplate arrays wettability-mediated micropillar-

structured silicon template
WGM 557 1.2−1.7 3.5 1090 201

MAPbBr3 microplate solution precipitation assisted by
antisolvent

WGM 550 0.11 2.3−2.4 5000−6000 202

MAPbX3 hexagonal microplate vapor-phase conversion WGM 550−770 30 780 203
CsPbCl3 nanoplatelet vapor-phase deposition WGM 427 9.7 meV 12 300 204
CsPbX3 square microdisk vapor-phase epitaxy WGM 410−700 0.15 2−10 ∼4800 193
CsPbX3 plate arrays PDMS template WGM 426−537 0.8 3−12 1032 194
OA2MAn−1PbnBr3n+1 microplate solution-crystallization method WGM 545 7.8 900−1800 205
aLaser was pumped by two-photon excitation.
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Here we note that inkjet printing is also an interesting and
useful approach for the fabrication of halide perovskite patterns;
however, it has been largely used as a coating technique rather
than a crystal growth process. Although interesting growth
behaviors have been observed in inkjet printing, for example,
perovskite single-crystal microplate arrays prefer to grow on low-
adhesion silicon and PDMS surfaces,175 inkjet printing studies
generally have not involved oriented growth processes during
fabrication. In this Review, we do not include studies on inkjet
printing. The interested readers can refer to several
representative studies.176−178

5. ADVANCEMENTS IN OPTOELECTRONICS BASED
ON ORIENTED HALIDE PEROVSKITE
NANOSTRUCTURES AND THIN FILMS

The incorporation of hybrid organic−inorganic perovskites into
a solar cell in 2009 marked the first use of halide perovskites in
optoelectronics.38 Since then, halide perovskite materials have
prospered in the photovoltaics field, with myriad record-high
breakthroughs achieved in single and tandem solar cells.52 This
success in photovoltaics and the remarkable photophysical,
optical, and transport properties of halide perovskites have also
motivated, inspired, and led to the innovations for other
optoelectronic devices, including but not limited to lasers,15,53

LEDs179−181 and photodetectors and radiation detec-
tors.12,14,55,56 Among the achievements in this field, oriented
nanostructures and thin films have played a significant role in

promoting directional charge transport, introducing intriguing
photophysical properties, and facilitating the integration of
optoelectronic devices. To date, nanolasers based on perovskite
NWs have achieved low lasing thresholds and high quality (Q)
factors. Solar cells, photodetectors, and radiation detectors using
perovskite SCTFs and highly oriented polycrystalline films have
achieved high PCEs, high responsivities, and high detectivities,
respectively. LEDs have also benefited from the incorporation of
oriented materials to enable high external quantum efficiency
(EQE) and brightness. In this section, we provide a
comprehensive review of the growth of oriented halide
perovskite nanostructures and thin films used for lasers (Section
5.1), photodetectors (Section 5.2), radiation detectors (Section
5.3), solar cells (Section 5.4), and LEDs (Section 5.5). Tables
1−6 summarize the performance characteristics of these devices
in optoelectronics applications. In particular, we examine and
discuss the growth methods and strategies for the fabrication of
SCTFs, oriented polycrystalline 3D perovskite thin films, and
vertically oriented 2D/quasi-2D perovskite thin films.

5.1. Oriented Halide Perovskite Nanostructures for Lasers

As direct-band-gap semiconductors with high and balanced
charge-carrier mobility,182 halide perovskites are excellent
optical gain media for lasers. The solution processability of
halide perovskite materials and the ease with which their
emission spectra can be tuned make them more suitable than
other materials for obtaining inexpensive lasers that emit at

Figure 24. NW mode lasers. (a) Left: optical image of a NW with a length of 8.5 μm. Middle: NW emission image below Pth. Right: NW emission
image above Pth. (scale bar, 10 μm). (b) NW emission spectra around the lasing threshold. Inset shows the integrated emission intensity and full width
at half-maximum (fwhm) as a function of P. (c) Widely tunable lasing emission wavelength from single-crystal NW lasers at room temperature. (d)
Mode spacing of the lasing peaks as a function of reciprocal NW length (black triangles). Reproduced with permission.53 Copyright 2015, Nature
Publishing Group. (e) Integrated output intensity of the CsPbBr3 NW with increasing pump fluence. The inset image shows a plot of inverse NW
length against mode spacing. Reproduced with permission.85 Copyright 2016, National Academy of Sciences.
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desirable wavelengths. In 2014, Xing et al. reported the first use
of a perovskite material for stimulated emission via amplified
spontaneous emission (ASE) with increasing pump fluency in a
65 nm thickMAPbI3 film spin-coated onto a quartz substrate.183

The ASE behavior of the cavity-free film indicates that the
perovskite can enable lasing once with suitable cavities. Later, in
2015, Sutherland et al. measured the optical gain of a MAPbI3
perovskite thin film to be as high as∼3200 cm−1,184 comparable
to that of the commercially available gallium arsenide, again
indicating the great potential of the use of halide perovskites for
lasing. Herein we review the applications and performance
characteristics (Table 1) of halide perovskite nanostructures for
nano- and microlasers.
5.1.1. Nanowire Fabry−Peŕot Lasers. By definition, a

laser is strong coherent light generated from a gain medium
when excited by a pump source. The gain medium is usually
confined in an optical cavity that provides optical feedback for
laser oscillation. Gain media themselves can be optical cavities
either in the F−P cavity geometry or in the whispering-gallery
mode (WGM). The F−P cavity has the simplest geometry and
consists of two endmirrors. Light oscillates between the two end
mirrors to enable wave amplification. NWs with regular and
smooth end surfaces naturally serve as an F−P cavity. TheWGM
lasing cavity has multiple lateral surfaces that serve as mirrors,
between which light internally reflects to propagate in a ring to
enable wave amplification. Polygonal structures, such as
hexagonal or square NPs or spheres, can serve as WGM cavities.
In addition to being modified intrinsically, cavities can also be
manipulated extrinsically, as is the case for the distributed
feedback cavities and distributed Bragg reflector cavities.
External cavities use additional highly reflective materials as

mirrors to amplify the light generated from the gain
media.185−188 Lasing will also occur without the help of an
optical cavity, as long as sufficient optical feedback is provided to
amplify the light emission from the gain. The grains in perovskite
films can serve as scattering centers for optical feedback.189

Readers interested in lasers in general can refer to reviews on
lasing using perovskites or other materials.185−188 Herein, we
focus on lasing using halide perovskite nanostructures benefiting
from oriented growth.
Oriented halide perovskite nanostructures (i.e., NWs and

NPs) have well-defined facets and controllable sizes on the
microscale; therefore, they can naturally serve as optical gain
media and optical resonant cavities for F−P/WGM lasing. NWs
are typically suitable for F−P lasing. In 2015, Zhu et al. reported
the first perovskite NW laser using MAPbX3 NWs.53 Single-
crystalline NWs were grown by dissolution−recrystallization
growth at low temperature. As shown in Figure 24a,b, MAPbX3
NWs demonstrated lasing under optical pumping (402 nm,
∼150 fs, 250 kHz) with low lasing thresholds (220−600 nJ
cm−2) and high Q-factors (∼3600). By tuning the halide
composition, as shown in Figure 24c, the NW lasers showed
broad tunability covering the near-infrared to visible wavelength
region (∼500−790 nm). These lasers were confirmed to have
F−P longitudinal cavity modes because the plot of the mode
spacing versus reciprocal NW length shows a straight line
intersecting the origin (Figure 24d). FAPbX3 perovskites exhibit
better phase stability than MAPbX3 perovskites because FA
cations suppress ion migration by hydrogen bonding with halide
ions. Moreover, the band gaps of FAPbX3 are slightly smaller
than those of MAPbX3 because the larger FA cations expand the
crystal lattice relative to that of MA. Hence, Fu et al. replaced

Figure 25. (a) Schematic illustration of the formation mechanisms of MAPbBr3 microcrystals. (b) Bright-field (top) and PL (middle) images of a
single wire above the thresholds excited uniformly with a pulsed laser (900 nm). Scale bar is 5 μm. Bottom: Simulated 2D normalized electric field. (c)
Bright-field (top) and PL (middle) images of a single plate above the thresholds excited uniformly with a pulsed laser. Scale bar, 5 μm. Bottom:
Simulated 2D normalized electric field. Reproduced with permission.190 Copyright 2016, Wiley-VCH. (d) Lasing spectra of MAPbI3, MAPbBr3, and
MAPbIxCl3−x. Reproduced with permission.129 Copyright 2015, American Chemical Society. (e) Focused-ion beam−SEM micrograph of a CsPbBr3
triangular rod (scale bar, 2 μm). (f) 2D electric-field intensity distribution at the triangular cross-section of the rod (left) and the 2D normalized
electric-field intensity distribution (right), as determined by the FDTD method. (g) Triangular rod emission spectra around the lasing threshold.126

Copyright 2017, American Chemical Society.
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MA cations with FA cations in the dissolution−recrystallization
growth process. The obtained FAPbI3 NWs could stably lase at
longer wavelengths of up to 824 nm that cannot be attained with
MAPbI3.

82 At short wavelengths, the Cl-rich stable phases of all-
inorganic CsPbX3 with small Cs cations can emit luminescence
at the wavelengths down to 420 nm, which is unachievable with
the MA- or FA-based lead halide perovskites. Fu et al. applied a
similar dissolution−recrystallization method to grow CsPbBr3
and CsPbCl3 nanostructures (NWs and NPs) by reacting lead
acetate films with CsBr or CsCl methanol solutions at room
temperature.83 These CsPbBrxCl3−x NWs demonstrated room-

temperature, optically pumped lasing across the entire visible
spectrum (420−710 nm) with low lasing thresholds (several to
tens of μJ cm−2) and high Q-factors (∼1000). Eaton et al. also
demonstrated that F−P lasing occurs in solution-grown
CsPbCl3 NWs and CsPbBr3 NWs with a low threshold of 5 μJ
cm−2 with a maximumQ-factor of 1009± 5 (Figure 24e).85 The
CsPbX3 NWs displayed excellent stability under ambient
conditions for several weeks.
Surfactant-directed colloidal growth was also developed to

grow NWs and NPs. Zhang et al. reported a typical protocol
involving the addition of different organic ammonium

Figure 26. Nanoplate whispering-gallery-mode lasers. (a) CsPbBr3 nanoplate power-dependent emission spectra. The inset shows an optical
microscopy image of the same nanoplate above the lasing threshold. (Scale bar, 5 μm.) Reproduced with permission.85 Copyright 2016, National
Academy of Sciences. (b) μ-PL image above the lasing threshold and SEM image of nanoplates. (c) Integrated PL intensity as a function of excitation
density. (d) 3D simulation of the absolute electric-field distribution pattern. (e) Optical ray analysis of the WGM cavity in a square microdisk,
illustrating the light traveling due to total internal reflection at the resonator boundary. (f) Mode spacing Δλ around λ = 557 nm versus 1/L of the
WGMcavity of square plates, clearly showing a linear relationship. Reproduced with permission.191 Copyright 2015,Wiley-VCH. (g) Schematic of the
optical setup. (h) Lasing spectrum of triangular and hexagonal microdisks. (i) Evolution from spontaneous emission to lasing in a MAPbI3 triangular
nanoplatelet. Reproduced with permission.192 Copyright 2014, American Chemical Society. (j) Schematic of the CsPbX3 (X = Cl, Br, or I) plate on a
mica substrate pumped by 400 nm laser excitation. The yellow line indicates the propagation of light inside the cubic WGM cavity. (k) Nonlinear
response of laser output power with increasing pump fluence. (l) TRPL decay kinetics after photoexcitation with pump fluence below and above the
threshold. (m) Lasing spectra and images of individual CsPbX3 perovskite nanoplatelets with different halide ions. Reproduced with permission.193

Copyright 2016, Wiley-VCH.
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compounds, octadecylammonium bromide (OTDB) and
dodecylammonium bromide (DODB), to control the growth
kinetics of MAPbBr3 (Figure 25a).190 OTDB was argued to
prefer to bind and limit the growth of the (110) crystal facet and
thus direct the formation of MAPbBr3 crystals into NWs. By
contrast, DODB limits the growth of the (100) facet to direct the
formation of crystals into NPs. As shown in Figure 25b,c, the
NWs lase in the F−P cavity mode, and the NPs exhibit WGM
lasing.
Lasing can also be achieved by halide perovskite NWs grown

in the vapor phase. In 2015, Xing et al. demonstrated the vapor-
phase synthesis of free-standing MAPbI3, MAPbBr3, and
MAPbIxCl3−x perovskite NWs on SiO2/Si for lasing.129

MAPbI3 NWs with the lengths of ∼10 μm and diameters of
∼200 nm showed lasing performance with a low threshold of 11
μJ cm−2 and aQ-factor of 405. As shown in Figure 25d, the lasing
wavelength of the NWs can be tuned by changing the halide
composition. In 2017, Zhou et al. reported the VPD of all-
inorganic CsPbX3 micro/nanorods with complete composition
tuning.126 Interestingly, the nanorods had a triangular cross-
section but still acted as effective F−P cavities for lasing (Figure
25e). The electrical-field distribution simulation confirmed the
formation of an F−P mode resonance cavity in the triangular
rod. Figure 25f shows that the optical field is well-confined in the
rod, and thus the preferred mode profiles in the rod are reflected
back and forth between the two end facets, forming a standing
wave, which leaks out at the end facets. Notably, these vapor-
phase-grown CsPbBr3 nanorods lased at low lasing thresholds
(∼14.1 μJ cm−2) and high Q-factors (∼3500), as shown in
Figure 25g. The plot of the excitation fluence versus the output
intensity of a triangular rod exhibits nonlinear behavior,
indicating the transition of the emission from original
spontaneous to amplified spontaneous, then to stimulated
radiation with increasing excitation fluence. Benefiting from
vapor growth, the local composition of the triangular rods can be
further tuned by simply changing the ratio of different halide
precursors, thus yielding composition-graded NWs.142 In a
representative study conducted by Huang et al., an individual
CsPbBrxI3−x NW exhibited two lasing peaks at 521 (threshold
∼16 μJ cm−2) and 556 nm (threshold ∼28 μJ cm−2).
5.1.2. Nanoplate Whispering-Gallery-Mode Lasers.

Square, triangular, and hexagonal NPs are suitable for lasing in
the WGM and sometimes in the F−P mode, thus providing
effective total internal reflection of light within the surfaces of
the plates. As previously mentioned, the solution-phase
dissolution−recrystallization method can produce NPs in
addition to NWs. Such CsPbBr3 NPs were shown by Eaton et
al. to have lased with a threshold of∼38 μJ cm−2 (Figure 26a).85

The inset shows a lasing image of the NP that displays strong
lasing emission from the NP end facets, suggesting that the
CsPbBr3 NP lases in the F−P mode. Perovskite NPs can also be
synthesized by solution-phase self-assembly, as reported by Liao
et al. in 2015.191 A MAPbBr3 square NP with a side length of 4
μm showed distinctly enhanced luminance at its corners with
increasing excitation intensity (Figure 26b), indicating WGM
lasing behavior. As shown in Figure 26c, the lasing threshold of
the MAPbBr3 NP was determined to be 3.6 μJ cm−2. To further
understand the lasing mode in the square NP, optical mode
simulations were performed using the finite-difference time-
domain (FDTD) method. As shown in Figure 26d, the
transverse magnetic (TM) mode is well confined in the cavity
and is reflected between the four side faces of the square. The
light traveling path in the NP is shown in Figure 26e. WGM

lasing was further confirmed by plotting Δλ versus 1/L (Figure
26f), which demonstrates a clear linear relationship correspond-
ing to the WGM lasing signature.
Vapor-phase growth using a CVD setup has also enabled the

successful growth of both organic−inorganic and all-inorganic
halide perovskite NPs for WGM lasing. In 2014, Zhang et al.
reported the vapor-phase epitaxial growth of MAPbI3−aXa (X =
I, Br, Cl) NPls that exhibited WGM lasing.192 The NPs had a
unique triangular or hexagonal shape, and the light-traveling
path is shown in Figure 26g. MAPbI3 NPs of both shapes
showed strong lasing in the near-IR region (Figure 26h). Taking
a triangular NP as an example, the threshold for lasing was
determined to be ∼37 μJ cm−2, and the Q-factor was ∼650.
Details of the evolution from spontaneous emission to lasing in a
MAPbI3 triangular NPl are provided in Figure 26i. In 2016,
Zhang et al. used a similar vapor-phase epitaxial method to
synthesize CsPbX3 NPs. However, these all-inorganic halide
perovskites possessed a square shape and still exhibited WGM
lasing (Figure 26j).193 Figure 26k shows a typical S-shaped curve
for the plot of the peak emission intensity versus excitation
power, which is a signature confirming lasing action. The lasing
threshold determined from this curve is ∼2.2 μJ cm−2. Time-
resolved photoluminescence (TRPL) measurements (Figure
26l) provide additional kinetic evidence supporting the
occurrence of lasing in the square cavity. At low excitation
fluence (∼0.1 Pth), the spontaneous emission lifetime was as
long as ∼4.2 ns, whereas a higher excitation fluence (0.8 Pth)
gave rise to a shorter lifetime of ∼3 ns. Further increasing the
excitation fluence beyond the lasing threshold (1.2 Pth) gave rise
to a very fast decay (<30 ps). With variation in the halide
composition, the CsPbX3 NPs achieved multicolor lasing
covering the entire visible spectrum (400−700 nm), as shown
in Figure 26m.
Herein we note that theQ-factors for the single-mode lasing of

spherical microcavities are generally higher than those obtained
in 1D and 2D microstructures and much higher than those
obtained for pyramidal structures due to the smooth surface and
regular geometry structure of microspheres. Nevertheless, the
ability to control the microstructural morphology of perovskites
using CVD methods offers a unique opportunity for improving
the lasing performance of 1D and 2D microstructures by
engineering the shape or size of the resonators. Moreover,
microstructures with 1D and 2D geometries provide several
advantages in terms of electrical integration and the prospect of
application. Perovskite nano/microwire lasers are small,
generate highly localized coherent output, exhibit unidirectional
waveguiding, and possess the potential for electrically pumped
lasing, which make them a promising candidate for applications
in on-chip photonic devices and the next generation of
optoelectronic devices. Single-crystal 2D microplates with a
uniform thickness are an excellent gain medium for fabricating
electrically driven vertical-cavity surface-emitting lasers.

