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Abstract

advancing the field of 1D perovskites.

Metal halide perovskites can be readily synthesized, they exhibit tunable physical properties and excellent
performance, and they are heavily studied optoelectronic materials. Compared to the typical three-dimensional
perovskites, morphological-level one-dimensional (1D) nanostructures enable charge transport and photon
propagation with low exciton binding energies and long charge-carrier diffusion lengths, while molecular-level 1D
nanostructures exhibit good compositional and structural flexibilities, highly tunable bandgaps, strong quantum
confinement effects, and excellent ambient stabilities. The 1D natures of these emerging halide perovskites enhance
the performance of optoelectronic devices. Herein, we highlight recent progress realized in the syntheses and
characterizations of both morphological- and molecular-level 1D halide perovskites with tunable structures,
compositions, and properties, as well as their photovoltaic, light-emission, and photodetection applications. In
addition, current challenges, future prospects, and promising research directions are discussed to provide guidance in

Introduction

The dimensionality of a semiconducting material plays a
significant role in the structure, properties, and perfor-
mance of the corresponding device as well. In a particular
semiconductor, the dimensionality induces completely
different light-matter and electronic interactions.
Significant advancements have been realized in the
development and application of low-dimensional semi-
conductors, such as elemental, compound, and metal
chalcogenide semiconductors'. One of the major moti-
vations behind these efforts has been to investigate the
relationships among the properties and performance of
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these semiconducting materials by regulating their
dimensionality, structure, and composition. Substantial
effort has also been devoted to revealing how the
dimensionality affects these materials in order to develop
cost-effective, efficient and stable devices® ™.

Metal halide perovskites (MHPs) are highly sought-after
semiconducting materials for optoelectronics. The gen-
eral formula of three-dimensional (3D) MHPs is ABXs,
where the A-site contains a cation, including CH3NH;",
CH(NH,),*, and Cs*; B-site contains a metal cation, such
as Pb>* and other ions such as Sn>*, Bi*", and Cu®"; and
the X-sites contain halide anions, which might be I", Br™
or CI™ >7*°, In terms of the dimensionality of MHPs, there
are four categories: zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D), and 3D,
depending on the spatial arrangements of the octahedral
units'' ™%, 3D MHPs display many unique characteristics,
including solution processability, and superior device
performance since Kojima et al. introduced them as
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sensitizers of liquid dye-sensitized solar cells (DSSCs)
with a power conversion efficiencies (PCE) of 3.8%'*'°,
Due to the strong optical absorptions, tunable bandgaps,
long diffusion lengths and charge carrier lifetimes, high
charge-carrier mobilities, and high photoluminescence
quantum yields (PLQYs), 3D MHPs have been employed
for various applications, such as solar cells'®'’, light-
emitting diodes (LEDs)'®'?, lasers’>?!, photodetectors
(PDs)*>%, memory devices?*?®, and field-effect transis-
tors (FETs)?°. However, most 3D MHPs are not stable
when exposed to ultraviolet (UV) light, oxygen, moisture,
or heating, which leading to structural decomposition and
significant decay of the performance®”?®,
Low-dimensional MHPs, including quasi-2D, 2D, 1D,
and 0D versions with controlled morphology and struc-
tures, have emerged as environmentally stable materials
due to their hydrophobic characteristics and the high
binding energy of the excitons'"**~*!, Compared to 3D
MHPs, low-dimensional MHPs have at least one reduced
dimension. This often causes confusion when using the
terminology “low dimensional” in different practical
situations. To avoid this confusion, we distinguish low-
dimensional MHPs according to their final morphologies
and crystal structural dimensionalities®'***, Morpholo-
gical level low-dimensional MHPs refer to 0D nanocrys-
tals, 1D nanowires (NWs) or nanorods (NRs), and 2D
nanosheets/nanoplatelets, most of which are constructed
from a 3D network of [BX¢]*~ octahedral units, just as in
bulk 3D ABX3; MHPs*>>3. In contrast, molecular-level low-
dimensional MHPs emphasize the crystal structures,
which means that the individual building blocks of the
MHPs display a low-dimensional arrangement at the
molecular level. In detail, these [BX4]*™ octahedra often
exhibit different forms, such as discrete octahedra (0D),
octahedral chains (1D), and octahedral platelets (2D)3234,
Research on 2D and 0D MHPs has been extensively
discussed in the literature®>™’. However, there has been
no comprehensive review of the crystal and electronic
structures of 1D MHPs, both morphological and mole-
cular, to provide insights into their syntheses, properties,
and optoelectronic applications. It is crucial to define
“molecular-level 1D” and “morphological-level 1D”. Per-
ovskite NWs or NRs may be identified as morphological
1D MHPs with diameters of several up to hundreds of
nanometers. They still possess a 3D framework com-
prising corner-sharing metal halide octahedra and
intrinsic properties similar to those of 3D ABX3; MHPs
except for the quantum confinement effect''. In contrast,
there are many molecular 1D MHPs in which the anionic
metal halide chains are separated by the organic cations in
their structures. Their band structures are dictated by the
connectivity between the building components. Without
size limitations, bulky 1D molecular crystals exhibit
optical properties similar to those of single quantum
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Fig. 1 Potential applications for 1D MHP. Schematic illustration of
one-dimensional metal-halide perovskites with optoelectronic