5.1.3. Laser Arrays. Laser arrays spanning the visible
spectrum are important for display, lighting, and sensing
applications. Oriented nanostructures formed in large-scale
arrays on a substrate can be directly fashioned into laser arrays
without material transfer or integration when an individual
nanostructure functions as a lasing emitter. Vapor-phase epitaxy
enables the growth of NW and NP arrays by virtue of large-area
substrates with a typical growth-directing effect on epilayer
materials. In a representative study, Wang et al. demonstrated
the growth of a CsPbX3 NW array on an annealed M-plane
sapphire substrate via vapor-phase graphoepitaxial growth.136
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All CsPbCl3, CsPbBr3, andCsPbCl3NWs in these arrays showed
bright light emission from the two ends when excited at a pump
intensity above their thresholds (Figure 27a−c), indicating
lasing action. The wavelength of the lasing from the NW arrays
can be tuned from 425 to 722 nm, covering nearly the entire
visible-light region (Figure 27d). The lasing threshold of the
CsPbBr3 wires was determined to be ∼4 μJ cm−2 (Figure 27e).
The fwhm of the dominant lasing mode at 535 nm for a CsPbBr3
wire was ∼0.20 nm (Figure 27f), yielding a Q-factor of ∼2256.
The hexagonal MAPbI3 NP arrays grown by vapor-phase
conversion by Liu et al. possessed a regular arrangement and
exhibited red photoluminescence (PL) emission (Figure
27g).174 Each hexagonal plate exhibited lasing at 770 nm with
only one lasing mode (Figure 27h). The mode distribution in
the x−y plane of the hexagonal cavity clearly showed WGM
lasing behavior (Figure 27i,j).
Hard templates confine the solution precursors of halide

perovskites within a limited space, leading to the oriented
growth of perovskites into NWs or NPs. By tuning the shape,
size, and arrangement of hard templates, the shape, size, and
interval distance of NWs or NPs can easily be controlled. Liu et
al. applied a PDMS rectangular groove template to grow

MAPbX3 NW arrays.138 Taking the MAPbBr3 NWs as an
example, each of the NWs exhibited F−Pmode lasing; therefore,
the arrays of the NWs act as laser arrays, as shown in Figure 27k.
The lasing threshold of the MAPbBr3 NWs was determined to
be∼12.3 μJ cm−2 (Figure 27l). Changing the PDMS template to
a square shape enables the production of perovskite NP arrays.
He et al. reported the formation of CsPbX3 NP arrays using a
square-shaped PDMS template.194 Each of the CsPbBr3 NPs
exhibited WGM lasing with a low threshold of ∼7.2 μJ cm−2

(Figure 27m).

5.2. Oriented Halide Perovskite Nanostructures for
Photodetectors

Similar to many other semiconductors, halide perovskites can be
fabricated into photodetectors that capture incident light signals
and convert them to electrical signals through the photoelectric
effect.206−209 Halide perovskites have direct and widely tunable
band gaps, high absorption coefficients, and high charge-carrier
mobilities that render them excellent candidate materials for the
fabrication of low-cost and high-performance photodetectors.
Since the first demonstration of halide perovskite photo-
detectors,210 an intense global research effort has been
undertaken to enhance the performance parameters of these

Figure 27.Halide perovskite laser arrays. (a−c) Optical microscopy images of in-plane directional CsPbCl3, CsPbBr3, and CsPbI3 NWs under optical
pumping above their lasing thresholds. Scale bar is 10 μm. (d) Broad-wavelength tunable lasing spectra from directional CsPbX3 and alloy NWs. (e)
Log−log plot of the integrated emission intensity versus the pump fluence for a NW laser. (f) Gaussian fitting (solid red line) of the dominant emission
mode (black dots). Reproduced with permission.136 Copyright 2018, American Chemical Society. (g) Absorption (blue) and PL (orange) spectra of
the perovskite platelets at room temperature. (h) Single-mode lasing observed in a small hexagonal perovskite platelet. (i) Optical microscopy image of
the small hexagonal perovskite platelet. Scale bar is 5 μm. (j) Simulated field distribution in the resonant cavity mode of the small hexagonal perovskite
platelet using the TM mode. Reproduced with permission.174 Copyright 2016, Wiley-VCH. (k) Fluorescence microscopy image of a 2 × 5 MAPbBr3
NW array below and above the lasing threshold. Scale bar, 10 μm. (l) Integrated PL intensity as a function of excitation density. Reproduced with
permission.138 Copyright 2017, American Chemical Society. (m) Spatially resolved μ-PL spectra recorded for the CsPbBr3 crystals. The inset image
shows the μ-PL image above the lasing threshold. Reproduced with permission.194 Copyright 2017, Wiley-VCH.
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devices (such as the EQE, responsivity, specific detectivity,
response speed, signal-to-noise ratio, and detection range) via
material synthesis and device structure design.12,206

With respect to material design, the formation of high-quality
oriented nanostructures (such as NWs and oriented films) is an
effective strategy for obtaining lateral photoconductive-type
photodetectors and vertical photodiode-type photodetectors.
NWs with a high surface-to-volume ratio and a large Debye
length30,211 offer significant benefits, such as superior light
absorption, longer charge-carrier lifetime, and shorter transit
time, compared with their corresponding bulk forms, enabling
the fabrication of photodetectors with high responsivity, specific
detectivity, and high response speed. Moreover, 1D NWs can be
easily integrated with other semiconductors or grown on flexible
substrates for advanced optoelectronics. Moreover, oriented
films (oriented polycrystalline films or single-crystalline films)
with controllable thickness are highly advantageous for the
fabrication of high-performance photodetectors due to their low
trap density, high mobility, and long charge-carrier recombina-
tion time. It should also be noted that the growth of oriented
films (in particular, SCTFs) has, in fact, provided the basis for
the development of sophisticated optoelectronic and electronic
systems even beyond photodetectors.
Herein we introduce the advances achieved in the fabrication

of photodetectors using halide-perovskite-oriented nanostruc-
tures, with their performance characteristics summarized in
Table 2. We cover photoconductive-type lateral NW photo-
detectors, photodiode-type vertical NW photodetectors, and
thin-film photodetectors (both lateral and vertical) following the
logical order based on the growth methods used to form the
corresponding oriented nanostructures. The growth methods,
including solvent evaporation crystallization, conversion reac-
tion, template assistance, and vapor-phase epitaxy, are high-
lighted and discussed in this section.
5.2.1. Photoconductive-Type Lateral Nanowire Photo-

detectors.As ionic crystals with a soft lattice, halide perovskites
naturally crystallize from their solution-phase precursors with
solvent evaporation. Interestingly, for halide perovskite
materials, preferential crystallization can occur during solvent
evaporation to form NW structures from solution-phase
precursors. In an early work reported in 2014, Horvat́h et al.
fabricated a photodetector based on organic−inorganic hybrid
MAPbI3 polycrystalline NWs prepared through low-temper-
ature solvent evaporation crystallization via a simple slip-coating
approach.131 The response time of the photodetector made from
these NWs was <500 μs. This solvent evaporation-induced
crystallization process not only occurred using the solution-
phase precursors but also was realized with an as-formed
MAPbI3 film that was first dissolved and then recrystallized to
formNWs upon solvent evaporation, as reported by Zhu et al.212

Flexible photodetectors based on NWs formed by recrystalliza-
tion were fabricated on flexible polyethylene terephthalate
(PET) substrates. The rise and decay times were ∼0.12 and
∼0.21 s, respectively, at a bias of 3 V. Deng et al. also fabricated a
photodetector based on the MAPbI3 NWs growing in the [100]
direction by solvent evaporation-induced crystallization.213 It
was revealed that natural evaporation preferentially resulted in
NWs due to the low-symmetry structure and strong
intermolecular interactions, whereas the high temperature
accelerated the evaporation to yield nanoparticles. The
responsivity, detectivity and response speed device performance
parameters on the order of A W−1, 1012 Jones, and <1 ms,
respectively, were achieved. Similarly, Deng et al. grew aMAPbI3

network array on a flexible PET substrate to fabricate flexible
photodetectors that achieved a normalized detectivity of ∼1012
Jones and a switching ratio of ∼300.214 Gao et al. further
passivated MAPbI3 NWs grown via solvent evaporation with
OA.215 The OA-passivated photodetector demonstrated a
submillisecond response time, a responsivity of 4.95 A W−1,
and a measured detectivity of 2 × 1013 Jones.
The previously mentioned studies demonstrated the for-

mation of NWs upon solvent evaporation from perovskite
solution precursors. Although these NW arrays/networks can be
used for the fabrication of photodetectors, they are randomly
aligned with low uniformity and a large number of grain
boundaries, giving rise to strong charge-carrier trapping in lateral
devices. To solve the problem of random alignment, Deng et al.
adopted a blade-coating strategy along with solvent evaporation
to grow aligned single-crystalline MAPbI3NW arrays.216 During
growth, the blade dragged a DMF solution of MAPbI3 across a
heated substrate at 100 °C, inducing the preferential growth of
highly oriented NW and MW arrays (Figure 28a). The high
crystallinity of theMWarrays enabled stable perovskite material,
giving rise to robust devices with long-term stability (Figure
28b). The MW array-based photodetectors exhibited a high
responsivity (13.57 A W −1) and high detectivity (5.25 × 1012

cm Hz1/2 W−1) (Figure 28c) that are comparable to the best
values obtained for the MAPbI3 thin-film-based photodetectors.
Solution-phase conversion reactions, as a class of facile

methods, have been widely used to form halide perovskite
nanostructures. By converting crystalline Pb-containing NWs,
Zhuo et al. grew porous MAPbBr3 NWs through a two-step
reaction.217 The growth mechanism is interesting in that the Pb-
containing precursor NWs acted as both sacrificial templates and
a source of Pb2+ during growth, as shown in Figure 28d. A similar
solution-phase conversionmethod was used by Lee et al. to grow
MAPbI3 NWs from PbI2 NWs.219 The photodetectors
fabricated from such porous NWs displayed high sensitivity
and a fast response speed (Figure 28e). Wu et al. prepared
MAPbI3 NWs by spin-coating an MAI solution onto a PbI2 film
on various substrates.134 Flexible photodetectors were fabricated
using NWs grown on a flexible substrate and showed a stable
response with an on/off ratio of >45. This method was also used
by Tao et al. to make flexible photodetectors that achieved a
responsivity of 0.227 A cm−2 under an incident light power of 1
× 10−8 W cm−2 and a high on/off ratio of 147.220 Similarly,
Cloutier et al. converted a PbI2:Pb(SCN)2 layer with MAI to
produce MAPbI3 NW networks on a Kapton substrate to
produce flexible photodetectors.221 The devices showed a high
specific detectivity of 7.3 × 1012 Jones and response times of
227.2 (rise) and 215.4 μs (decay). Wu et al. achieved further
progress by pressure annealing NWs synthesized through the
conversion of a PbI2 film and obtained a welded MAPbI3 NW
network with enhanced crystallinity and enhanced radial
transmission of photogenerated carriers.144 The photodetectors
formed from this NW network showed ultrahigh performance
even after 1000 bending cycles and 30 days, with an on/off ratio
of 2.8 × 104 and a detectivity of 4.16 × 1012 Jones.
In addition to organic−inorganic perovskite NWs, all-

inorganic CsPbX3 NWs can also be synthesized by converting
PbI2 films using solution-phase precursors. Zeng et al. were the
first to convert a PbI2 film to CsPbI3 NWs that were then
transformed into CsPbBr3 NWs by halide exchange.135 The as-
converted CsPbBr3 NWs were used to fabricate a photodetector
that showed detectivity as high as 1.7 × 1011 cm Hz1/2 W−1 with
a rapid response time. Similarly, Wang et al. further added Sn
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precursors to a solution to convert a PbI2 film to CsPbxSn1−xI3
NWs that were then transformed into alloyed CsPbxSn1−xIyBr3−y
NWs.222 The dark current of the photodetector based on the
alloyed perovskite changed with the Sn and Br contents. The
optimized perovskite alloy NW photodetectors showed high
performance, with a linear dynamic range of up to 120 dB, a
rising/falling time of 4.25/4.82 ms, and a detectivity of 2 × 1010

Jones.
Efficient photodetectors have also been fabricated using

perovskite NWs synthesized by template-assisted solution-phase
methods. The templates include but are not limited to the SU-8
photoresist on SiO2/Si, polystyrene strips, grooved PDMS,
microgroove-structured silicon wafers, and silicon templates
with asymmetric wettability. In a typical work, Deng et al.
reported the growth of single-crystalline MAPbI3−xBrx NW
arrays along the sides of SU-8 photoresist strips (Figure 28f).92

The photodetector fabricated using the NW arrays exhibited
outstanding performance with an ultrahigh responsivity of
12 500 A W−1, detectivity of 1.73 × 1011 Jones, a broad linear
dynamic range of 150 dB, and robust stability. Polystyrene strips
functioned similarly to the SU-8 strips. Pan et al. used
polystyrene strips to prepare highly crystalline CsPbBr3 NW
arrays.223 The responsivity of the CsPbBr3-based photodetector
increased from 0.19 A W−1 at 27.03 mW cm−2 to 5.49 A W−1 at
0.014 mW cm−2. Zhou et al. used a grooved PDMS micro/
nanofluidic channel as a template to growMAPbI3 NWs (Figure
28g). The photodetectors fabricated using these NWs
demonstrated excellent performance, with a responsivity of
410 A W−1, detectivity of 9.1 × 1012 Jones, short response time
of 0.22 ms, and recovery time of 0.79 ms.218 Nanogrooved
PDMS was also used by Li et al. to prepare single-crystal
MAPbBr3 MWs that were encapsulated in situ by a protective
hydrophobic molecular layer.224 These MAPbBr3 photo-
detectors exhibited responsivity as high as 20 A W−1, detectivity
as high as 4.1 × 1011 Jones, an on/off ratio of >105, and
significant long-term stability. In a study demonstrating an
alternative approach to the use of solution-phase precursors, Dai
et al. showed that as-prepared CsPbX3 quantum dots can also be
well-confined in a template (i.e., microgroove-structured silicon
wafer) to then produce an NW array.225 The photodetectors
fabricated using CsPbI3 quantum dot NWs exhibited decent
performance, with a rise time of 4.4 ms, a fall time of 6.7 ms, and
responsivity of tens of μA W−1. Using a micropillar-structured
template with asymmetric wettability, the Jiang group presented
a series of studies involving the growth of CsPbBr3, α-CsPbI3,
and α-FAPbI3NWs for the fabrication of photodetectors. During
the growth processes, the perovskite solution precursors
(organic liquids) were spatially confined along a lyophobic−
lyophilic boundary for further crystallization into NWs with a
preferential [100] crystallographic orientation, as shown in
Figure 28h.139 The responsivities of all of the photodetectors
exhibited a linear relationship with the irradiance power (Figure
28i). Notably, the average responsivities for the α-CsPbI3- and
α-FAPbI3NW-based photodetectors were 1294 and 5282 A
W−1, respectively. The detectivities for the α-CsPbI3- and α-
FAPbI3NW-based photodetectors were calculated to be as high
as (2.6 and 1.4) × 1014 Jones, respectively.226,227

Laterally structured photodetectors were also fabricated using
perovskite NW arrays grown by vapor-phase epitaxy. Chen et al.
reported the vapor-phase epitaxial growth of horizontal single-
crystal CsPbX3 NWs and MW networks with controlled
crystallographic orientations.116 The as-fabricated lateral photo-
detectors exhibited a fast response to light signals and a high on/T
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off ratio of ∼103. Shoaib et al. demonstrated the controlled

growth of in-plane directional CsPbBr3 NWs by graphoepitaxy

on M-plane sapphire.123 Photodetectors using these NWs

exhibited an excellent photoresponse, with an ultrahigh

responsivity of 4400 A W−1 and a fast response speed of 252

μs. The CsPbBr3 NWs formed by graphoepitaxial growth on

faceted sapphire by Oksenberg et al. were also used to fabricate

lateral photodetectors that exhibited fast rise and decay times.115

Figure 28. Lateral NW photodetectors. (a) Illustration of the one-step blade-coating process to fabricate single-crystalline MAPbI3 MW arrays. (b)
Variation in the dark current/photocurrent with time for a device based on MAPbI3 MW arrays in ambient air at 45−55% humidity. (c) Wavelength-
dependent photoresponsivity and photodetectivity of the MAPbI3 MW array-based photodetector at a fixed bias voltage of −5 V. Reproduced with
permission.216 Copyright 2016, Wiley-VCH. (d) Synthesis of porous MAPbBr3 NWs through the self-template-directed chemical transformation of
Pb-containing NWs. (e) Photoresponse of porous MAPbBr3 NWs at 1 V under 420 nm light irradiation. Reproduced with permission.217 Copyright
2015, Wiley-VCH. (f) Schematic illustration of the fabrication of the MAPbI3 NW array. Reproduced with permission.92 Copyright 2017, American
Chemical Society. (g) Illustration depicting the growth mechanism of a MAPbI3 NW. Reproduced with permission.218 Copyright 2018, American
Chemical Society. (h) Schematic illustration of a single capillary trail confined between the lyophobic tops and lyophilic sidewalls. (i) Photocurrent and
responsivity of the device under different incident powers. Reproduced with permission.139 Copyright 2017, Wiley-VCH.
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In addition to the major methods previously discussed, other
techniques have been developed to produce perovskite NWs for
photodetectors. For example, Cheng et al. reported that
antisolvent diffusion triggered the crystallization of superlong
dispersive CsPbBr3 microrods that were fabricated into
photodetectors.228 The photodetectors showed a detectivity
and an on/off ratio as high as 3.67 × 1012 Jones and 988,
respectively. Using a similar antisolvent strategy, He et al.
reported a reprecipitation process for the synthesis of ultralong
freestanding MAPbI3 NWs by adding toluene (TL) as an
antisolvent to trigger crystallization.229 The single MAPbI3 NW
photodetector fabricated by He et al. showed a high responsivity
of 11.36 A W−1. Interestingly, Tong et al. reported that the
inverse growth of CsPbBr3 MWs occurred during the phase
transition from CsPb2Br5 to CsPbBr3.

230 The corresponding
CsPbBr3 MW photodetector showed a high responsivity of 6.44
A W−1 and a detectivity of ∼1012 Jones. Hot-injection colloidal
synthesis is another useful method for the fabrication of
photodetectors, as reported by Yang et al.,231 who grew
CsPbI3 nanorods. The corresponding as-fabricated photo-
detector exhibited a responsivity of 2.92 × 103 A W−1, an
ultrafast response time of 0.05ms, and detectivity of up to 5.17×
1013 Jones.

5.2.2. Photodiode-Type Vertical Nanowire Photo-
detectors. Perovskite NWs grown in nanoengineered
templates with vertical channels are particularly valuable for
the fabrication of vertically structured photodetectors. The Fan
group used a VPD process to grow ordered MAPbI3 NW arrays
in a porous alumina membrane (PAM) as a template (Figure
29a).232 Ordered 3DNW arrays, which were large and exhibited
a highNWdensity, were fabricated into a vertical photodetector.
A schematic of the photodetector is shown in Figure 29b.
Notably, because of the vertical orientation of the NWs, each
electrode/perovskite/electrode photodetecting unit can be
characterized as a single pixel for image sensors. Each image
sensor consists of a 32 × 32 array of such photodetecting units,
and thus an image sensor with 1024 pixels is obtained. The
subsequent integration of the image sensor with an electrical
apparatus element yielded a full sensor device (Figure 29c) that
can sense and visualize simple objects projected onto the image
sensor (Figure 29d). Additionally, using the same VPD-PAM
method, lead-free MASnI3 NW arrays were grown in a porous
alumina template and then fabricated into a vertical photo-
detector.95 At an intensity of 1.1 mW cm−2, the responsivity of
the photodetector reached 0.47 AW−1, with a specific detectivity
of 8.80 × 1010 Jones. The Fan group also reported the synthesis

Figure 29.Vertical NWs photodetectors. (a) Schematic of PAM template-assisted growth of a vertically alignedMAPbI3 NW array of high density. (b)
Schematic of the measurement setup. (c) Photograph of an image sensor mounted on a printed circuit board. (d) Original and imaged letter “H”.
Reproduced with permission.232 Copyright 2016, Wiley-VCH. (e) Working mechanism of an individual pixel under a bias voltage of−3 V. BMIMI, 1-
butyl-3-methylimidazolium iodide. (f) Schematic of the electrochemical eye imaging system. (g) Working mechanism of the electrochemical eye. (h)
Perovskite NWs in a PAM template and their crystal structure. Reproduced with permission.233 Copyright 2020, Nature Publishing Group.
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of all-inorganic vertical CsPbI3 NWs inside an anodic alumina
membrane.94 The as-grown CsPbI3NWs exhibited a stable cubic
phase at room temperature. Photodetectors based on these
CsPbI3 NWs demonstrated decent performance, with a
responsivity of up to 6.7 mA W−1 and specific detectivity
calculated to be 1.57 × 108 Jones under a light intensity of 1.5
mW cm−2. In 2020, the Fan group further presented an
electrochemical eye (EC-EYE) with a hemispherical retina,
which is made of a high-density array of FAPbI3 NWs by
mimicking the photoreceptors on a human retina.233 A
schematic of the artificial eye system is shown in Figure 29f−
h. In the photodetector design, as shown in Figure 29e, the
tungsten film serves as a counter electrode, and flexible eutectic
gallium indium liquid−metal wires in soft rubber tubes serve as
another counter electrode that is also used for signal
transmission between the NWs and the external circuit. An
ionic liquid with an I−/I3

− redox couple is used as the electrolyte
between the NWs and tungsten electrode to mimic the vitreous
humor in the human eye. The ion transport of the I−/I3

− redox
couple inside the electrolyte contributes to the obtained fast
photoresponse, with a reduction time of 19.2 ms and recovery
time of 23.9 ms. These response times are even faster than the
response time of the human eye. The authors also made

significant efforts to improve the image resolution of the artificial
retina, for example, by replacing the relatively thick liquid-metal
wires with very thin Ni microneedles, each of which can address
as few as three NWs.

5.2.3. Photodetectors Based on Oriented Films. SCTFs
without grain boundaries have a low trap density and a high
charge-carrier mobility, which endow these films with electrical
and optical properties superior to those of polycrystalline films
or networks used for optoelectronic applications. Oriented films
do not naturally form simply by solvent evaporation or vapor
deposition on versatile substrates. In fact, external forces are
usually needed to drive the oriented growth of halide perovskite
thin films. Such external forces include but are not limited to
physical template confinement or guiding, electrostatic inter-
actions, and van der Waals forces.
Halide perovskite SCTFs with a thickness of several to tens of

micrometers and lateral dimensions of up to millimeters were
directly grown on substrates by the space-limiting method, as
reported by Bao et al.234 Solution-phase perovskite precursors
were confined between two substrates for crystallization into
SCTFs. The perovskite SCTFs were fabricated into photo-
detectors with a vertical p−i−n structure (Figure 30a). The
photodetectors based on MAPbBr3 and MAPbI3 films showed a

Figure 30. Photodetectors based on oriented films. (a) Schematic structure of a photodetector based on perovskite SCTFs with a vertical p−i−n
structure. (b) Specific detectivity of devices based on MAPbBr3 and MAPbI3 SCTFs measured at 0 V bias and 8 Hz. Reproduced with permission.234

Copyright 2017, Wiley-VCH. (c) Schematic diagram of the growth process and pressure measurement device. (d) SEM image of a single-crystalline
perovskite thin film. (e) Cross-profile SEM image of a photodetector based on a single-crystalline perovskite thin film. (f) Gain and responsivity of the
device. (g) Photocurrent versus incident power. The linear dynamic range of the detector is 83 dB at −1.5 V bias and 50 dB at 0 V bias. Reproduced
with permission.235 Copyright 2017, Wiley-VCH.
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low noise of 1 to 2 fA Hz−1/2, yielding a high specific detectivity
of 1.5 × 1013 cm Hz1/2 W−1(Figure 30b). Using a pressure-
assisted space-limiting method, Yang et al. grew MAPbBr3
SCTFs with controllable thickness (Figure 30c−e).235 The
photodetectors fabricated using the MAPbBr3 SCTFs exhibited
the highest responsivity of 1.6 × 107 A W−1 and a specific
detectivity of 1.3 × 1013 cm Hz1/2 W−1 (Figure 30f). Notably, at
−1.5 V, the photocurrent increases linearly over the entire
measurement range (from 25 fW to 5 μW) in logarithmic
coordinates, indicating that the LDR is 83 dB (Figure 30g).
Using the space-limiting method, Yang et al. further

introduced antisolvent vapor into the growth environment and
developed a substrate-independent method for growing
millimeter-scale CsPbBr3 monocrystalline thin films (Figure
31a).236 The as-grown CsPbBr3 films were then fabricated into
lateral photoconductive-type photodetectors (Figure 31b) with
a high detectivity of 1.4 × 1013 Jones. However, their average
responsivity was low (2.5 A W−1) (Figure 31c). The authors
attributed the relatively low responsivity to the large film size
that gave rise to charge-carrier recombination during transport.
In addition to confining growth between two substrates,

physical confinement or guidance forces can be provided by

adding nanomolds to the solution precursors or by applying
physical forces (such as shear force, centrifugal force, and
convection force) during crystallization. For example, Liu et al.
used a monolayer nanopolystyrene sphere to confine the growth
of CsPbBr3 to obtain oriented nanonet films with a preferred
[110] orientation.240 The best-performing photodetector based
on the film displayed a linear dynamic range of up to 120 dB,
responsivity of 2.84 A W−1, and detectivity of 5.47 × 1012 Jones.
By the use of nanoimprinting with hexagonal nanohole-arrayed
polyurethane acrylate molds, vertically grown MAPbI3 nano-
pillar thin films with a [110] orientation were prepared by Chun
et al.237 The lateral photodetectors (Figure 31d,e) fabricated
from these films showed decent performance with a responsivity
and detectivity of approximately 1 A W−1 and 5 × 109 Jones,
respectively, at an optical power of 1 μW. The blade-coating
technique provides an external shear force for the dispersion of
the precursors that promotes the growth of oriented films.
Therefore, Hasan et al. employed a meniscus-guided blade-
coating method to grow highly oriented millimeter-sized
MAPbI3 films, with the photodetector fabricated using these
films exhibiting a one order of magnitude responsivity
enhancement compared with the responsivity of the photo-

Figure 31. (a) Schematic diagram of CsPbBr3 monocrystalline film growth. (b) Schematic of the photodetector device structure. (c) Curve of
responsivity of the photodetector versus light wavelength. Reproduced with permission.236 Copyright 2018, Wiley-VCH. (d) Schematic illustration of
the photodetectors. (e) Responsivity and detectivity of the photodetectors. Reproduced with permission.237 Copyright 2018, American Chemical
Society. (f) Illustration of the thermal-gradient-assisted directional crystallization process of a MAPbI3. Reproduced with permission.238 Copyright
2016, Nature Publishing Group. (g) One-step spin-coating scheme for thin-film deposition. (h) Responsivity and detectivity versus the incident light
intensity. The inset shows the responsivity and gain versus the incident light wavelength. Reproduced with permission.239 Copyright 2018, American
Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00181
Chem. Rev. XXXX, XXX, XXX−XXX

AJ

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig31&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


detector fabricated using spin-coated films.241 Centrifugal forces
were also useful for forming oriented films.214,242 Dong et al.
employed a centrifugal-casting and spin-coating method to
fabricate CsPbBr3 films with a [100] orientation for photo-
detectors. Combined with a Au plasmonic enhancement, the
photodetectors exhibited a light on/off ratio of >106 under 532
nm laser illumination at an optical power of 4.65 mW cm−2.242

By using the convection of liquid precursors, Cho et al. adopted
the thermal-gradient-assisted directional crystallization method
to fabricate large-area orientedMAPbI3 films with the (112) and
(200) planes parallel to the substrate.238 The obtained films
exhibited distinct growth patterns with crystal strips as the main
backbones and aligned microrods as branches growing
perpendicular to the thermal gradient (Figure 31f). Interest-
ingly, the photodetector device exhibited an anisotropic
photoresponsivity with the maximum responsivity of 6.1 A
W−1 along the direction of the backbones, and the responsivity
measured in the direction of the branches was as small as 0.047 A
W−1, strongly indicating that the charge-transport properties of
oriented films play a vital role in the optoelectronic performance.
Epitaxial growth enabled by electrostatic interactions or van

der Waals forces between perovskites and substrates is a
sensitive method for the growth of oriented thin films. The
interaction of the perovskite epilayer and the substrates usually
requires careful control by optimizing the growth parameters
(such as the temperature, concentration, atmosphere/solvent,
and substrate type). Using solution-phase epitaxial methods, Li
and Wang et al. achieved the formation of MAPbI3 and CsSnI3
crystalline films with certain orientations on KCl substrates
(Figure 31g,h). The perovskite epilayers exhibited a smooth
morphology and long carrier recombination lifetimes.239,243

Lateral photodetectors based on MAPbI3 films with an [110]
orientation exhibited excellent performance, with a responsivity
of 20.7 A W−1, detectivity of 6.5 × 1013Jones, and a short rise
time of <17 μs (Figure 31h).239 CsSnI3 films of tetragonal phase
with a [100] orientation were also fabricated into lateral
photodetectors by depositing two Au electrodes and showed an
average responsivity of ∼10 A W−1 and an average detectivity of
1.32 × 1013Jones.243

5.3. Halide Perovskite Single Crystals and Thin Films for
Radiation Detection

Halide perovskites are excellent candidate materials for X-/γ-ray
detection.55,245−247 This is because (1) halide perovskites
usually consist of heavy metals (such as Pb, Cs, Bi, I, etc.),
endowing perovskite materials with even higher X-ray
absorption capacity than the current X-ray detector materials
(such as Si, α-Se, CdZnTe, etc.); (2) halide perovskites are
highly defect-tolerant semiconductors with high mobilities and
long carrier recombination lifetimes, giving rise to a high-
mobility-lifetime (μτ) product and thus leading to good charge
collection efficiency to obtain a strong electric signal from the
detector; (3) the large bulk resistivity of halide perovskites
ensures a small dark current, leading to low noise in X-ray
detection; and (4) the easily tunable band gap and high
photoluminescence quantum yields of halide perovskites endow
perovskite X-ray scintillators with tunable colors and bright
emission that facilitate their integration into photodetectors.
In recent years, bulk single crystals and SCTFs of halide

perovskites have been widely investigated for X-ray and γ-ray
detection, either as direct conversion detectors or as
scintillators.55,246 Various growth methods and strategies have
been developed to grow and control the orientations and
exposed facets of various types of halide perovskite single
crystals and thin films to screen for the best-performing high-
energy radiation detectors. In this section, we summarize the
advances in the fabrication of radiation detectors using oriented
halide perovskite materials (in this case, single crystals and
SCTFs), with subsections dedicated to direct detectors and
scintillators, with their performance characteristics summarized
in Table 3.

5.3.1. Oriented Halide Perovskites for Direct X-ray
Detectors. Single crystals and thin films with different
orientations and exposed facets usually possess varied built-in
electric fields within a material due to variations in defect
density, ion density, and charge-transport path;248 therefore,
orientation and exposed facets have a significant impact on the
performance of high-energy-radiation detectors. For example,
MAPbI3 single crystals are usually nonrectangular dodecahe-
drons (d-MAPbI3, with (110) facets exposed) that are not
suitable for forming cuboidal single crystals (c-MAPbI3, with

Table 3. Performance of Halide Perovskite Single Crystals and Oriented Thin Films for Radiation Detection

material growth method device structure
μτ product
(cm2 V−1)

sensitivity (μC Gy−1 cm−2) @
electric field (V cm−1)

detection limit
(nGy s−1) ref

MAPbI3 single
crystal

seed dissolution−regrowth Au/Cr/PVK/Cr/Au 3.26 × 10−3 968.9 @ ∼10 249

MAPbBr3 single
crystal

liquid-diffused-separation-
induced crystallization

InGa/C70/PVK/Au 184.6 @ ∼19.8 <1200 259

MAPbBr3 single
crystal [110]

tailoring the ratio of
precursors

Au/PVK/C60/BCP/Cr 2.59× 10−2 3928.3 @ 61 <8800 250

MAPbX3 cascade
single crystal

inverse temperature
crystallization method

Gd, Ag/PVK/Au 1.285 × 10−3 1580 @ 660 260

CsPbBr3 film hot-pressed FTO/PVK/Au 1.32 × 10−2 55684 @ 50 215 251
CsPbBr3 film melt-processing FTO/PVK/Ga 1450 @ 12000 ∼500 253
CsPbI3 (1D) single
crystal

low-temperature-induced
crystallization

Au/PVK/Au 3.63 × 10−3 2370 @ 41.7 219 261

MA3Bi2I9 single
crystal

low-temperature gradient
crystallization

Au/PVK/Au 2.87 × 10−3 1947 @ 600 83 254

MA3Bi2I9 single
crystal

low-temperature gradient
crystallization

Au/PVK/Au 872 @ 28600 31 252

(NH4)3Bi2I9 single
crystal

low-temperature solution
evaporation

Ag/PVK/Ag (// and ⊥ to
the (001) surface)

1.1 × 10−2 (//),
4.0 × 10−3 (⊥)

8200 (//), 803 (⊥) @ 22 (//),
65 (⊥)

210 (//), < 55
(⊥)

262

Cs3Bi2I9 single
crystal

vertical Bridgman method Au/PVK/Au 2.03 × 10−5 111.9 @ 450 255
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(100) facets exposed) for device fabrication, in particular, for
flat-panel arrays. Ye et al. reported a seed dissolution−regrowth
method for the growth of high-quality cuboidal MAPbI3
crystals.249 MAPbI3 crystals as seeds were placed into a growth
solution to reduce the surface energy between the nuclei and the
seed surface, thus reducing the free energy required for
nucleation to produce large c-MAPbI3 crystals (Figure 32a).
The cubic shape resulted from the preferred growth of the
halogen-crowded (100) facet over the (110) facet in a halogen-
rich precursor, as indicated by the XRD pattern (Figure 32b).
Vertical X-ray detectors were fabricated using both c- and d-
MAPbI3 single crystals (Figure 32c). Compared with the d-

MAPbI3 crystals, the c-MAPbI3 crystals exhibited better X-ray
detection performance because their preferred crystal orienta-
tion was conducive to strong charge-carrier diffusion and
collection (Figure 32d). MAPbBr3 single crystals also show
facet-orientation-dependent performance as X-ray detectors.
Song and coworkers reported a nonstoichiometric strategy of
adding excess PbBr2 (Figure 32e) to tailor the facet growth
speed of crystals and successfully grew orthorhombic-phase
MAPbBr3 single crystals with the (110) facet exposed.250

Compared with the crystals with an exposed (100) facet, crystals
with an exposed (110) facet exhibited higher bulk resistivity and
a smaller trap density, resulting in an improved X-ray sensitivity

Figure 32. For direct X-ray detectors. (a) Schematic diagram illustrating the balance between seeds and nuclei. σLB is the energy of the interface
between the liquid precursor and the seed surface, σαB is the energy of the interface between the nuclei and the seed surface, and σαL is the energy of the
interface between the nuclei and the liquid precursor. (b) XRD patterns of c- (upper line) and d-MAPbI3 (middle line) and powder XRD patterns of
MAPbI3 (bottom line). (c) Schematic diagram of the X-ray detector with 1 mm thick c- or d-MAPbI3 single crystals sandwiched between chromium
(Cr)/gold (Au) electrodes. (d) Sensitivity of c-MAPbI3 and d-MAPbI3 under different biases. Reproduced with permission.249 Copyright 2019,Wiley-
VCH. (e) Schematic illustration of the strategy used to control the facet competition and growth of MAPbBr3 single crystals. (f) Device structure of
MAPbBr3-based photodetector and X-ray detector. (g) Current density of devices under different X-ray dose rates, with the sensitivity derived by
fitting the slope. Reproduced with permission.250 Copyright 2020, American Chemical Society. (h) Illustration of a thick CsPbBr3 film synthesis via the
four-step hot-pressing method. (i) XRD pattern of the quasi-monocrystalline CsPbBr3 thick film. (j) Sensitivity and gain factor as functions of the
electric field. Reproduced with permission.251 Copyright 2019, Wiley-VCH. (k) Imaging applications of the MA3Bi2I9 single-crystal coplanar X-ray
detector. (l) XRD pattern of a MA3Bi2I9 single crystal measured on the top face. Inset: XRD rocking curve for the (0010) plane. (m) Schematic
illustration of carrier transport in a MA3Bi2I9 single crystal along different directions and paths. Reproduced with permission.252 Copyright 2020,
Wiley-VCH.
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of up to 3928.3 μC Gy−1 cm−2 ((110) facets exposed) versus
1635.8 μC Gy−1 cm−2 ((100) facets exposed), as shown in
Figure 32f,g.
In addition to hybrid halide perovskites, all-inorganic

perovskites have also been used for high-energy-radiation
detection. Hot-pressing or melt-processing methods were
developed to create oriented CsPbBr3 films. Pan et al. adopted
a hot-pressing method to prepare a thick quasi-monocrystalline
orthorhombic-phase CsPbBr3 film with a single [101]
orientation (Figure 32h,i).251 The uniform orientation and
large grain size of the film enabled a high carrier mobility and a
large μτ product. A superior X-ray sensitivity of up to 55 684 μC

Gy−1 cm−2 was achieved under an electric field of 5 V mm−1

(Figure 32j). In another report by Matt et al., a melt-processing
method was adopted to fabricate thick CsPbBr3 films on
versatile substrates by melting CsPbBr3 crystals into films inside
a sealed space.253 Interestingly, these films had a [001]
orientation with strong texture in the cm2-large domains. The
X-ray detectors fabricated using these CsPbBr3 films achieved an
X-ray sensitivity of 1450 μC Gy−1 cm−2.
Bi is considered to one of the most promising heavy metals to

replace Pb because it has a large atomic number and an
electronic structure similar to that of Pb. Liu et al. prepared inch-
sized, high-quality 0D MA3Bi2I9 single crystals by low-

Figure 33. As scintillators. (a) Scheme of the X-ray imaging setup using Li-PEA2PbBr4 as the scintillator. The safety pin is inside the envelope. (b)
Bright-field image of the safety pin and the Li-PEA2PbBr4 film on a glass substrate with high transparency. Scale bar is 1 cm. (c) X-ray image of the safety
pin. Scale bar is 5 mm. (d) Powder XRD patterns of four different Li-doped crystals. (e) Bright-field and X-ray images of the Li-PEA2PbBr4 single
crystal. The length of the black and white bars is 1 cm. Reproduced with permission.256 Copyright 2020, Nature PublishingGroup. (f) Rod-like crystals
of Rb2CuBr3 and element distribution analysis by EDSmapping. (g) XRD pattern of Rb2CuBr3 crystals. (h) Emission intensity of Rb2CuBr3 and LYSO
versus the dose rate. The inset image shows the data for Rb2CuBr3 below 200 nGyair/s for detection limit measurements. Reproduced with
permission.257 Copyright 2019, Wiley-VCH. (i) Linear response curve toward X-rays and the recorded signal-to-noise ratio value versus the dose rate.
Reproduced with permission.258 Copyright 2020, American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00181
Chem. Rev. XXXX, XXX, XXX−XXX

AM

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig33&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig33&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig33&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00181?fig=fig33&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