applications.
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wires’. Critically speaking, most molecular 1D MHPs
should be called “perovskitoids” because they do not have
cubic crystal structures containing corner-shared metal
octahedra.

In this review, we focus on the present status of research
on both kinds of 1D MHPs in terms of the syntheses,
structures, characterization data, and tunable properties
originating from their morphological or molecular diver-
sities (as shown in Fig. 1). Furthermore, we summarize
various optoelectronic applications based on 1D MHPs
with enhanced device performance enabled by their
properties. In addition, to offer insight on possible
research directions, the current challenges and future
prospects of 1D MHPs are also discussed.

Morphological-level one-dimensional MHPs

One dimensional nanostructured MHPs, such as NWs
and NRs with diameters of 1-100nm and lengths of
several hundred nanometers or even micrometers, have
been applied in many photonic and optoelectronic devices
because of their outstanding intrinsic properties, such as
long charge-carrier diffusion lengths and lifetimes, large
surface-to-volume ratios, and greater charge confinement
and anisotropic geometries compared with 3D MHPs'%®,
Specifically, Stranks et al. reported that the charge diffu-
sion lengths were ~100 nm for 3D MAPbI; and over 1 um
for the mixed halide perovskites (MAPbI; ,CL)*%. In
comparison, carrier diffusion lengths of 21 um for single-
crystalline MAPbI; NWs and 41 + 3 pum for high-quality
single-crystalline MAPb(I; ,Br,)3; NW arrays were
reported®*®. The larger diffusion lengths of the 1D
MHPs are associated with much longer lifetimes of the
charge carriers and consequently lead to superior devices
for optoelectronic applications. In this section, we will
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Fig. 2 Growth of 1D morphological MHP by solution-phase methods. a Schematic presentation of the growth of MAPbX5 NWs. Reproduced
with permission from ref. **. Copyright 2015, Nature Publishing Group. b Scanning electron microscopy (SEM) image of as-prepared FAPbl; NWs.
Reprinted with permission from ref. *. Copyright 2016, American Chemical Society. ¢ Top view of a MAPbBr5 NR array. Reprinted with permission
from ref. *. Copyright 2015, American Chemical Society. d SEM image of CsPbBrs NWs. Reprinted with permission from ref. **, Copyright 2016,

American Chemical Society.

give a brief overview of recent developments in the
syntheses and characterizations of 1D MHPs with tunable
dimensionality, morphology and compositions. We will
also investigate the advantageous physical and chemical
properties, improved stability, and applications of the 1D
MHPs used in optoelectronic devices.

Syntheses of 1D morphological MHPs

Various approaches have been proposed for preparing
single-crystalline 1D MHPs, such as solution-phase
methods, vapor-phase methods, hot-injection methods,
and template-assisted methods. Based on these methods,
different applications, such as in solar cells, PDs, LEDs,
and lasers, have also been extensively explored.

Solution-phase methods

Low-temperature solution processability is one of the
most useful features enabling preparation of high-quality
MHP single crystals or thin films on different substrates.
This feasible technique offers vast structural and com-
positionality tunability. In 2014*!, Horvath and coworkers
employed a low-temperature solution crystallization
approach to prepare MAPbI; NWs with a slip-coating
process, in which they dripped a saturated MAPbI; pre-
cursor solution between two glass slides and then moved
the upper glass slowly in a particular direction. The sol-
vent of the thin liquid perovskite film evaporated when
exposed to the ambient air, leading to the formation of
MAPbI; NWs showing average diameters of up to
400 nm. Compared with conventional nanoparticles, the
as-grown N'Ws exhibited better charge transport.