T
ab
le

4.
P
er
fo
rm

an
ce

of
So

la
r
C
el
ls
U
si
ng

3D
H
al
id
e-
P
er
ov
sk
it
e-
O
ri
en
te
d
Fi
lm

sa

m
at
er
ia
ls

gr
ow

th
st
ra
te
gy

de
vi
ce

st
ru
ct
ur
e

V
oc
(V

)
J sc
(m

A
cm

2 )
FF

PC
E
(%

)
st
ab
ili
ty

re
f

M
A
Pb

I 3
(1
00
),
M
A
Pb

0.
5S
n 0

.5
I 3
,

SC
T
F

so
lu
tio

n-
ba
se
d
lit
ho
gr
ap
hy
-a
ss
is
te
d
ep
ita
xi
al
-

gr
ow

th
n−

i−
p

(u
si
ng

M
A
Pb

0.
5S
n 0

.5
I 3
)

∼
1.
08

∼
23

∼
0.
78

∼
19

T
90

=
50
0
h

26
7

M
A
Pb

I 3
(1
00
)
SC

T
F

so
lu
tio

n
sp
ac
e-
lim

ite
d
in
ve
rs
e-
te
m
pe
ra
tu
re

gr
ow

th
p−

i−
n

1.
07

23
.6

0.
80

20
.2
7

T
10
0
>
5
h
(d
ry

ai
r)

26
9

M
A
Pb

I 3
(1
00
)
SC

T
F

di
ffu

si
on
-fa
ci
lit
at
ed

sp
ac
e-
co
nf
in
ed

m
et
ho
d

p−
i−
n

1.
06

20
.5

0.
74

16
.1

T
10
0
=
30

d
26
5

A
nn
ea
lin
g
St
ra
te
gi
es

M
A
Pb

I 3
(1
10
)

fla
sh

in
fr
ar
ed

an
ne
al
in
g

n−
i−
p

1.
11

22
.6

0.
76

19
.0

T
96

=
1
w
(1

su
n,

N
2)

27
3

M
A
Pb

I 3
(1
10
)

an
ne
al
in
g
te
m
pe
ra
tu
re

of
fir
st
st
ep

n−
i−
p

0.
96

22
.3

0.
67

14
.3

27
2

M
A
Pb

I x
C
l 3−

x
(1
10
)

ho
t-
ca
st
in
g

p−
i−
n

0.
92

22
.4

0.
82

18
32
2

M
A
Pb

I x
C
l 3−

x
(1
10
)

an
ne
al
in
g
at

95
°C

fo
r
40

m
in

n−
i−
p

0.
97

19
.7
1

0.
65

12
.7
7

T
60

=
3
d

27
0

FA
xC
s 1
−
xP
bI

3
(1
10
)

fla
sh

in
fr
ar
ed

an
ne
al
in
g

n−
i−
p

1.
09

24
.3

0.
77

20
.4

T
80

=
20
0
h
(A

M
1.
5G

,N
2)

27
6

C
sP
bI

1.
8B
r 1
.2
(1
10
)

an
ne
al
in
g
te
m
pe
ra
tu
re

of
fir
st
st
ep

n−
i−
p

1.
26

14
.2
1

0.
82

14
.6

T
80

=
30
0
h

27
1

C
sP
bI

xB
r 3
−
x
(1
00
)

fla
sh

in
fr
ar
ed

an
ne
al
in
g

n−
i−
p

1.
29

12
.3

0.
65

10
.3

T
90

=
1
h
(2
00

°C
)

27
5

G
as

A
tm

os
ph
er
e
A
ss
is
ta
nc
e

M
A
Pb

I 3
(1
10
)

ni
tr
og
en

ga
s
flo
w
-a
ss
is
te
d

n−
i−
p

∼
1

∼
21

∼
0.
7

∼
17

27
8

M
A
Pb

I 3
(1
10
)

M
A
ga
s
tr
ea
tm

en
t

n−
i−
p

1.
08

19
.6

0.
71

15
.1

28
1

M
A
Pb

I 3
(1
10
)

A
r
flo
w

n−
i−
p

1.
05

22
.0

0.
74

16
.9
7

27
9

M
A
Pb

I 3
(1
10
)

D
M
SO

or
D
C
B
va
po
r
at
m
os
ph
er
e
an
ne
al
in
g

p−
i−
n

0.
9

20
0.
75

13
.6

27
7

M
A
Pb

I 3
(1
10
)

N
2
ga
s-
as
si
st
ed

n−
i−
p

0.
97

21
.7

0.
68

14
.3

28
0

So
lv
en
t
Se
le
ct
io
n

M
A
Pb

I 3
(1
10
)

an
tis
ol
ve
nt
,g
as

bl
ow

in
g,
H

2O
tr
ea
tm

en
t

p−
i−
n

1.
06

23
.1

0.
86

21
T
90

=
30

d
29
2

M
A
Pb

I 3
(1
10
)

et
hy
l
et
he
r/
n-
he
xa
ne

m
ix
ed

an
tis
ol
ve
nt

n−
i−
p

1.
08

21
.7
8

0.
71

16
.6
2

29
6

M
A
Pb

I 3
(1
10
)

ch
lo
ro
be
nz
en
e
an
tis
ol
ve
nt

tr
ea
tm

en
t

n−
i−
p

1.
04

21
.1

0.
63

13
.8

29
1

M
A
Pb

I 3
(1
10
)

Et
O
H

as
an
tis
ol
ve
nt

n−
i−
p

0.
92

23
.2

0.
59

12
.6

29
7

M
A
Pb

I 3
(0
01
)

an
tis
ol
ve
nt

(D
C
M
,T

L,
D
E)

n−
i−
p

1.
11

20
.9
5

0.
74

17
.2

29
5

M
A
Pb

B
r 3
(0
01
)

cy
cl
oh
ex
an
e
in

so
lv
en
t

n−
i−
p

1.
35

8.
35

0.
72

8.
09

T
10
0
=
90

d
(d
ry

ai
r)

29
0

M
A
Pb

I x
C
l 3−

x
(1
00
)

se
le
ct
iv
e
so
lv
en
t
an
ne
al
in
g
us
in
g
IP
A
as

th
e

so
lv
en
t

p−
i−
n

0.
95

17
.8
5

0.
73

12
.3
8

29
3

m
ix
ed

-h
al
id
e
pe
ro
vs
ki
te

(1
10
)

an
tis
ol
ve
nt

se
le
ct
io
n
(E
A
)

n−
i−
p

1.
12

22
.8
9

0.
76

19
.4
3

T
80

=
80

d
(H

2O
)

29
4

A
dd
iti
ve

Se
le
ct
io
n
St
ra
te
gi
es

M
A
Pb

I 3
(1
12
)/
(2
00
)

M
A
A
c
ad
di
tiv
e

p−
i−
n

1.
02

22
.6
9

0.
82

18
.9
1

T
95

=
12

d
29
9

M
A
Pb

I 3
(1
12
)/
(2
00
)

C
s
do
pi
ng

(0
.1
)
as

ad
di
tiv
e

n−
i−
p

1.
07

20
.9

0.
71

15
.9

T
80

=
50
0
h

31
6

M
A
Pb

I 3
(1
12
)/
(2
00
)

ch
an
gi
ng

or
ga
ni
c
pr
ec
ur
so
rs

(M
A
I
an
d
M
A
C
l)

n−
i−
p
(p
−
i−
n)

0.
92

(0
.8
6)

12
.4
3
(2
1.
34
)

0.
35

(0
.7
)

3.
97

(1
3.
6)

28
6

M
A
Pb

I 2
C
l
(0
02
)/
(1
10
)

ch
an
gi
ng

or
ga
ni
c
pr
ec
ur
so
rs

(M
A
I
an
d
M
A
C
l)

n−
i−
p
(p
−
i−
n)

1.
02

(0
.8
6)

18
.2
8
(1
8.
54
)

0.
69

(0
.7
)

12
.8
8
(1
1.
26
)

28
6

M
A
Pb

I 3
(1
10
)

us
e
m
et
as
ta
bl
e
liq
ui
d-
st
at
e
pr
ec
ur
so
r

n−
i−
p

1.
12

22
.5

0.
77

19
.4

T
87

=
33
6
h
(a
m
bi
en
t)

28
5

M
A
Pb

I 3
(1
10
)

m
et
hy
la
m
m
on
iu
m

ch
lo
ri
de

(M
A
C
l)
as

ad
di
tiv
e

n−
i−
p

1.
01

22
.2

0.
74

16
.8

30
0

M
A
Pb

I 3
(1
10
)

5-
am

in
ov
al
er
ic
ac
id

io
di
de

as
ad
di
tiv
e

n−
i−
p

1.
06

22
.3

0.
76

18
.0

T
90

=
32

d
(i
ne
rt
);

T
72

=
20

d
(a
m
bi
en
t)

32
3

M
A
Pb

I 3
(1
10
)

ph
en
ot
hi
az
in
e
as

ad
di
tiv
e

p−
i−
n

0.
96

20
.5
8

0.
79

15
.5
0

T
59

=
7
d

31
3

M
A
Pb

I 3
(1
10
)

A
V
A
I
as

ad
di
tiv
e

n−
i−
p

1.
03

18
.8
4

0.
76

14
.6

T
10
0
=
10

00
0
h

30
5

M
A
Pb

I 3
(1
00
)

te
tr
ah
yd
ro
th
io
ph
en
e
ox
id
e
as

ad
di
tiv
e

p−
i−
n

0.
8

21
.0

0.
76

12
.6

31
2

M
A
Pb

I 3
(1
00
)

pr
ec
ur
so
r
co
nc
en
tr
at
io
n,

sp
in
ni
ng

sp
ee
d,

ad
di
tiv
e
M
A
C
l

n−
i−
p

1
20
.2
2

0.
77

15
.7
6

28
9

M
A
Pb

I x
C
l 3-

x
(1
00
)

po
ly
(e
th
yl
en
e
gl
yc
ol
)
(P
EG

-N
H

2)
as

ad
di
tiv
e

p−
i−
n

0.
95

21
.5
9

0.
76

15
.6

T
0
≈

15
0
h

31
5

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00181
Chem. Rev. XXXX, XXX, XXX−XXX

AN

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


T
ab
le

4.
co
nt
in
ue
d

m
at
er
ia
ls

gr
ow

th
st
ra
te
gy

de
vi
ce

st
ru
ct
ur
e

V
oc
(V

)
J sc
(m

A
cm

2 )
FF

PC
E
(%

)
st
ab
ili
ty

re
f

A
dd
iti
ve

Se
le
ct
io
n
St
ra
te
gi
es

M
A
Pb

B
r 3
(0
01
)

m
on
ov
al
en
t
si
lv
er

ca
tio

n
ad
di
tiv
e

n−
i−
p
(1
%

A
g)

∼
1

∼
3.
5

∼
0.
7

∼
2.
5

30
8

M
A
Pb

B
r 3
(0
01
)

Pb
(A

c)
2
as

pr
ec
ur
so
r,
N

2
en
vi
ro
nm

en
t

n−
i−
p

1.
38

6.
60

0.
67

6.
08

28
4

M
A
Sn
I 3
(1
00
)

et
hy
la
m
m
on
iu
m

ca
tio

n
as

ad
di
tiv
e

p−
i−
n
(2
D
/3
D
)

0.
64

20
.3
2

0.
71

9.
24

T
95

=
30

d
31
0

FA
Sn
I 3
(1
00
)

2,
3-
di
am

in
op
ro
pi
on
ic
ac
id

m
on
oh
yd
ro
ch
lo
ri
de

as
ad
di
tiv
e

p−
i−
n

0.
52

21
.2
2

0.
64

7.
04

T
60

=
20

d
30
3

FA
Sn
I 3
(1
00
)

PE
A
Sn
I
2D

pe
ro
vs
ki
te

as
ad
di
tiv
e
(v
er
y
sm

al
l

am
ou
nt
)

p−
i−
n

0.
53

24
.1

0.
71

9
T
10
0
>
2
h

30
4

FA
Sn
I 3
(1
00
)

PE
A
C
la
s
ad
di
tiv
e

p−
i−
n

0.
59

22
.0
6

0.
69

9.
1

T
10
0
=
15
00

h
(d
ar
k)

32
4

FA
Pb

I 3
(1
10
)

m
et
hy
la
m
m
on
iu
m

ch
lo
ri
de

as
ad
di
tiv
e

p−
i−
n

1.
1

23
.0
9

0.
81

20
.6
5

T
80

>
50
0
h

32
5

α
-C
sP
bI

3(
10
0)

D
M
SO

as
ad
di
tiv
e

n−
i−
p

1.
05

17
.6

0.
72

13
.4

31
4

C
sP
bI

2B
r
(1
00
)

w
at
er

as
ad
di
tiv
e

n−
i−
p

1.
33

15
.9
8

0.
78

16
.4
7

T
93

=
50
0
h

31
9

FA
1−

xM
A
xP
bI

2.
87
B
r 0
.1
3
(0
01
)

pr
ec
ur
so
r
co
m
po
si
tio

n
tu
ni
ng

n−
i−
p

1.
1

24
.0
3

0.
80

21
.2
1

28
7

FA
0.
83
C
s 0
.1
7P
bI

xB
r 3
−
x
(0
01
)

n-
bu
ty
la
m
m
on
iu
m

ca
tio

ns
as

ad
di
tiv
e

n−
i−
p

1.
09

22
.1

0.
75

17
.5

T
80

=
40
00

h;
10
00

h
(i
n
ai
r)

30
9

C
sF
A
M
A
m
ix
ed

pe
ro
vs
ki
te

(1
00
)

al
ky
la
m
in
e
lig
an
ds

as
ad
di
tiv
e
(s
m
al
l
am

ou
nt
)

p−
i−
n

1.
17

24
.1

0.
82

23
.0

T
10
0
=
10
00

h
(A

M
1.
5)

30
6

FA
M
A
m
ix
ed

pe
ro
vs
ki
te

(1
00
)

ca
tio

n
ca
sc
ad
e
do
pi
ng

at
A
-s
ite

us
in
g
C
s

n−
i−
p

∼
1.
1

∼
23

0.
75

20
.9
9

30
7

M
A
Pb

I 3
(1
10
)

PU
A
st
am

p
te
m
pl
at
e

p−
i−
n

0.
94

20
.4
9

0.
81

15
.6
1

32
1

FA
M
A
m
ix
ed
-h
al
id
e
pe
ro
vs
ki
te

(1
11
)

PM
M
A
as

te
m
pl
at
e

n−
i−
p

1.
14

23
.7

0.
78

21
.6

T
97

=
60

d
(u
ns
ea
le
d,

am
bi
en
t,
da
rk
)

M
A
Pb

I 3
(1
10
)

so
lu
tio

n-
ph
as
e
ep
ita
xi
al
on

M
oS

2
p−

i−
n

1.
13

22
.6
6

0.
80

20
.5
5

T
80

=
80
0
h

32
0

a
“T
80

=
x
h/
d”

m
ea
ns

th
at
th
e
so
la
r
ce
ll
re
ta
in
s
80
%
effi

ci
en
cy

af
te
r
x
ho
ur
s/
da
ys

un
de
r
di
ff
er
en
t
lif
et
im
e
te
st
co
nd
iti
on
s.
“H

25
”
m
ea
ns

a
re
la
tiv
e
hu
m
id
ity

of
25
%
.M

A
A
c:
m
et
hy
la
m
m
on
iu
m

ac
et
at
e.

A
V
A
I:
am

in
ov
al
er
ic
ac
id

io
di
de
.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00181
Chem. Rev. XXXX, XXX, XXX−XXX

AO

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperature-gradient crystallization.252,254 The hexagonal-
phase MA3Bi2I9 single crystals exhibited a well-oriented single-
crystalline nature with a preferential [001] orientation (Figure
32k,l). Unlike the 3D perovskites previously discussed, 0D
MA3Bi2I9 is a layered structure with a dimeric [Bi2I9]

3− layer
separated by a layer of I6 octahedra, as illustrated in Figure
32m.252 In such a structure, charge-carrier transport along the
[010] direction is much more favorable than that along the
[001] direction. Therefore, a coplanar X-ray detector with
respect to the (00l) plane (inset of Figure 32l) was fabricated to
ensure effective carrier transport. This coplanar detector showed
a very fast response with a response time of 226 μs due to

effective charge transport, whereas a vertically structured device
showed a lower response time of 23.3 ms. However, the
vertically structured detector exhibited a high sensitivity of 1947
μC Gy−1 cm−2 at 60 V mm−1 that is much higher than the
sensitivity of 872 μCGy−1 cm−2 at 2.86 V μm−1 obtained for the
coplanar device. The high sensitivity was due to the high-μτ
product of the material and possibly the high internal
photoconductive gain induced by the presence of shallow
defects. The Kanatzidis group prepared Cs3Bi2I9 (CBI) single
crystals via a modified vertical Bridgman method.255 The CBI
crystals showed anisotropic optical and electrical properties
along different crystal orientations. Significant anisotropic

Table 5. Performance of Solar Cells Using 2D/Quasi-2D Halide-Perovskite-Oriented Films

materials growth strategy
device
structure Voc (V)

Jsc
(mA cm2) FF

PCE
(%) stability ref

Annealing Strategies

BA2MA3Pb4I13 hot-casting p−i−n 1.12 17.6 0.70 13.92 T97 = 1000 h (dark) 333

BA2MA3Pb4I13 hot-casting p−i−n 1.01 16.76 0.74 12.53 T60 = 2250 h
(AM 1.5G)

330

BA2MA3Pb4I13 postannealing method p−i−n 1.09 12.54 0.60 8.26 334

BA2MA3Pb4I13 precrystallization annealing p−i−n 1.07 11.3 0.65 7.9 326

Solvent Selection

BA2MA4Pb5I16 mixed solvent (DMSO:DMF) p−i−n 0.99 15.5 0.66 10 better than 3D
(30 d test)

328

BA2MA3Pb4I13 mixed solvent (DMSO:DMF) n−i−p 1.08 19.2 0.58 12.17 338

BA2MA3Pb4I13 solvent selection (GBL) n−i−p ∼1.1 ∼15.1 ∼0.66 11.04 T92 = 1000 h (H < 25) 337

BA2MA3Pb4I13 solvent selection (DMSO, DMAc,
DMF) for rapid crystallization

p−i−n 1.13 14.61 0.74 12.15 T85 > 330 h 339

Additive Selection Strategies

PEA2FAn−1SnnI3n+1 FASCN p−i−n 0.53 21.8 0.665 7.66 T90 = 1000 h 352

BA2MA3Pb4I13 NH4SCN as additive p−i−n 0.98 14.71 0.61 8.79 T100 = 24 d (N2) 350

PEA2MA4Pb5I16 NH4SCN as additive p−i−n 1.10 15.36 0.77 13.01 T50 = 30 d (H25) 348

MA4Pb5I16 NH4SCN as additive p−i−n 1.11 16.07 0.81 14.53 T85 = 900 h (H50) 347

PEA2MAn−1PbnI3n+1 NH4SCN as additive p−i−n 1.11 15.01 0.67 11.01 T78 = 160 h (H55) 349

AVA2FAn−1SnnI3n+1 NH4Cl as additive p−i−n 0.61 21 0.68 8.71 T100 = 400 h (N2) 345

PEA2MA4Pb5I16 NH4SCN and NH4Cl as additive p−i−n 1.21 15.2 0.70 12.9 T90 = 45 d (H30) 351

PEA2MAn−1PbnI3n+1 KI+DMSO as additive p−i−n 1.19 16 0.69 13.4 T90 = 300 h (H50) 357

BA2MA3Pb4I13 water as additive p−i−n 1.06 15.8 0.73 12.15 T86 = 720 h 356

BA2MA3Pb4I13 Cs doping as additive n−i−p 1.08 19.96 0.63 13.7 T90 = 1400 h (H30) 355

(BA,GA)2MA2Pb3I10 guanidinium as additive n−i−p 1.25 16.2 0.71 14.47 354

(PEA0.5(F5-PEA)0.5)2PbI4 perfluorophenethylammonium (F5-
PEA) additive

p−i−n 1.156 14.55 0.6 10.24 T92 = 30 d 361

(ThMA)2(FA)n−1PbnI3n+1 4-(trifluoromethyl)
benzylammonium iodide as
additive

p−i−n 1.075 23.39 0.76 19.06 T66 = 552 h (H30) 344

BA2MAn−1SnnI3n+1 triethylphosphine as additive n−i−p 0.23 24.1 0.46 2.53 T93 = 30 d 340

ThMA2MAn−1PbnI3n+1 2-thiophenemethylammonium
(ThMA+) as a spacer cation

p−i−n 1.07 18.89 0.76 15.42 T90 = 1000 h 343

ThDMAMAn−1PbnI3n+1 2,5-thiophenedimethylammonium
(ThDMA) as organic spacer

p−i−n 1.07 19.55 0.75 15.75 T95 = 1655 h (N2) 327

DMAPA2MA3Pb4I13 asymmetric alkyl diammonium 3-
(dimethylammonium)-1-
propylammonium (DMAPA) as a
spacer cation

n−i−p 1.05 21.78 0.64 14.68 T90 = 1000 h 365

(PEA0.8BA0.2)2MA3Pb4I13 binary spacer p−i−n 1.21 18.5 0.688 15.7 T88 = 30 d 359

2D perovskite n = 4 organic spacer selection (mF1PEA,
pF1PEA)

p−i−n 1.03 (using pF1PEA) 16.37 0.63 10.55 T10 = 30 d (H45) 360

(ALA)2(FA)n−1SnnX3n+1 allylammonium (ALA) cation as
additive

p−i−n 0.61 24.7 0.63 9.48 T92 > 2400 h 346

PEA2FAn−1SnnI3n+1 PEA as organic spacer p−i−n 0.59 14.44 0.69 5.94 T96 = 100 h 363

BA2MAn−1PbnI3n+1 second spacer cation-assisted p−i−n 1.1 16.74 0.77 14.09 T90 = 1000 h (H25) 353

(4AMP)(MA)n−1PbnI3n+1,
(3AMP)(MA)n−1PbnI3n+1

using different organic spacer p−i−n 1.06 10.17 0.68 7.32 364

(HA)Pb1−xSnxI4 and
(BZA)2Pb1−xSnxI4

organic spacers (HA and BZA) p−i−n 0.91 (for HA based) 2.65 0.47 1.13 367

BDAMA4Pb5I16 BDA as organic spacer p−i−n 1.04 20.01 0.79 16.38 366

(iso-BA)2MA3Pb4I13 iso-BA as organic spacer n−i−p 1.2 16.54 0.54 10.63 358
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mobilities were observed in CBI(001) and CBI(100) crystals,
correlating with the variable density of [Bi2I9]

3− units along
these crystallographic directions. A 2 mm CBI(116) planar
detector showed a high X-ray sensitivity of 111.9 μC Gy−1 cm−2

at 90 V.
5.3.2. Halide Perovskite Single Crystals as Scintilla-

tors. In addition to direct detectors, halide perovskites can also
be used as scintillators that are further integrated with
photodetectors for indirect X- and γ-ray detection. Scintillators
emit UV−vis light upon the absorption of high-energy radiation.
Then, the UV−vis light signals are captured and converted into
electrical signals by a photodetector. A typical perovskite
scintillator−photodetector system and an X-ray image captured
by the system are shown in Figure 33a−c. Xie et al. used large
oriented single-crystal lithium-doped 2D (PEA)2PbBr4 flakes as
scintillators that demonstrated fast decay with a decay time of 11
ns, a scintillation yield of 11 000 photons per MeV under 662
keV γ-ray radiation, and a photopeak with an energy resolution
of 12.4%.256 The 2D (PEA)2PbBr4 flakes were obtained by
evaporating DMSO from a 3 M precursor solution (containing
PEABr, PbBr2, w/o LiBr) in an ambient environment for a few
weeks. This solution evaporation method produced
(PEA)2PbBr4 flakes with a [001] orientation regardless of the
Li dopant content, as indicated by the XRD pattern (Figure
33d). Under X-ray radiation, the 2D flakes emit blue light at a
wavelength of ∼436 nm (Figure 33e).
Copper halide Rb2CuBr3 and K2CuBr3 crystals with 1D

structure can also be used as scintillators, as reported by the

Tang group. These 1D crystals are prepared by a long-term
controllable crystallization process. For example, Rb2CuBr3
crystals possess a 1D ribbon-like morphology with a preferential
orientation along the (402) plane (Figure 33f,g).257 As
scintillators, such oriented Rb2CuBr3 1D ribbons show excep-
tionally high light yields upon X-ray irradiation of ∼91 056
photons/MeV (Figure 33h). The structure and morphology of
K2CuBr3 crystals are similar to those of the Rb2CuBr3 crystals,
and these crystals exhibited a light yield of 23 806 photons per
MeV with a decent detection limit of 132.8 nGy s−1 (Figure
33i).258

5.4. Oriented Halide Perovskite Nanostructures and Films
for Solar Cells

The microstructures of 3D and 2D/quasi-2D perovskites play a
vital role in promoting the efficiency and stability of solar cell
devices.263,264 In particular, films with a preferred orientation
show properties superior to those of the disoriented films, such
as directional charge-carrier transport, high carrier diffusion
lengths, and high carrier mobility. These superior properties
significantly contribute to the high performance of photovoltaic
cells. SCTFs are excellent candidates for achieving high-
performance solar cells.265−269 The methods for growing
SCTFs include solution-phase confined methods and solu-
tion-/vapor-phase epitaxial methods, as discussed in Section
5.2.3. However, polycrystalline thin films (in contrast with
single-crystal films) are more often used for solar cell
applications, largely due to the high tolerance of halide

Figure 34.Annealing strategies for growing oriented 3D perovskite films. (a) Charge-transport model of disoriented and oriented devices. Reproduced
with permission.270 Copyright 2015, Royal Society of Chemistry. (b) Illustration of the deposition process of CsPbI3−xBrx thin films using a three-step
annealing process. (c) 50 °C in step I with grazing incidence angle (top). Schemes illustrate the two dominant texture orientations relative to the
substrate, with lattice planes labeled (bottom). (d) J−V curve of champion solar cells fabricated with a composition of CsPbI1.8Br1.2 (top). Shelf-life
time measurement of solar cells stored under nitrogen and in the dark (bottom). Reproduced with permission.271 Copyright 2020, Wiley-VCH. (e)
Temperature measured in the chamber and on the FTO surface with thermocouples and surface temperature of the perovskite film measured by an IR
camera. Reproduced with permission.273 Copyright 2018, Wiley-VCH. (f) Polarized microscopy image of the final FIRA film. Reproduced with
permission.274 Copyright 2019, American Chemical Society. (g) J−V scans collected at 10 mV s−1 of two champion devices under AM 1.5 irradiation.
Reproduced with permission.273 Copyright 2018, Wiley-VCH. (h) Top-view image of the MA-containing Cs-FA hybrid perovskite film FIRA-
irradiated for 2 s. Reproduced with permission.275 Copyright 2018, Wiley-VCH.
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perovskites to grain boundaries and defects and the ease of the
solution-phase process. To grow oriented films, researchers have
dedicated an intense effort to the control of the formation
energy, surface energy, and growth kinetics (such as the
nucleation and crystallization speeds) by modifying the growth
parameters (such as the temperature, solvents, additives, and
atmosphere) of the solution-processed methods and by
developing new methods (such as hot-casting and vapor-phase
epitaxial growth). Herein, following the logical order of growth
methods, we provide a comprehensive review of the controllable
growth of oriented 3D and 2D/quasi-2D perovskite polycrystal-
line films for solar cell applications using selected examples, with
the performances of the cells summarized in Tables 4 and 5.
Modification strategies and growth techniques, together with
the high performance of the solar cells based on oriented thin
films, are highlighted and discussed thoroughly in this section.
5.4.1. 3D Halide-Perovskite-Oriented Nanostructures

and Films for Solar Cells. Annealing Strategies. Annealing is
an essential step in the growth of halide perovskite thin films
from solution-phase precursors. Therefore, various strategies
have been developed to modify the annealing step, including
changing the annealing temperature or annealing procedure in
spin-coating or blade-coating processes. Single-step spin- or
blade-coating methods are widely used for the growth of
perovskite films. Various annealing procedures have been
exploited in the single-step coating process for the fabrication
of perovskite-oriented films. Huang et al. developed a time−
temperature-dependent annealing procedure to grow highly

oriented MAPbI3−xClx films by single-step spin-coating. The
basic idea of the time−temperature-dependent method is to
control the temperature and time to maintain a slow and mild
annealing process to grow perovskite crystals with few grain
boundaries, microvoids, and pinholes and little internal stress. A
film annealed at 95 °C for 40 min had the most uniform
orientation, with only the (hl0) lattice plane reflections observed
by XRD. Perovskite solar cells in a planar heterojunction
structure using this oriented film achieved an average efficiency
of 12% and a maximum efficiency of 15.17%.270 This efficiency
was much higher than that of the reference samples with
disoriented crystalline grains, mostly due to the efficient charge
transport in the oriented film (Figure 34a). Wang et al. found
that the first annealing step played a critical role in determining
the texture and phase of a CsPbIxBr3−x film (Figure 34b).271 A
temperature of 50 °C was revealed to be optimal for achieving a
uniform CsPbI1.8Br1.2 film with a photoactive orthorhombic
perovskite phase and a [110] orientation (Figure 34c). By
contrast, the application of a low temperature (42 °C) in the first
annealing step gave rise to nonperovskite phase impurities, while
the application of a high temperature (60 °C) resulted in
multiple crystallographic orientations. The solar cells fabricated
using the oriented film achieved a high PCE of up to 14.6% and a
long operational lifetime of 300 h before the cell degraded to
80% of its performance (Figure 34d).
The two-step conversion process is less frequently adopted

than one-step coating methods because of incomplete
conversion and complicated procedures. Specifically, in the

Figure 35.Gas atmosphere control. (a) Schematic illustration of the solvent spin-coating process. (b) Normalized intensity X-ray diffraction pattern of
perovskites fabricated in N2, DCB, and DMSO. (c) Photocurrent versus voltage curves for solar cells fabricated under an atmosphere of N2 and DCB
and DMSO vapor. Reproduced with permission.277 Copyright 2015, Royal Society of Chemistry. (d) Schematic of the gas-assisted spin-coating
method progressing from left to right. Reproduced with permission.279 Copyright 2014, Elsevier. (e) Schematic of the mechanisms involved in the
growth of MAPbI3 films. (f) XRD patterns of the raw MAPbI3 perovskite film, MAPbI3·xCH3NH2 intermediate film, and healed MAPbI3 perovskite
film. (g) AFM images of the top surface of the MAPbI3 perovskite thin film. (h) J−V characteristics of the perovskite solar cells using raw and healed
MAPbI3 perovskite films. Reproduced with permission.281 Copyright 2015,Wiley-VCH. (i) XRD spectra of pristine andMA gas-treatedMAPbI3 films.
The inset shows the isolated pristine MAPbI3 film spectrum as a reference. Reproduced with permission.282 Copyright 2016, Royal Society of
Chemistry.
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two-step process, a layer of PbI2 is first deposited via spin-
coating and then is converted to the perovskite phase in the
second step via immersion in an MAI solution. Tuning of the
temperature of the conversion step plays an important role in
controlling the orientation of the films obtained by the two-step
conversion process, as reported by Docampo et al. in 2014.272 In
their study, MAPbI3 crystals were preferentially oriented along
the long axis (i.e., [hl0] orientation) parallel to the substrate by
increasing the conversion step temperature from room temper-
ature to 60 °C in the two-step deposition/conversion process of
perovskite film synthesis.
In addition to the control of the temperature, the control of

the annealing process is important. Sanchez et al. developed a
unique flash infrared annealing (FIRA) technique for the growth
of halide perovskite films with high crystal quality.273 The FIRA
technique provides a short pulse of IR irradiation that can
increase the temperature of the substrate and perovskite solution
precursors within a short period (substrate reaches 480 °C in 2
s), as shown in Figure 34e. Such a fast heating treatment allows
for rapid film formation and perovskite film crystallization with a
horizontal orientation (along the [100] and [112] directions)

parallel to the substrate, as indicated by the polarized
microscopy image of the final FIRA film (Figure 34f).274 The
solar cell performance characteristics achieved using these films
were even better than those achieved with films prepared by
conventional antisolvent methods (Figure 34g). Notably, FIRA
is universal in that it can be applied to grow MAPbI3,

273

CsPbIxBr3−x,
275 and FACsGA (formamidinium (FA) lead

iodide with the addition of small amounts of cesium (Cs) and
guanidinium (GA))276 high-quality mixed perovskite films
(Figure 34h).

Gas Atmosphere Control. Modification of the gas atmos-
phere during or after annealing is also an effective approach for
controlling the crystallization kinetics of perovskite films. Lian et
al. found that the introduction of an organic solvent (1,2-
dichlorobenzene (DCB), DMSO) vapor atmosphere during
spin-coating and annealing of a perovskite film (Figure 35a)
induced orientation and enlarged the grain size of the film.277

The as-formed MAPbI3 film was preferentially oriented parallel
to the substrate, with the (hk0) planes exhibiting the strongest
XRD intensity (Figure 35b). Solar cells fabricated using the
oriented film exhibited a Voc that was 50 mV higher than that of

Figure 36. Precursor and solvent selection strategies for growing oriented 3D perovskite films. (a) Comparison of the crystal orientation of the
perovskite films prepared via CSD or via the Vienna Ab initio Simulation Package (VASP). (b) 2DGIWAXS patterns of the sample produced via CSD.
Reproduced with permission.284 Copyright 2016, American Chemical Society. (c) GIWAXS intensity of (001) and GIWAXS intensity ratio of (111)/
(001). (d) PCE at different MA ratios. Reproduced with permission.287 Copyright 2019, Wiley-VCH. (e) Schematic illustrating the advantages of the
growth of a MAPbBr3 layer in a TiO2 mesoporous scaffold by the amorphous precursor route. The right-hand side shows a schematic illustrating the
crystal orientations. Reproduced with permission.290 Copyright 2016, Royal Society of Chemistry. (f) Schematic illustration of the fast deposition−
crystallization (FDC) process and conventional spin-coating process for fabricating perovskite films. Reproduced with permission.291 Copyright 2014,
Wiley-VCH. (g) Diagram of the CB and EA solvents used for perovskite solar cell fabrication. (h) Schematic illustration of the effect of continuous gas
blowing during spin-coating and the H2O/CB posttreatment. Reproduced with permission.292 Copyright 2018, American Chemical Society.
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the cells fabricated using disoriented films and a slightly higher
FF (Figure 35c). Inert N2 or Ar gas flow has also been reported
to be helpful in controlling crystal growth when applied to films
during annealing.278 One example was demonstrated by Huang
et al. with a planar perovskite solar cell using an oriented
MAPbI3 film prepared by an Ar gas-flow-assisted method. The
procedure is illustrated in Figure 35d. The cell produced an
enhanced PCE of 15.7%.279 The inert gas flow was able to
promote rapid supersaturation and precipitation, changing the
nucleation kinetics to produce uniform thin films consisting of
densely packed single-crystalline grains.280 Zhou et al. first
discovered that a methylamine atmosphere can induce the
phase/morphology transformation of a MAPbI3 polycrystalline
film to recrystallize into a highly oriented film.281 As illustrated
in Figure 35e, a low-quality MAPbI3 thin film was exposed to
MA gas to convert it to a MAPbI3·xCH3NH2 liquid film. The
liquid film then spread through the substrate due to surface
tension and released the MA gas to form a recrystallized film.
The XRD pattern (Figure 35f) shows that the recrystallized film
was phase-pure with a [110] orientation, and the atomic force
microscopy (AFM) topographical image (Figure 35g) shows
that the film was dense and smooth. The perovskite solar cell
formed using the MA gas-treated film showed an increase in all
of the performance parameters, with the PCE increasing strongly
from 5.7 to 15.1% (Figure 35h). In a later study, Jacobs et al.
treated a film with a constant MA gas atmosphere under a series
of different annealing temperatures.282 The MAPbI3·xCH3NH2
liquid film began to recrystallize above 55 °C by releasing MA
gas to form a highly oriented thin film (Figure 35i). The oriented
thin film benefited from the MA gas strategy and was useful not
only for the fabrication of high-performance PV cells but also for
the fabrication of other optoelectronics devices. For a
comprehensive perspective on the method, mechanism, and
applications of this strategy, the readers are referred to the
review by Zhou et al.283

Precursor Selection. The use of different halide perovskite
precursors can lead to different growth kinetics of perovskite
films. By using Pb(Ac)2 (instead of PbI2) and MABr as the
solution precursors, Giesbrecht et al. developed an interesting,
controlled solvent drying (CSD) method, where the precursors
are spin-coated and annealed while protected by nitrogen and a
glass cover. The perovskite structure is formed by the reaction of
Pb(Ac)2 and MABr, whereas MAAc, methylamine, and acetic
acid are formed by the reaction of the excess organic
components. Because the organic compounds formed during
the reaction are liquid, the films were kept wet during the spin-
coating process. As a consequence, the perovskite precursors are
mobile to a certain degree, thus enabling the extensive and
highly oriented crystal growth of the films with the (001) planes
being parallel to the glass substrate (Figure 36a). The films
fabricated via the CSD process show highly intense Bragg peaks
with no diffraction rings, as indicated in the grazing-incidence
wide-angle X-ray scattering (GIWAXS) image (Figure 36b).284

Inspired by the interesting effect of the MA gas on the
recrystallization of the films, metastable liquid-state MAPbI3·
MACl·xCH3NH2 was directly used by Ji et al. as a precursor to
form thin films with reduced grain boundaries and enhanced
orientation.285 The resulting highly [hl0]-oriented thin film with
controllable thickness was found to be an excellent light
absorber for solar cells. Bae et al. found that the orientation of
MAPbI3 films could be controlled by changing the organic
precursors (MAI or MACl).286 MAI films were oriented such
that the (112) and (200) planes were parallel to the substrate,

and MACl films were oriented along the [002] and [110]
directions with respect to the substrate. It was revealed that the
crystal orientation was closely related to the performance of the
planar heterojunction solar cells due to the anisotropic charge
transfer in the perovskite crystals. The changes in the FA/MA
ratio in the precursors also led to a variation in the preferential
orientation of the mixed-cation perovskite film and thus the
performance of the corresponding PV cells, as reported by Xu et
al.287 DFT calculations revealed that the FA/MA ratio affects the
surface energy of the mixed perovskites; therefore, a certain ratio
(MA = 0.43) thermodynamically favored the crystal orientation.
Increasing theMA ratio in the precursors will induce preferential
growth along the (001) and (002) crystallographic planes for the
mixed FA1−xMAxPbI2.87Br0.13 perovskite, as indicated by the
GIWAXS intensity ratio (Figure 36c). Because of the preferred
crystal orientation, charge transport across the perovskite bulk
layer and charge collection at the perovskite/charge selective
layer are both enhanced and together lead to enhanced PV cell
performance. At an MA ratio of 0.43, the resulting film was
highly oriented in the [001] direction and contributed to a PV
cell reaching a maximum efficiency of 21.21% (Figure 36d).
The concentration of the precursors also matters. Wieghold et

al. found that the grain size of polycrystalline thin films becomes
larger and more oriented along the [100] direction with
increasing precursor concentration, whereas films with small
grains tend to be randomly oriented.288 Chen et al. investigated
the effects of the interplay between the precursor concentration,
spinning speed, and MACl additive on the quality of perovskite
films.289 The films were still oriented in the [00l] direction, but
high precursor concentrations and high spinning speeds slowed
down the crystal growth along the [00l] direction due to the low
MAPbI3(Cl) formation rate and high MACl elimination rate.