In another study by Zhu and coworkers, a two-step
method was proposed, in which they first spin-coated PbAc,
on a glass substrate and then immersed it into a MAX
solution (X = Cl, Br, I or a mixture of halides) (Fig. 2)**. The
rapidly formed MAPbDI; initiated growth of the NWs but
also stopped the reaction between the unreacted PbAc, and
the MAIL Moreover, slow dissolution of the initial MAPbI3
layer and the unreacted PbAc, occurred and inhibited the
generation of [PbI,]*>—, which provided supersaturation and
promoted growth of the 1D NWs. Screw dislocations
facilitated the anisotropic growth of the NWs without a
catalyst, which was proven by the spontaneous generation of
NWs with flat rectangular end facets. The authors proposed
a growth mechanism involving dissolution-recrystallization,
in which a soluble intermediate formed at a high con-
centration of the organic halide salt (AX):>**

PbXj(s) 42X (sol) — [PbX,]* sol

[PbX,]* sol + A*sol — APbXss + X sol

Following this work, a wide range of MHP N'Ws or NRs
with various cations and anions was synthesized. For
instance, Fu and coworkers prepared formamidinium
(FA)-lead halide perovskite NWs with enhanced thermal
stability*®. Yang’s group fabricated MAPbBr; NR arrays at
room temperature and converted them to MAPbI; by
anion exchange with MAI vapor without changing their
morphologies**

An anion exchange-based solution synthetic strategy for
preparing 1D MHPs was extended to the syntheses of
all-inorganic CsPbX; (X=Cl, Br, I) MHP NWs®,
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The obtained NWs exhibited single crystalline natures
and smooth end facets with excellent long-term stability
under ambient conditions for over a few weeks®'®. The
key to successful formation of the high-quality 1D NWs
was to select a solvent in which AX is highly soluble and
the perovskite products are not, which ensures slow for-
mation of the [PbX,]*” intermediate and provides an
optimal concentration of AX to maintain the low super-
saturation condition®®*’,

Vapor phase methods

Compared to solution processes, vapor-phase syntheses
are often conducted at higher temperatures, which can
produce 1D MHPs with fewer defects and superb crys-
tallinity. Despite the versatility of the solution phase
synthetic techniques, they are plagued by the problem of
surface contamination. In this respect, vapor phase
growth methods have an obvious advantage over solution
methods. In 2014, Xiong’s group demonstrated a two-step
chemical vapor deposition (CVD) synthesis of MAPbCl;
NWs*®, In that work, PbCl, NW's were grown by a CVD
approach and then converted into the MHP NWs by
reacting them with vapor-phase MACI molecules. How-
ever, the yield was quite low, and high percentages of 2D
MHP platelet byproducts were obtained. To enhance the
yield of the 1D NWs, they prepared free-standing
MAPbX; (X =1, Br, or a mixture of I and Cl) NWs via
a two-step vapor-phase synthesis on a silicon oxide sub-
strate. Thermally stable all-inorganic perovskites with
tunable properties and improved crystallinity and stability
were also produced. In another study reported by Chen
et al, CsPbX; (X=CIl, Br, or I) NWs and microwires
(MWs) with horizontal orientations on mica were fabri-
cated by vapor-phase epitaxial growth. A mixture of the
precursor PbX, and CsX powders was placed in a furnace
with a temperature between 300 and 350 °C*°. The eva-
porated precursor was carried to the downstream region
by argon gas, where the substrate was positioned. The
NWs displayed triangular cross-sections and tuned crys-
tallographic orientations. The anisotropic growth might
be attributed to the asymmetric lattice mismatch, which
induced directional growth along the [001] plane. Gra-
phoepitaxy on a faceted sapphire plane guided the growth
of CsPbBr; NWs with lengths up to millimeters.

High-quality perovskite NRs prepared by vapor growth
have rarely been reported. Zhou and coworkers demon-
strated the preparation of all-inorganic MHP NRs via
vapor phase deposition’. In their work, a mixture of CsX
and PbX, powders (molar ratio= 2:1) was first placed into
a furnace (Fig. 3)°! and then sintered at ~570—600 °C in an
Ar gas atmosphere for 15 min. Consequently, different
lengths of CsPbXj3 crystals were produced on the SiO,/Si
substrate.
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Fig. 3 Growth of 1D morphological MHP by vapor phase
methods. a Schematic diagram for vapor growth of CsPbX3 micro/
nanorods. b SEM image showing as-prepared CsPbBrs perovskite NRs.
¢ SEM image and corresponding energy dispersive X-ray (EDX) maps
of an individual CsPbBr3 NR. d X-ray diffraction (XRD) patterns for the
as-prepared CsPbXs. Reproduced with permission from ref. >'.