Solvent Selection for 3D Perovskite Films. In solution-phase
growth, the solvents that dissolve the precursors and evaporate
during the growth process play a key role in controlling the
growth kinetics. Chen et al. reported that the addition of
nonpolar cyclohexane into a MABr IPA solution separated the
nucleation and growth processes ofMAPbBr3 crystals, leading to
preferential [001] growth.290 As illustrated in Figure 36e,
cyclohexane was added to a MABr IPA solution to tune the
molecular exchange process between DMF and MABr in the
growth process. As a result, an oriented MAPbBr3 film-based
solar cell demonstrated enhanced performance relative to the
devices formed with disoriented films, with an efficiency
reaching 8.09%. Liang et al. found that the addition of IPA
can promote the precipitation and crystallization of lead halide
because lead halide has a sufficiently low solubility in IPA for the
growth of a well-oriented PbI2 film.293 However, IPA has a high
solubility for MAI, promoting the diffusion of MA+ and I in PbI2
films to form uniform [100]-oriented cubic-phase MAPbI3 films
and leading to a 37% enhancement in the PV efficiency relative
to the disoriented films.
Antisolvent treatment induces the fast nucleation of perov-

skites due to the low solubility of antisolvents with perovskite
precursors, and thus this approach can also trigger the formation
of oriented films. An antisolvent for perovskites is usually a
nonpolar solvent that is miscible with the main solvent but has
low solubility with perovskites. Xiao et al. were the first to apply
CB as an antisolvent onto a DMF-processed MAPbI3 film to
induce fast crystallization prior to annealing.291 The growth
process is illustrated in Figure 36f. It was found that CB induced
the supersaturation of MAPbI3 on the surface of the wet film,
thus promoting the formation of large crystallites and reducing
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the grain boundaries on the surface and leading to improved PV
cell performance. Later, Bu et al. found that the use of EA as an
antisolvent enabled the fabrication of more highly [101]-
oriented films with larger grains than those observed in the CB-
treated films.294 Figure 36g presents an illustration of the film
growth process and the cross-sections of the obtained device.
This EA-treated PV device exhibited a PCE of 19.43% that is
higher than the PCE of 18.67% obtained using CB-treated films.
By combining the use of CB (containing a small amount of
water) as an antisolvent and gas blowing, Chiang et al. formed
MAPbI3 films with highly (110)-oriented multicrystalline
nanograins.292 Figure 36h illustrates the effects of the combined
treatment on the crystal orientation of the films. Inverted (p−i−
n) PV cells based on these highly ordered, large-grain MAPbI3
films achieve the highest efficiency of 21%, with a high FF of
86%. The effects of the incorporation of a series of antisolvents
on the perovskite film growth process were further compared
and investigated by Li et al.295 They tested the effects of
dichloromethane (DCM), TL, and diethyl ether (DE) on the
growth ofMAPbI3 films and found that DE promotes the growth
of [110]-oriented films by inducing a high content of
intermediate phase and thus yields the best solar cell
performance.

Mixed antisolvents are also helpful for the growth of oriented
films for solar cells. Yu et al. developed an ethyl ether/n-hexane
mixed antisolvent to produce oriented films with ultrasmooth
surfaces by slowing the formation process of perovskites.296 n-
Hexane in the mixed antisolvent was found to be responsible for
the [110] orientation of the films, whereas ethyl ether
accelerated the transformation of the intermediate but gave
rise to disordered crystal growth. Gedamu et al. found that
mixed solvents with a certain ethanol/CB ratio promote the
growth of crystallites oriented along the (110) plane.297 It was
proposed that the mixed solvents induced a precrystallization
step during film formation, leading to oriented growth.

Additive Strategies for 3D Perovskite Films. The discovery
of novel and effective additives for regulating the growth of
halide perovskite films has been a research hotspot since the
beginning of perovskite research.298 Myriad additives ranging
from perovskite precursors and organic ligands to polymers,
metal ions, and compounds have been found to affect the film
growth behavior, in particular, the orientation of perovskite films
used in photovoltaic applications.
Perovskite-forming precursors have been the most widely

adopted additives due to their compatibility with the parent
perovskite lattice and the ability to tune the growth kinetics of

Figure 37. Additive strategy for oriented 3D perovskite films. (a) Structural evolution during the MACl treatment and the mixed-halide process
observed by in situ grazing incidence X-ray scattering (GIXS). Reproduced with permission.300 Copyright 2017, Royal Society of Chemistry. (b) 2D/
3D mixture with the unit cells of each component outlined in red. (c) GIWAXS images of samples annealed at 65 °C recorded at an incident angle of
0.25 for the 2D/3D mixture. (d) J−V curves under 1 sun AM 1.5G conditions for the champion devices containing pure 3D and 2D/3D perovskites.
(The inset image shows the device structure.) Reproduced with permission.304 Copyright 2018, American Chemical Society. (e) Local density of states
of the 3D/2D interface and the interface structure with the 2D phase contacting the TiO2 surface. (f) Typical module stability test under 1 sun AM
1.5G conditions at a stabilized temperature of 55 °C and under short-circuit conditions. Reproduced with permission.305 Copyright 2017, Nature
Publishing Group. (g) Influence of short-chain alkylamine ligands (AALs) and long-chain AALs on the crystallization of mixed-halide perovskite films.
Reproduced with permission.306 Copyright 2020, Nature Publishing Group. (h) Intensity plots integrated azimuthally along the ring at qr ≈ 0.16 Å−1.
(i) Evolution of the GIWAXS patterns with cation cascade doping. Reproduced with permission.307 Copyright 2018, Nature Publishing Group. (j)
Illustration of the mechanism of the Ag+ cation surface-doping-induced crystallographic orientation of MAPbBr3 films. Reproduced with
permission.308 Copyright 2019, American Chemical Society.
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films. Liu et al. added MAAc as an additive in the synthesis of
MAPbI3 films and revealed that MAAc can retard disordered
crystallization by forming PbI2·MAAc intermediate compounds
with PbI2 oriented along the (101) plane.

299 This oriented PbI2
led to the preferential orientation of converted MAPbI3 films.
The PCE of a solar cell based on the oriented films reached as
high as 18.91% at an MAAc content of 11%. Chen et al. found
that MACl can induce the formation of tetragonal [100]-
oriented MAPbI3 films from randomly oriented films, as
demonstrated in Figure 37a.300 The average efficiency of the
PV cells increased from 11 to 15% with MACl treatment. The
role of chloride as a halide element during crystal evolution was
revealed by Williams et al. Specifically, the presence of chloride
induces a topotactic template self-assembly-driven phase
transformation.301 Oesinghaus et al. also studied the effect of
chloride on the morphology of MAPbI3 films during solution
conversion.302 The presence of chloride in the conversion
solution led to a strong increase in the [002]/[110] preferential
orientation, possibly indicating that chloride contributes to a
dissolution−recrystallization-type conversion mechanism ac-
cording to the authors’ hypothesis. In addition to the
aforementioned 90° vertical orientation, some organic cations
can even lead to a 45° film orientation. For example, Gu et al.
found that doping 2,3-diaminopropionic acid monohydro-
chloride (2,3-DAPAC) into FASnI3 can tune the perovskite
crystal orientation toward 45° with respect to the substrate.303

The resulting 2,3-DAPAC-treated FASnI3 films were fabricated
into solar cells with a champion PCE of 7.23%.
A small amount of 2D layered tin perovskite was found to be

able to induce superior crystallinity and well-defined orientation
of 3D FASnI3 grains.

304 As shown in Figure 37b,c, the GIWAXS
pattern of the film displays Bragg spots located around the same
rings, indicating a strongly textured film morphology with
preferential orientations. The PV cells based on the oriented film
exhibited significant enhancement of all of the parameters,
including Voc, Jsc, FF, and PCE (Figure 37d). In addition, 2D
perovskite-forming ligands enabled oriented growth. Grancini et
al. discovered that the addition of the protonated salt
aminovaleric acid iodide (HOOC(CH2)4NH3I, AVAI), which
can form 2D (HOOC(CH2)4NH3)2PbI4 perovskite, to the
solution precursors of MAPbI3 induced the formation of thin
films with a preferred orientation along the [hk0] direction.305 It
was proposed that the films consisted of a 2D/3D HOOC-
(CH2)4NH3)2PbI4/MAPbI3 perovskite junction in which a thin
layer of 2D perovskite formed an oriented interface with the 3D
perovskite, as illustrated in Figure 37e. The resulting PV cells
were ultrastable such that 10 × 10 cm2 solar modules could
deliver 11.2% efficiency for more than 10 000 h with no loss in
performance measured under standard controlled conditions
(Figure 37f). A 2D−3D heterostructured perovskite film was
fabricated by Wang et al. by introducing n-butylamine cations
into themixed-cation leadmixed-halide FA0.83Cs0.17Pb(IyBr1−y)3
3D perovskites. 2D perovskite platelets interspersed between
highly oriented 3D perovskite grains were formed in the film,
enhancing the electronic properties and the stability of the
perovskite film. PV cells with an optimal butylammonium
content (a very small amount) exhibited the perovskite band gap
of 1.61 eV and an average stabilized PCE of 17.5± 1.3%.309 Ji et
al. discovered that the addition of large ethylammonium (EA+)
cations into MASnI3 yields vertically oriented 2D/3D mixed
perovskite films.310 The solar cell formed using the oriented film
exhibited a high PCE of 9.24% because the vertically oriented

structure provided a direct pathway for electron and hole
transport.
In addition to perovskite-forming precursors, other organic

ligands can also play a critical role in controlling the growth of
perovskite films. Long-chain alkylamine ligands (OAm) were
found by the Bakr group to anchor onto the surface of perovskite
crystallites to induce the oriented growth of mixed-halide
perovskite films, as illustrated in Figure 37g.306 The resulting
alkylamine ligand (AAL) surface-modified films exhibited a
prominent [100] orientation, and the best PV cell with OAm
ligands reached a certified stabilized PCE of 22.3%. Another
alkylamine additive, 3-chloropropylamine hydrochloride, was
applied by Muscarella et al. as a film-forming agent to obtain a
highly crystalline-oriented mixed-halide perovskite film along
the [h00] crystallographic direction.311 The resulting film
showed a significant improvement in the PL intensity and
lifetime. Tetrahydrothiophene oxide was selected via a
computational screening strategy developed by Foley et al. for
the discovery of rational additives for MAPbI3 film growth.312

Tetrahydrothiophene oxide was shown to interact strongly with
surface-energy-altering MAPbI3 precursors to enable a high
degree of control over the nucleation density and growth rate.
The as-formedMAPbI3 film was smooth with a strong tetragonal
[100] crystallographic orientation. An electron-rich heterocycle
(phenothiazine (PTZ)) that promoted the PV efficiency of a
MAPbI3-based cell from 14.38 to 15.5% with oriented films was
discovered by Wu et al. It was revealed that PTZ can interact
strongly with Pb2+ ions, which is beneficial for the formation of
preferentially oriented films with improved electronic proper-
ties.313 DMSO can also affect the film formation, as reported by
Ye et al.314 DMSO was found to be predominantly absorbed
onto the (212) facet of yellow δ-CsPbI3 crystals to enable the
formation of an oriented δ-CsPbI3 film, which was then annealed
into an α-CsPbI3-oriented film. A high PCE of 16.0% was
obtained for a solar cell fabricated using the oriented α-CsPbI3
film. Organic polymers have also been used to control the
growth behavior of perovskite thin films. PMMA was used by Bi
et al. to grow perovskite thin films with a dominant (111) lattice
reflection. Most of the grain boundaries in the films were
perpendicular to the substrate.106 A solar cell based on a PMMA-
MAPbI3 perovskite film showed a PCE of 21.6% under standard
AM 1.5G conditions and showed only a 3.3% decay in PCE
when exposed to ambient air for 2 months in the dark. Liang et
al. added α,ω-diamino poly(ethylene glycol) (PEG-NH2) to a
precursor solution to regulate the crystallization rate and
enhance intermolecular interactions, forming uniform and
highly crystalline perovskite films.315 PEG-NH2 formed a new
chelated compound, Pb2+-PEG-NH2, that decreased the crystal
growth rate to achieve slow and oriented growth.
Adding metal ions or inorganic compounds to solution

precursors is also effective for controlling the orientation of
perovskite films. Zheng et al. adopted a cation cascade doping
strategy using alkali elements(Cs, Rb, and K) to manipulate the
crystal facet orientation of perovskite films.307 Alkali elements
were introduced sequentially during film growth and resulted in
substantial crystal facet rotation along the in-plane and out-of-
plane directions. As illustrated in Figure 37h,i, the (001) crystal
plane of MAPbI3 tends to show α-oriented stacking in-plane and
out-of-plane with cation cascade doping. Cs and K doping
resulted in a variety of film orientations. With the optimization
of the oriented crystallization process, charge transport in the
vertical direction of the film was enhanced to achieve high PV
performance. The optimized device achieved a high PCE of
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20.99% (stabilized efficiency of 20.41%). In another study, Niu
et al. achieved an ultrasmooth perovskite film oriented along the
(112)/(200) direction by Cs doping. It was revealed that the
preferentially precipitated, heavily Cs-doped perovskite and the
reduced surface energy of the (112) and (200) planes were
responsible for the orientation.316 In addition to alkali elements,
doping Ag+ cations into MAPbBr3 perovskite also results in
oriented films with a preferred [001] crystallographic
orientation, as illustrated in Figure 37j.308 Notably, this strategy
is general and can be applied for a wide variety of substrates,
ranging from glass to mesoporous TiO2. NH4Cl was also found
to be useful for obtaining (100)-oriented MAPbI3 thin films
used in solar cells.317,318 With NH4Cl added to the precursor
solution, films formed few grain boundaries and obtained a good
surface morphology.317 Surprisingly, using water as an additive
can also induce the formation of oriented perovskites. In a 2020
study by Lin et al., liquid water and DMSO synergistically
assisted the formation of (100)-oriented CsPbI2Br perovskite
films.319 A suitable amount of water favors the formation of a
cubic perovskite phase from DMSO-complexed intermediates
by desorbing the DMSO molecules. Solar cells based on
CsPbI2Br films delivered an optimized PCE of 16.47% with a
high Voc of 1.33 V and decent device stability.
Moving beyond the engineering of the parameters of solution

synthesis or the incorporation of additives, other novel methods
have emerged as effective approaches for controlling the
orientation of perovskite films. Typical examples include
methods using the epitaxial relationships between perovskites
and substrate materials. MoS2 flakes were chosen by Tang et al.
for the solution-phase van derWaals epitaxial growth of MAPbI3

films.320 The lattice parameter of MAPbI3 (008) is identical to
that of MoS2 (110), favoring the epitaxial growth of MAPbI3 on
MoS2. Moreover, the dangling bond-free surface of MoS2 flakes
also favors the van der Waals epitaxial growth of MAPbI3 on
MoS2. Together, these favorable conditions enable the out-of-
plane orientation of perovskite layers along the (110) plane. A
PV cell based on a MoS2/MAPbI3 film exhibited an enhanced
PCE of 20.55% and a significantly improved FF of 80.26% due to
efficient carrier transport in the vertical direction arising from
the strong orientation of the perovskite film. Vapor-phase
epitaxial growth of CsPbBr3 on SrTiO3 also led to the formation
of an oriented perovskite thin film, even though the film was not
used in a vertical solar cell device.117 The application of pressure
during film growth is also useful. Kim et al. reported that partially
dried perovskite intermediate films pressed with hexagonal
nanodot array polyurethane stamps will grow into oriented film
with the formation of large grains.321 PV cell performance has
also been shown to be dramatically improved by a uniaxial
compression-induced orientation in both inverted planar cells
and normal structured cells, leading to a PCE as high as 19.16%.