Copyright 2016, American Chemical Society.

Hot-injection methods

The hot-injection method is also commonly used for
growing 1D halide perovskites. In 2015, Zhang and
coworkers employed a hot injection approach to syn-
thesize CsPbX; perovskite NRs by injecting the cesium
precursor into a PbX, (X = Br, I) and octadecene (ODE)
mixed solution with the assistance of oleic acid (OA) and
oleylamine (OAm)>?. They found that the OA was nee-
ded to decompose the precursor into monomers and
coordinate the Pb>" ions, and the OAm ensured a higher
monomer concentration and weakened the reactivity of
the Pb>" precursor after nucleation, leading to controlled
anisotropic growth. Liu and his coworkers changed the
OA to OAm ratio, leading to the controlled growth of
CsPbBrs crystals with various sizes and dimensional-
ities>, With a gradual increase in the OAm proportion,
3D nanocubes were converted into 1D NRs and then into
2D nanoplatelets, suggesting that the OAm tuned the
growth of the CsPbBrs. CsPb(Br/I)3 NRs with uniform
rod-shape structures were also reported by combining
PbBr, and PbI,”*. More importantly, the morphology of
the NRs (such as the lengths or diameters) were con-
trolled by the reaction time.

Using an intermediate monomer reservoir synthetic
strategy, Wang and colleagues achieved uniform, low-
defect growth of CsPbBr; perovskite NRs. By substitut-
ing the Pb** in the CsPbBr3 template with In®" cations,
intermediates such as CsPb,Brs and CssIn,Brg were also
obtained®®. Moreover, some other studies produced
lead-free 1D MHPs with low toxicity through hot
injection®®. Among these, Chen et al. successfully
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synthesized a series of Sn-based inorganic MHP quan-
tum rods using a solvothermal method®’, which dis-
played composition-dependent photoluminescence (PL)
peaks ranging from 625 to 709 nm. Wang et al. prepared
stable Cs,Snlg NWs and NRs by reacting tetravalent tin
(IV) iodide with cesium oleate at 220 °C by adding OA
and OAm into the ODE®®. By varying the reaction time,
they were able to control the morphology of the 1D
Cs,Snlg. Transmission electron microscope (TEM)
images of samples taken at different times are demon-
strated in Fig. 4°%, and these showed the evolution of the
perovskite nanostructures. The OAm formed complexes
with the Sn*' ions, while the ODE suppressed the
growth of Cs,Snls nanocrystals. OA and OAm displayed
a synergistic effect in the controlled growth of 1D
Cs,Snlg**°. The high electron-donating ability of
deprotonated OA allowed it to interact strongly with
specific crystal facets®>. OAm or other amines affected
deprotonation of the OA, resulting in preferential and
selective growth of Cs,Snlg to form N'Ws and NRs via

the following reaction:*’

OA + OAm — OA™ + OAm™

Template-assisted methods

The nucleation processes of perovskite NWs are diffi-
cult to control precisely with solution-phase methods,
which often lead to random shapes coexisting rods, wires,
plates, and cubes?®®!, To obtain well-defined structures,
the template, such as anodized aluminum oxide (AAO), is
introduced to guide the syntheses of oriented perovskite
NWs. An ideal template should have a finely tunable pore
diameter to control the product particle sizes and should
be easy to integrate with other substrates for subsequent
preparation of the NWs. The key factor in preparing high-
quality perovskite NWs is selecting suitable templates
with uniform template pores®®. For example, Ashley and
coworkers introduced an AAO template on a conductive
fluorine-doped tin oxide (FTO) substrate to prepare NWs,
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Fig. 5 Growth of 1D morphological MHP by template-assisted methods. a Scheme for the syntheses of 1D MHP NW arrays in AAO. Penetration
of the precursor solution into the AAO pores (1). Dimethy! sulfoxide/chlorobenzene treatment (Il). b Photograph of an NW array with a size of
~9x9cm. c-g SEM images with cross-sectional views of NWs with various diameters. Reproduced with permission from ref. °*. Copyright 2016,

as shown in Fig. 5%, In their work, aluminum was eva-
porated onto a TiO,/FTO substrate, anodized to form an
AAO template and then immersed in a MAPbI; precursor
solution. However, an unavoidable drawback resulted
because the AAO template could not be etched properly
since MHPs are vulnerable to etchants®.

To solve this problem, Oener et al. fabricated free-
standing solution-based vertical NWs®*. They extruded
the solution from the templates with a gradient pressure
rather than embedding the perovskites into an AAO
matrix. Notably, it was possible to peel off the prepared
NWs and transfer them to different substrates for further
experiments.