5.4.2. Oriented Films of 2D/Quasi-2D Perovskites for
Solar Cells. Vertically oriented films provide a direct pathway
for hole and electron transport for efficient vertical structured
devices.326,327 In particular, for 2D/quasi-2D halide perovskites
that have regular layer-by-layer structures, the alignment of
highly ordered inorganic layers perpendicular to the substrate is
vital for achieving high-performance solar cells.323,328,329

Previous reviews have emphasized the importance of orientation
for the performance of devices based on 2D/quasi-2D
perovskite thin films;41,263,264,329 however, reviews that

Figure 38. Hot-casting methods for oriented 2D/quasi-2D perovskite films. (a) Hot-casting scheme for large-area crystal growth. Reproduced with
permission.322 Copyright 2015, AAAS. (b) Grazing incidence X-ray diffraction (GIXRD) spectra for room-temperature cast (black dashed line) and
hot-cast (red line) BA2MA3Pb4I13 films. (c) Precrystallization annealed film with a strong vertical orientation indicated by GIWAXS provides a direct
pathway for electron and hole extraction. (d) Postcrystallization annealed film with partial random orientation. (e) Performance of a solar cell formed
by the precrystallization annealing method (red and black lines) and the postcrystallization annealing method (green and blue lines). Reproduced with
permission.326 Copyright 2018, Nature Publishing Group.
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specifically address how to make such films remain scarce and
highly desirable. This section discusses solar cells based on 2D/
quasi-2D perovskite-oriented films, with an emphasis on the
strategies and approaches used to make oriented films. The
performance characteristics of all cells are summarized in Table
5.
Hot-Casting Method.Hot casting was first adopted by Nie et

al. in 2015 to prepare 3D perovskites322 and to grow 2D/quasi-
2D perovskites for solar cells.330 Figure 38a illustrates the hot-
casting method in which the perovskite precursor is spin-coated
on a preheated substrate rather than on a room-temperature
substrate. The temperature of the preheated substrate is usually
higher than the perovskite crystallization temperature; therefore,
perovskite films form upon spin-coating with excess solvent
evaporation, leading to controllable (in this case, prolonged)
growth of the perovskite crystals and hence large and oriented
crystalline grains. The degree of vertical orientation in an n-
butylammonium-based 2D perovskite thin film (n = 4) was

indeed significantly increased by applying the hot-casting
method, as reported by Tsai et al.330 A 2D perovskite precursor
solution was dropped onto a hot substrate that was then spin-
coated to form a highly vertically oriented thin film at elevated
temperatures, as indicated by the XRD pattern (Figure 38b). By
contrast, a thin film with a random orientation was obtained by
conventional casting, where the film was postannealed after
being spin-coated at room temperature. Benefiting from the
vertical crystal orientation, the perovskite film exhibited an
enhancement of vertically directed carrier mobility from 0.0015
to 0.0110 cm2 V−1 s−1. Furthermore, the PCE of the resulting
device was remarkably increased from 4.44 to 12.51% by using
vertically oriented films. Following these studies, many other
teams have adopted the hot-casting route to obtain vertically
oriented 2D perovskite thin films.331−333

A modified hot-casting method was developed by Chen et al.,
and they named it the precrystallization annealing method.326 In
this process, 2D perovskite precursors were first spin-coated for

Figure 39. Solvent selection for 2D/quasi-2D perovskite films. (a) In situ GIWAXS measurements of reduced-dimensional hybrid perovskite (RDP)
formation under distinct fabrication conditions. (b) J−V characteristics of solar cell devices based on the DMF-25 °C, DMSO:DMF-25 °C, and
DMSO:DMF-90 °C synthesis conditions. Reproduced with permission.338 Copyright 2018, Wiley-VCH. GIWAXS data for hot-cast films from n = 5
material processed (c) from DMF and (d) from an optimized 3:1 DMF:DMSO mixed solvent. Reproduced with permission.328 Copyright 2018,
Wiley-VCH. (e) Degrees of vertical orientation obtained with different solvent removal rates, solvent choices, and organic spacers. Reproduced with
permission.337 Copyright 2019, American Chemical Society. (f) Parallel orientations of 2D BA2MA2Sn3I10 material. (g) Perpendicular orientations of
the 2D BA2MA2Sn3I10 material. (h) Control of n = 3 BA2MA2Sn3I10 perovskite thin-film growth orientation using different solvents, with 100% DMF
solvent yielding perpendicular growth and 4DMSO:1DMF v/v mixed solvent yielding parallel growth, as evidenced by thin-film XRDmeasurements.
Reproduced with permission.340 Copyright 2017, American Chemical Society.
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a short period (20 s) on room-temperature substrates and then
quickly transferred to a hot plate prior to the crystallization of
the precursor. In contrast with the postcrystallization annealing
method in which the spin-coating period is long (60 s) and the
precursors are already crystallized prior to the final annealing
step, the films obtained by the precrystallization method show
higher quality and a stronger vertical orientation. Figure 38c,d
compares the GIWAXS and the resulting charge-transport
behaviors of the two types of films. Because of the efficient
charge transport along the vertical direction, the PV cell based
on the oriented film exhibited much better performance than the
cell based on the disoriented film (Figure 38e). A similar
procedure was also explored by other researchers to improve the
vertical orientation of 2D/quasi-2D perovskites with various
organic spacers to boost the solar cell performance.334

More generally, because 2D/quasi-2D halide perovskites have
various compositions and numbers of layers, changing the
crystallization temperature alone may not be sufficient for
obtaining a high-quality thin film with a vertical orientation.328

In addition, precisely controlling the substrate temperature
during spin-coating is quite difficult in practice, hindering large-
scale fabrication.335 Therefore, other growth conditions that
control the film growth must be explored. As discussed in the
previous section on 3D perovskite growth, solvents are of vital
importance in controlling the growth kinetics in solution-phase
methods.
Solvent Selection for 2D/Quasi-2D Perovskite Films.

Solvent engineering is a facile approach to regulate the crystal
growth orientation of 2D perovskites.336 Different solvents have
different precursor solubilities and evaporation rates that can

directly affect the supersaturation level, thus influencing the
degree of preferential orientation. The use of different solvents
can also affect the crystallization kinetics parameters, such as the
reaction constants, and change the preferential orientation.337

For example, Zhang et al. introduced DMSO into DMF to
obtain a 2D perovskite film oriented perpendicular to the
substrate and investigated the interplay of the effects of DMF
and DMSO with the effect of the annealing temperature on the
film growth (Figure 39a).338 It was found that DMF and DMSO
could both form crystalline solvates at room temperature, as
indicated by in situ GIWAXS (Figure 39a). These solvates
slowed the intercalation of ions and increased the nucleation
barrier, leading to a broad phase distribution and a random
orientation. Interestingly, when the temperature was increased
to 90 °C, a rapid and direct phase transition from the precursor
sol−gel to the perovskite phase without intermediate phases was
achieved. Because of the fast phase transition, the rapidly formed
crystal nucleus served as a template for further growth. These
insights enabled researchers to prepare high-quality reduced-
dimensional perovskite films with a vertical orientation, high
phase purity, and large grains. The resulting vertical devices
exhibited a PCE of up to 12.17% that is much higher than the PV
efficiencies attained using disoriented films (Figure 39b). Soe et
al. used a DMF/DMSO mixed solvent to fabricate n-
butylammonium-iodide-based 2D perovskite thin films (n =
5) that demonstrated a strong vertical orientation and a near-
single-crystalline quality, as shown in the GIWAXS image in
Figure 39c.328 By contrast, thin films fabricated with DMF
exhibited only a random orientation and a polycrystalline
structure (Figure 39d).

Figure 40. Additive strategy for 2D/quasi-2D perovskite films. (a) Illustration of the transition from disorientation to orientation and its effect on PV
performance. Reproduced with permission.343 Copyright 2018, American Chemical Society. (b) The top left panel shows a schematic of the azimuthal
angle evolution of the (101) crystallographic plane. The top right shows the polar intensity profiles along the ring at q = 0.95 to 1.08 Å−1 assigned to the
(101) plane of perovskite films with various SCN− additives. The bottom shows a schematic of the orientation evolution of the (101) crystallographic
plane that occurred with the addition of increasing amounts of NH4SCN. Reproduced with permission.347 Copyright 2020, Wiley-VCH. (c) XRD
patterns of (n-BA)2MA3Pb4I13 and (iso-BA)2MA3Pb4I13 perovskites fabricated at room temperature and by hot casting. (d) Representative current J−
V characteristics of room-temperature (RT)- and hot-casting (HC)-fabricated (n-BA)2MA3Pb4I13- and (iso-BA)2MA3Pb4I13-based solar cells under
100 mW cm−2 light irradiation in a reverse scan. Reproduced with permission.358 Copyright 2017, Wiley-VCH.
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In addition to DMF and DMSO, dimethylacetomide
(DMAc), GBL, and 2-methoxyethanol (2 ME), among other
compounds, have been used to obtain vertically oriented thin
films.337,339 Chen et al. conducted a systematic solvent-
screening study to choose the best solvent among GBL,
DMAc, and 2 ME for the oriented growth of PEA-based 2D
perovskites.337 On the basis of the solvent-screening results
(shown in Figure 39e), they found that a lower solvent
evaporation rate is beneficial for generating a higher degree of
vertical orientation regardless of whether the organic spacer is
isoBAI or nBAI. Qiu et al. revealed that DMAc, which exhibits a
lower polarity and boiling point than DMF and DMSO, weakly
coordinates with lead and ammonium salts and easily escapes
during solution processing.339 Thus DMAc can accelerate the
crystallization rate of 2D RP perovskites, enabling the formation
of high-quality 2D RP perovskite films, as indicated by the
corresponding XRD patterns. A PV cell obtained using DMAc as
the solvent exhibited better performance than the other PV cells,
reaching a PCE of 12.15%.
Solvents also affect the growth of Sn-based 2D/quasi-2D

perovskites. In general, 2D perovskite thin films grown on a
substrate exhibit three orientations, namely, perpendicular,
parallel, and disoriented, with respect to the relationship of the
inorganic slabs and the substrate. For example, Figure 39f,g
illustrates the parallel and perpendicular orientations, where in
the perpendicular orientation, the inorganic slabs are oriented
normal to the substrate. The perpendicular orientation of 2D
films is usually regarded as beneficial for vertical charge transport
and therefore also beneficial for good solar cell performance.
Cao et al. found that DMF and DMSO solvents can yield Sn-
based n = 4 2D perovskites oriented along the perpendicular and
parallel directions, respectively (Figure 39g,h).340 This effect
should be due to the better surface wetting of DMSO than DMF
and the formation of the SnI2·3DMSO intermediate complexes.
Additive Strategy for 2D/Quasi-2D Perovskite Films.

Vertically oriented perovskite films can also be prepared by
introducing additives into the precursor solution. Additives can
interact with the precursor, form intermediate species, break
down colloidal species, and alter the interaction with the
substrate.341 For example, MACl has a strong effect on the
preferred orientation of thin films.325,342 Lai et al. reported that
by using MACl as an additive, a thin (ThMA)2(MA)n−1PbnI3n+1
film (n = 3) presented a significantly higher degree of vertical
orientation, with the inorganic slabs preferentially aligned
perpendicular to the substrate, thus facilitating the efficient
charge transport necessary for high solar cell performance
(Figure 40a).343 In 2020, a new type of organic salt named 4-
(trifluoromethyl)benzylammonium iodide (tFM-PMAI) was
discovered by Lai et al. and was shown to improve the film
quality of (ThMA)2(FA)n−1PbnI3n+1-based solar cells.344 The
addition of tFM-PMAI induced crystal growth and orientation,
tuned surface energy levels, and suppressed charge recombina-
tion loss in thin films, leading to a high PCE of 19.03%. Phenyl
ethylammonium chloride (PEACl) also enabled the formation
of 2D vertical perovskite crystals.324 An as-fabricated FAS-
nI3:PEACl PV cell based onNiOx achieved the best PCE of 9.1%
after 1500 h of storage in the dark. NH4Cl was found to
universally induce the oriented growth of Sn-based 2D
perovskites using various organic spacers, including 5-amino-
valeric acid (AVA), PEA+, and BA+.345 In particular, films of
AVA2FAn−1SnnI3n+1 (n = 5) containing NH4Cl as an additive
showed a highly vertical orientation, with inorganic slabs
perpendicular to the substrate. This orientation resulted in an

increase in the PCE of the PV cells from 4.19 to 8.71%. In 2020, a
new organic cation, allylammonium (ALA), was incorporated
into FASnI3 by Zhao et al. to form a film with a preferred (h00)
vertical orientation.346 A high maximum PCE of 9.48% was
achieved in a planar p− i−n solar cell based on
(ALA)2(FA)n−1SnnX3n+1 after device optimization.
SCN− compounds are another class of additives that can

effectively increase the degree of preferential orientation.347−349

Li et al. employed the NH4SCN additive to orient a Dion−
Jacobson (DJ)-phase 2D/quasi-2D perovskite crystal perpen-
dicular to the substrate.347 As shown in Figure 40b, an increase
in the amount of NH4SCN increased the degree of orientation of
the 2D perovskite film with the (101) plane parallel to the
substrate. A high PCE of 11.67% was achieved using this film.
Zhang et al. used NH4SCN as an additive to fabricate a vertically
oriented and highly crystalline (BA)2MA2Pb3I10 perovskite
film.350 The PV cell performance and stability were both
enhanced. Similarly, a vertically oriented PEA-based perovskite
was also successfully fabricated using NH4SCN and NH4Cl,
boosting the solar cell efficiency from 1.2 to 14.1%.351 Organic
SCN compounds are also useful additives. Kim et al. reported
the formation of a vertically oriented 2D/quasi-2D Sn-based
perovskite film with the help of formamidinium thiocyanate
(FASCN).352 Despite the good results previously discussed,
notably, a small amount of SCN− additive is sufficient to enable
vertically oriented growth, whereas an excessive amount may
lead to the partial substitution of I− by SCN−, generating the
MAPbSCN2I impurity.335

The incorporation of a small amount of a second organic
spacer cation as an additive has been shown to effectively
improve the preferential orientation. For example, additional
phenylethylammonium iodide (PEAI) was added to a
BA2MAn−1PbnI3n+1 (n = 5) precursor solution by Lian et al..
The resulting films had a significantly improved degree of
vertical orientation, grain size, film morphology, and, con-
sequently, solar cell performance.353 It was revealed that the
addition of a small amount of PEAI caused aggregation in the
precursor solution. This aggregation induced nucleation and
decreased the number of nucleation sites during crystallization.
In the absence of the PEAI addition, a large number of nuclei
precipitated from the supersaturated solution to increase the
number of nucleation sites. A similar effect was also observed
with the addition of benzylammonium and isobutylammonium.
The addition of guanidinium (GA) has been shown to slow
down the crystallization process and greatly improve the
preferential orientation in n = 3 BA-based thin films. A PV cell
fabricated using the obtained vertically oriented (BA,G-
A)2(MA)2Pb3I10 film achieved a PCE of 14.47%.354

Inorganic additives can also enhance preferential film
orientation. For example, Zhang et al. introduced Cs cations
into a 2D (BA)2(MA)3Pb4I13 perovskite. The as-grown film has
an increased grain size of the 2D planes, improved surface
quality, reduced trap-state density, and enhanced charge-carrier
mobility and charge transfer kinetics, thus leading to solar cells
with a high PCE of 13.7% and negligible hysteresis.355 The use of
deionized water as an additive has also been shown to enable the
growth of high-quality 2D/quasi-2D perovskite films.356 In
addition, KI and DMSO were simultaneously incorporated by
Tang et al. to produce a synergistic effect on both the film quality
and the orientation of 2D/quasi-2D perovskites.357 A 2D
perovskite film of (PEA)2(MA)n−1PbnI3n+1(n = 5) was formed
with decreased defects, increased crystallinity, and vertical
orientation along the (110) plane. A solar cell based on this
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oriented 2D/quasi-2D perovskite film delivered a higher PCE of
13.4%. In 2020, an NH4Cl additive and hot air flow cotreatment
strategy was developed byWang et al.318 to enable the growth of
vertically oriented layered perovskites on the surface of 3D-like
perovskites. NH4Cl was found to suppress nucleation in the bulk
of the precursor solution, whereas the hot air flow accelerated
DMF volatilization on the liquid surface with the solution and
substrate unheated, leading to the rapid formation of a narrow
oversaturated region at the liquid surface. As a result, the
vertically oriented 2D (BA2MAn−1PbnI3n+1, <n> = 4) perovskite
film showed a high vertical carrier mobility of∼0.24 cm2 V−1 s−1,
a PL lifetime of ∼48 ns, and a high PCE of 12.2%.
Organic spacers can be regarded as a type of additive in

controlling the growth of 2D/quasi-2D perovskite films. Organic
cations generally modify the crystallization process via changing
the diffusion and reaction rates during crystal growth and the
interlayer interaction and formation energy of semiconductor
materials. In 2D perovskite crystals, the use of different organic
spacer molecules can tune the van der Waals interactions
between the inorganic slabs and the organic spacers, leading to
different formation energies and interlayer interactions of the 2D
perovskites that can, in turn, affect the crystallization and
orientation of thin films. The variables that can be modified by

using organic spacers include the rigidity of the organic spacer,
different side groups, and different fluorination positions.359,360

Compared with conventional linear n-BA+, isobutylammonium
(iso-BA) is useful in forming vertically oriented thin films by
both room-temperature-casting and hot-casting methods.
Replacing n-BA with iso-BA led to narrowed XRD peaks and a
changed peak intensity ratio (Figure 40c), indicating that iso-BA
enhanced the crystallization of perovskite crystals with a
preferential orientation. Indeed, higher PV performance was
obtained with the iso-BA-based 2D perovskites (Figure 40d).358

Hu et al. demonstrated that using mixed organic spacers of PEA
and perfluorophenethylammonium (F5-PEA) in a 1:1 ratio can
promote the surface morphology and crystal orientation of the
films, promoting enhanced PV cell efficiency and stability.361 Li
et al. used long-chain diammonium spacers (NH3CmH2mNH3)

2+

with various lengths (m value) for the growth of 2D/quasi-2D
perovskites. Thin films with higher m values are preferred to
enable preferential orientation on the substrates.362 The
(NH3C8H16NH3)(CH3NH3)2Pb3I10 member with a vertical
layer orientation also possesses high thermal, light, and air
stability, suggesting its high potential for solar cell applications.
Liao et al. incorporated an appropriate concentration of PEA as
an encapsulating molecule into the growth of FASnI3 crystals.

363

Figure 41. LEDs based on oriented halide perovskite nanostructures. Halide perovskite LED devices fabricated using oriented nanostructures. (a)
Device structure of aMAPbBr3 nanorod array LED. (b) Image of the EL from a hybrid perovskite nanorod array LED. Reproduced with permission.145

Copyright 2015, American Chemical Society. (c) Diagram of a perovskite nanophotonic wire LED device. (d) EQE curves of perovskite nanophotonic
wire and thin-film devices. Inset: Perovskite nanophotonic wire LED device at 4 V, with a device area of 1 cm2. Reproduced with permission.368

Copyright 2020, American Chemical Society. (e) Flat-band energy-level diagram of the fabricated LEDs. (f) Optical images of a working LED array.
Reproduced with permission.169 Copyright 2018, Wiley-VCH. (g) Device architecture for LEDs with perovskite nanoplatelets as the emitter. (h) EQE
versus current density for the devices. Reproduced with permission.371 Copyright 2015, Wiley-VCH. (i) AFM images of the (PEA)2PbBr4 nanoplates
obtained by annealing the thin film inDMF vapor before baking. The scale bar is 1 μm. The white inset profile indicates a nanoplate thickness of 46 nm.
(j) Normalized luminescence of a typical LED device based on (PEA)2PbBr4 nanoplates obtained by DMF vapor annealing. Reproduced with
permission.372 Copyright 2016, American Chemical Society. (k) XRD of reference MAPbBr3, exchanged MAPbBr3, and PEA2PbBr4 films. (l) EL
spectrum of MAPbBr3 LEDs using the ion-exchange processing method. Reproduced with permission.373 Copyright 2018, American Chemical
Society.
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The resulting PEA2FA8Sn9I28 films showed high orientation,
with inorganic slabs perpendicular to the substrate. A highly
efficient 2D Sn-based solar cell with a PCE of 5.94% was
achieved without requiring further device structure engineering.
In addition to benefiting RP phases, organic spacers also have

a positive effect on the preferential orientation of DJ
phases.364,365 Zheng et al. showed that films exhibited a much
stronger vertical orientation when using short 1,3-propanedi-
amine and 1,4-butanediamine as spacer additives than when
using longer chain spacers, such as 1,5-pentamethylenediamine
and 1,6-hexamethylenediamine;366 however, this behavior is not
commonly reported for 2D perovskite systems, and a general
relationship between the spacer chain length and the thin-film
orientation needs to be established. In addition, the organic
spacer also modifies the orientation in n = 1 2D perovskites. For
example, Mao et al. used histammonium and benzylammonium
spacers in n = 1 2D perovskite thin films that showed vertical and
horizontal orientations.367 Because of the unlimited choice of
additives and the promising results reported in the literature to
date, additive strategies comprise a huge space for further
research into the exploration of new additives to enhance the
device performance and into establishing the rules that can guide
precise additive selection. On the basis of rational design, it is
expected that more efficient and stable solar cells will be
developed.

5.5. Oriented Halide Perovskite Nanostructures and Films
for LEDs

Films with a 1D vertical morphology inherently have high light
extraction capabilities, a large active surface area, and directional
charge-carrier transport channels that enable high carrier
injection efficiency. Therefore, vertically oriented NW/NR
arrays are potentially useful for realizing efficient LEDs with high
EQE. Early in 2015, Wong et al. employed vertical MAPbBr3
nanorod arrays grown by a solution-phase method for the
fabrication of LED devices, as shown in Figure 41a. The devices
showed a turn-on voltage of 3.5 V DC for room-temperature EL
(Figure 41b).145 Confined within a PAM template, vertical
CsPbBr3 NW arrays grown by the Fan group were also used for
the fabrication of LEDs (Figure 41c).368 The nanostructured
LEDs demonstrated a high EQE of 16% at 4 V, corresponding to
a 45% enhancement compared with the EQE of 11% of the thin-
film-based control device (Figure 41d). This large improvement
was revealed by optical modeling to be a consequence of the
substantial enhancement in the device light extraction efficiency
of the NW arrays. Vertical nanostructured LEDs were also
fabricated using MAPbBr3 crystal arrays grown by solution-
phase homoepitaxy, as reported by Lei et al.169 The locations,
morphologies (e.g., NWs, NRs, NPls), and orientations of the
MAPbBr3 crystals could be controlled. An array with discrete
NPls was fabricated into a vertical LED array, with each
MAPbBr3 crystal acting as a single pixel, as shown in Figure
41e,f. The maximum EQE of the device was 6.1% at 9.0 V, which
is an order of magnitude higher than that of similar devices
featuring polycrystalline films. Similar perovskite crystal arrays
for LEDs can also be fabricated using PDMS as the template. In a
2020 study by Li et al., CsPbBr3 crystal arrays were grown using
PDMS and then fabricated into LED arrays with 62 × 47 pixels,
adopting a multilayer ITO/NiO/CsPbBr3/PMMA/ZnO/Ag
structure.369

High-quality NPs are good candidates for the fabrication of
LEDs with high brightness and high quantum efficiency. Lateral
EL devices were fabricated by growing CsPbBr3 NPs on

prepatterned ITO electrodes directly via VPD, as reported by
Hu et al.127 A bright EL occurred in the region near the
negatively biased contact of the lateral device. The turn-on
voltage of the device was ∼3 V, and the EQE was ∼0.2%.
CsPbBr3 NPls synthesized by a colloidal method were used for
the fabrication of vertical LEDs by Wu et al.370 By passivation
with excess Br- to form intact Pb−Br octahedra, the CsPbBr3
NPls achieved an absolute QY of 96% with an emission line
width of ∼12 nm, and the corresponding LED devices exhibited
pure blue emission with a maximum luminance of 62 cdm−2 and
a maximum EQE of 0.124%. Vertical green LEDs were
fabricated by Ling et al. using MAPbBr3 NPls synthesized by a
modified ligand-assisted precipitation method.371 The LEDs
were efficient, with a high luminescence of 10590 cd m−2 at 12 V
and a peak EQE of 0.48% at 6.6 V. The device structure is
illustrated in Figure 41g. The light-emitting layer consisted of
MAPbBr3 NPls dispersed in a bipolar organic host, poly(9-
vinylcarbazole):2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole
(PVK:PBD). The PBD concentration was optimized to achieve
charge balance in the emitting layer and thus to obtain the
highest brightness and EQE (Figure 41h). 2Dl perovskite NPs
are also useful building blocks for LEDs. Liang et al. reported
violet (410 nm) LEDs based on (PEA)2PbBr4 NPs (Figure
41i).372 The LED devices exhibited strong light emission with an
ultranarrow fwhm of 14 nm and an EQE of 0.04%. These values
are quite high for 410 nm LEDs (Figure 41j).
The crystallinity of thin films is vital for improving the EL

emission intensity and thus improving the brightness of LEDs, as
high-quality materials usually exhibit less defect-induced charge-
carrier nonradiative recombination.373 Zhao et al. developed an
ion-exchange reaction method for converting 2D PEA2PbBr4
perovskites as the growth template to high-quality 3D perovskite
MAPbBr3 films with a strong uniaxial (100) orientation (Figure
41k).373 The enhanced film quality led to ultranarrow EL spectra
with an fwhm of 15.3 nm and a color purity of 98.10% that can be
potentially useful for achieving ultra-high-resolution displays
(Figure 41l). Narrowing the n value of quasi-2D perovskites to
form narrow quantumwells is an effective way to improve the EL
quality of LEDs. Wang et al. demonstrated a duel-ligand strategy
for forming an n = 4 quasi-2D perovskite thin film (derived from
CsPbClBr2) by using phenethylammonium bromide (PEABr)
to induce small n-value domains and using 3,3-diphenylpropyl-
amine bromide (DPPABr) to induce the formation of large-n
domains.374 On the basis of this film, efficient blue perovskite
light-emitting diodes (PeLEDs) emitting at 473 nm with a
maximum EQE of 8.8% were achieved. Combining a LiF
interface with the incorporation of a tetraphenylphosphonium
chloride (TPPCl) additive, in 2020, the Friend group reported
highly luminescent mixed perovskite films with improved
morphology and crystallinity.375 Because of its high polarity,
the LiF interface was particularly effective for creating oriented
perovskite domains on the substrate and may provide an
effective template for the formation of perovskite films. The
TPPCl additive was found to have little influence on the
crystallite orientation but did improve the overall crystallinity of
the resulting films. The as-fabricated LEDs formed using these
perovskite films reached a high EQE of up to 19.1% at high
brightness (>1500 cd m−2).
For 2D/quasi-2D halide perovskite films, preferential

orientation has been shown to be crucial for solar cell
performance (as discussed in Section 5.4) and should also be
beneficial for light-emitting performance.376 However, there
have been fewer reports on the effect of a certain orientation on
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the performance of LEDs. In theory, a horizontal orientation,
with inorganic slabs parallel to the substrate, may be detrimental
to charge transport in vertical LED devices because the organic
spacers are insulating. A vertical orientation with inorganic slabs
perpendicular to the substrate may facilitate efficient charge
injection and transport, thus leading to a low turn-on voltage for
LEDs. For example, Tsai et al. showed that by using vertically
o r i e n t e d t h i n fi l m s o f ( CH 3 ( CH 2 ) 3 NH 3 ) 2 -
(CH3NH3)n−1PbnI3n+1, efficient EL with a radiance of 35 W
Sr−1 cm−2 at 744 nm and an ultralow turn-on voltage of 1 V can
be obtained.377 However, the vertical orientation of the 2D/
quasi-2D perovskites may reduce the number of radiative
recombination centers for light emission. In fact, randomly
oriented RP-phase 2D/quasi-2D perovskite films may be more
beneficial for LEDs than oriented films, as reported by Lee et
al.378 They applied a modified nanocrystal pinning strategy to
produce randomly oriented (PEA)2(CH3NH3)2Pb3Br10 films.
LEDs based on these films showed a current efficiency (20.18 cd
A−1) that was 2018 times higher than that of the corresponding
2D LED (0.01 cd A−1) and 673 times higher than that of the
corresponding 3D LED (0.03 cd A−1) obtained using the same
film formation process. The impact of the orientation of 2D/
quasi-2D halide perovskites on the LED performance is still
under debate. Unified theories remain to be formulated.
The performance characteristics of the previously mentioned

LEDs using vertical NW arrays, NPs, and oriented thin films are
summarized in Table 6 for comparison. In fact, most of the
efficient PeLEDs reported to date are based on 2D/quasi-2D
perovskites with mixed n values379,380 or with small crystal-
lites,381 not only facilitating charge transport for injection but
also enabling efficient radiative recombination. For LED devices,
where the perovskite layers are sandwiched between the
electrodes, the vertical orientation of the inorganic slabs of the

2D/quasi-2D perovskites should be desirable for efficient charge
injection from the electrodes, thus minimizing the energy lost by
thermal dissipation and improving the long-term operation
stability of the LEDs. However, the effect of the nanostructure
and film orientation on LEDs has been less frequently
considered or investigated than that on solar cells. This lack of
study may be because the crystallites used for LEDs are usually
so small that it is difficult to distinguish the film orientation using
general tools such as GIWAXS and XRD. Therefore, it will be
beneficial to consider and determine the effect of the orientation
on LEDs and to control it to achieve higher device performance.

6. CONCLUSIONS AND PERSPECTIVES
This Review has discussed the growth methods and fabrication
strategies used to form oriented nanostructures, including NWs
and NPs and their arrays, SCTFs, and oriented polycrystalline
thin films of 2D/quasi-2D and 3D halide perovskites, along with
their optoelectronic applications and performance in lasers,
photodetectors, radiation detectors, solar cells, and LEDs. The
preferential orientation of nanostructures and thin films with
high crystallinity plays a vital role in enhancing the performance
and facilitating their integration into optoelectronic devices in
both lateral and vertical configurations. Specifically, NWs and
NPs with smooth end surfaces, well-defined geometries, and
controllable sizes naturally serve as optical cavities for low-
threshold, high-Q-factor microlasers. Vertical/horizontal NW
arrays and oriented thin films with efficient and directional
charge transport are valuable for highly responsive and sensitive
photodetectors. Large single crystals and single-crystal thick
films with facet-orientation-dependent charge-carrier diffusion
and collection properties are beneficial for high-energy-radiation
detection. Highly oriented thin films with controllable thickness
and 2D perovskite films with vertical orientations have seen

Table 6. Performance of LEDs Using Oriented Nanostructures and Thin Films and Representative LEDs Using 2D/Quasi-2D
Perovskites with Mixed n Values and 3D Perovskites with Small Crystallites

materials growth strategy
EL
(nm)

fwhm
(nm)

VON
(V)

CEmax
(cd A−1)

Lmax
(cd m−2)

EQE
(%) stability ref

MAPbBr3 vertical NWs reacting PbAc2 film with MABr
solution

533 26 3.5 145

MAPbI3 vertical NWs reacting PbAc2 film with MABr
solution, halide exchange

782 41 15 145

CsPbBr3 vertical NWs capillary-effect-assisted method in
porous alumina membrane

2.5 12016 16 T50 = 37 min 368

MAPbBr3 vertical crystals solution-phase homoepitaxy 540 30 2 to 3 6.1 169

CsPbBr3 nanoplates vapor-phase deposition 530 22 ∼3 0.76 ∼0.2% 127

CsPbBr3 nanoplates colloidal synthesis 463 12 0.117 62 0.124 370

MAPbBr3 nanoplatelets capping ligand-assisted precipitation
method

530 20 3.8 10,590 0.48 371

MAPbBr3(100) film ion-exchange reaction from
PEA2PbBr4 as the 2D growth
template

531 15.3 2.52 945 0.05 373

(PEA)2PbBr4Nanoplates solvent vapor annealing 410 14 2.5 0.04 372

CsPbClBr2 derived quasi-2D duel-ligand strategy 473 22 4.4 177 8.8 T50 = 6.3 min 374

PEA2Csn−1PbnBr3n+1 LiF interface and TPPCl additive 520 18 ∼3.5 >104 19.1 375

(CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 colloidal synthesis 744 1 0.5 >14 h 377

(PEA)2(CH3NH3)2Pb3Br10-oriented RP-
phase films

optimized nanocrystal pinning using a
nonvolatile solvent (toluene)

522 3.5 20.18 4895 4.98 L50 = 470 s,
100 cd cm−2

378

PEA2(MA)n−1PbnBr3n+1(mixed n values) antisolvent (chlorobenzene or
toluene)-assisted spin-coating

526 3.8 8400 7.4 379

PEA2(MA)n−1PbnI3n+1 (mixed n values) antisolvent (chlorobenzene)-assisted
spin-coating

760 3.8 8.8 380

MAPbI3 (small crystallites) BAI as surfactant to constrain the
growth of grains

748 2.5 0.09 10.4 381

MAPbBr3 (small crystallites) BABr as surfactant to constrain the
growth of grains

513 17.1 9.3 381
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significant success in the photovoltaics field, exhibiting boosted
efficiency and stability. Vertical NW arrays offering high carrier
injection efficiency and oriented thin films with high crystalline
quality are promising for realizing bright LEDs with high EQE.
In this continuously growing field, highly crystalline

nanostructures and oriented thin films have demonstrable
advantages and prerequisite properties for high-performance
optoelectronics; however, many challenges must still be
addressed. New methods, strategies, and device configurations
should be contemplated to effectively solve these challenges for
the further development of optoelectronics.
Stand-alone vertical NW arrays with improved charge

injection and extraction properties are promising candidates
for achieving high-performance LEDs, solar cells, electrically
driven lasers, and novel integrated devices.233 Prior to halide
perovskites, great success was obtained using stand-alone, large-
scale vertical NWs of semiconductors, such as Si, InGaN, ZnO,
TiO2, and PbS.61,382 However, obtaining vertical halide
perovskite NW arrays that can rival the traditional inorganic
semiconductors grown by VLS is still challenging. Whereas
vertical NW arrays of halide perovskites have been obtained
using hard templates, these hard templates usually have poor
transparency and conductivity, narrowing the scope of device
applications. Considering the previously reported successes,
VLS growth may be useful for producing stand-alone vertical
NW arrays; however, improving the growth of halide perovskites
will require efforts to precisely control nucleation and optimize
growth conditions.
Wafer-scale SCTFs with high crystallinity and controllable

thickness are still challenging to produce. The space-confine-
ment method is currently the most widely used technique for
producing high-quality SCTFs; however, the size of the obtained
films is usually small, and the process is time-consuming due to
the slow precursor diffusion in the confined space. By contrast,
the methods used for large-scale growth usually produce films
with poor crystalline quality, mostly due to the inhomogeneous
nucleation of the growth solution.383 Therefore, novel and
effective methods, in particular, those that can be integrated with
mature industrial processes (e.g., photolithography,
CVD),267,384 are attractive for enabling the growth of large-
scale and high-quality SCTFs.
Beyond single-layer structures, vertical and lateral perovskite

heterostructures offer great benefits in terms of a wide light
absorption range, efficient charge separation and transport, and
the possibility of developing as yet unrevealed photophysical
properties. Moreover, the integration of two halide perovskites
with controllable crystallographic orientations and the integra-
tion of halide perovskites with other materials can yield
multifunctional and asymmetrical properties that would enable
more novel optoelectronic applications. However, challenges
remain in the direct growth of 3D halide perovskite
heterostructures due to the fast ion-exchange kinetics. Epitaxial
growth can provide one approach for producing 3D perovskite/
perovskite heterostructures and heterostructures of perovskites
with other materials, as suggested by previous reports.117,169,171

In particular, the epitaxial growth of a halide perovskite directly
on semiconducting or conducting substrates is a field of
endeavor for fabricating high-performance integrated functional
devices. Challenges also remain in harnessing 2D/quasi-2D
perovskites to grow large-scale heterostructures for the
fabrication of highly efficient optoelectronic devices.158,385

Efforts to develop new methods and strategies are needed to
achieve further advances.

The toxicity of Pb represents a potential threat for the
practical applications of lead halide perovskite optoelectronics.
In fact, alternative lead-free/less-lead materials may exist among
the huge library of lead-free 3D perovskites and the various types
of reduced-dimensional perovskites (e.g., 2D and 0D perov-
skites).386 Currently, there is a lack of effective and mature
methods for producing nanostructures or oriented thin films of
lead-free perovskites, in particular, for reduced-dimensional
perovskites, such as Cs2AgBiBr6, Cs4PbBr6, and A3M2X9 (M = Bi
or Sb), which are promising semiconductors for light detection
and emission. To date, most growth methods, strategies, and
experience have been derived from the studies of the growth of
3D lead halide perovskites, and some of these are not necessarily
applicable to lead-free 3D perovskites or to the various types of
2D and 0D perovskites. It is also important to control the
crystallographic orientations of reduced-dimensional perov-
skites that have a significant impact on their properties to
catalyze promising applications and fundamental studies.387

Many opportunities remain for the development of creative
growth chemistries for the fabrication of reduced-dimensional
lead-free halide perovskites with desirable nanostructures.
Challenges also exist with respect to the stability of halide

perovskites. On the one hand, oriented perovskite nanostruc-
tures and thin films with certain exposed facets will require
targeted defect passivation strategies388,389 to further improve
their stability, although the stability of oriented perovskites, in
general, is decent due to the high quality of the material. On the
other hand, because the thermal conductivity of halide
perovskites is much lower than that of conventional inorganic
semiconductors,390 heat management should be emphasized in
future studies. Progress in this area will require the combined
efforts of researchers in materials chemistry, device engineering,
and thermal physics. Encapsulation strategies and creative
material synthesis strategies are also necessary to enable
practical devices to withstand environmental effects, such as
moisture, heat, oxygen, and so on as well as to prevent Pb
contaminants from leaking into the environment.391
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ABBREVIATIONS
AAO anodic aluminum oxide
AN acetonitrile
ASE amplified spontaneous emission
AVA 5-aminovaleric acid
AVAI aminovaleric acid iodide
ALA allylammonium
BA butylammonium
BDA 1.4-butanediamine
BMIMI 1-butyl-3-methylimidazolium iodide
BZA benzylammonium
CB chlorobenzene
CSD controlled solvent drying
CVD chemical vapor deposition
DAPAC diaminopropionic acid monohydrochloride
DC direct current
DCB dichlorobenzene
DCM dichloromethane
DDA-S didodecyldimethylammonium sulfide
DE diethyl ether
DFT density functional theory
DMAc dimethylacetomide
DMF dimethylformamide
DMSO dimethyl sulfoxide
DODB dodecylammonium bromide
DPPABr 3,3-diphenylpropylamine bromide
EA ethyl acetate
EC-EYE electrochemical eye
EDS energy-dispersive X-ray spectroscopy
EL electroluminescence
EQE external quantum efficiency
FA formamidinium
FAS heptadecafluorodecyltrimethoxysilane
FDC fast deposition-crystallization
FDTD finite-difference time-domain
FF fill factor
FIRA flash infrared annealing
F−P Fabry−Peŕot
FTO fluorine-doped tin oxide
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GA guanidinium
GIWAXS grazing-incidence wide-angle X-ray scattering
HA histammonium
h-BN hexagonal boron nitride
HR-TEM high-resolution transmission electron microscopy
IPA isopropyl alcohol
IR infrared
iso-BA isobutylammonium
ITO indium-doped tin oxide
Jsc photocurrent density
LA long-chain alkyl or aromatic ammonium
LED light-emitting diode
MAAc methylammonium acetate
MA methylammonium
MCC microchannel-confined crystallization
2-ME 2-methoxyethanol
MAI methylammonium iodide
MIMIC imprint lithography and micromolding in capil-

laries
MTS methyltrichlorosilane
NBs nanobelts
NIL nanoimprint lithography
NPls nanoplatelets
NPs nanoplates
NWs nanowires
OA oleic acid
OAm oleylamine
ODE octadecene
OTDB octadecylammonium bromide
OTS (octadecyl)trichlorosilane
PAM porous alumina membrane
PCE power conversion efficiency
PDMS polydimethylsiloxane
PEA phenylethylammonium
PEG-NH2 α,ω-diamino poly(ethylene glycol)
PET polyethylene terephthalate
PMMA poly(methyl methacrylate)
PTZ phenothiazine
PVK:PBD poly(9-vinylcarbazole):2-(4-biphenylyl)-5-phenyl-

1,3,4-oxadiazole
RP phase Ruddlesden−Popper phase
SCTFs single-crystal thin films
STEM scanning transmission electron microscopy
TDP tris(diethylamino)phosphine
ThDMA 2,5-thiophenedimethylammonium
tFM-PMAI 4-(trifluoromethyl)benzylammonium iodide
TL toluene
TM transverse magnetic
TRPL time-resolved photoluminescence
UV ultraviolet
VLS vapor−liquid−solid
Voc open-circuit voltage
VPD vapor-phase deposition
WGM whispering-gallery mode
XRD X-ray powder diffraction
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