In addition, large-area MHP NWs, including those of
MAPbI3;, MAPDbBr3, and all-inorganic Cs,Snls were pro-
duced. Using a vapor-solid-solid reaction process, Fan’s
team developed ordered MAPbI; NW arrays with thick-
nesses of 2 um in porous alumina membranes (PAMs)®°.
Pb nanoclusters were used as a reactant, and they were
placed at the bottom of the PAM template to initiate
growth of the MAPbI3; NWs by reacting the nanoclusters
with MAI vapor; this resulted in a precisely controlled
geometry with an ultrahigh density up to 4 x 10’ cm™? for
a large area of ~9cm?® The porous alumina template
(PAT) used previously to create 3D MASnI; NW arrays
was used to synthesize MASnl; using this approach,
which indicated the versatility of this template-assisted
method®. Similarly, MAI vapor was transported to the

PAT by argon gas, where it reacted with the Sn
nanoclusters within the PAT nanopores. The MASnI;3
NWs displayed significantly improved stability compared
with the polycrystalline MASnlj; thin films due to effective
blocking of the lateral paths enabling the diffusion of
water or oxygen, leading to slower decomposition®” %,
Utilizing constructed templates to improve the stability of
MHPs presents a novel and efficient approach to enabling
practical applications.

Colloidal synthetic method

Since colloidal syntheses are commonly used to prepare
perovskite nanocrystals (NCs), they were used to fabricate
1D MHP nanostructures exhibiting much narrower dia-
meters than those prepared by other methods. Using an
antisolvent recrystallization method, Zhu et al. prepared a
mixed solution containing PbX,, MAX, and the long-
chain ammonium salt CH3(CH,),NH3X (X = CI/Br/I) in a
high-polarity solvent (such as ACN) and then added a
low-polarity solvent (such as toluene), thus generating
accurately controlled perovskite NWs®. Liu and cow-
orkers synthesized CsPbBrs NWs from precursor powders
through a colloidal process involving the assistance of
organic ligands at room temperature’’. NWs with dif-
ferent lengths but highly uniform widths up to 32 nm
were obtained by varying the reaction time, and they
showed tunable optical emissions ranging from purple to
green. The optical properties across the entire visible
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range were realized with an anion-exchange approach,
which regulated the composition and controlled the
morphology.

A more precisely controlled colloid synthetic method
was developed recently, in which Imran et al. ”* intro-
duced a short-chain aliphatic carboxylic acid to produce
CsPbBr; NWs. The as-prepared NWs displayed PLQYs as
high as 77%, and the color was tunable from green to blue.
In another study, Chen’s group presented a novel syn-
thetic technique for fabricating ultrathin CsPbBr; NWs
via a post-synthetic transformation starting from 0D
Cs4PbBrg perovskite NCs’?. The synthesized CsPbBr;
NWs displayed blue PL with an emission quantum yield
(QY) of 15.2%.

Applications of 1D morphological MHPs
Solar cells

Organic—inorganic MHP solar cells have demonstrated
great potential for use in photovoltaic devices due to their
unique properties, cost-effectiveness, high PCE, and
solution processability. The PCEs of 3D perovskite solar
cells (PSCs) have soared rapidly from 3.8% to 25.7%, and
the latter level is comparable with those of commercial
silicon solar cells'*”>. The photovoltaic performance of a
PSC mainly depends on the absorption of light, dis-
sociation of excitons, and transport of charge carriers™,
Compared with conventional 3D MHP nanocubes, NW's
exhibit the advantages of longer carrier lifetimes and

higher external quantum efficiencies (EQEs), which make
the NWs outstanding absorbers in solar cells*'. MAPbI;
NWs were first introduced into perovskite solar cells by
Park, Gritzel and coworkers”®. They confirmed that the
charge separation process was faster in 1D NWs than in
3D nanocubes due to better contact with the hole-
transport materials. Moreover, the 1D NW films also
displayed higher lateral conductivity than the 3D bulk
film. The improved charge separation and conductivity
led to better photovoltaic performance with an out-
standing PCE of 14.71% under AM 1.5G irradiation
(Fig. 6)”*. Therein, they used N,N-dimethylformamide to
slightly dissolve the precoated Pbl,, which reacted with
the MAI preferentially to construct the 1D NWs via a
liquid-catalyst cluster mechanism. However, in this device
design, the lack of reliable contacts between the per-
ovskite material and the charge transport layers may
retard the charge separation and transportation processes
operating inside the whole device and lead to limited
photovoltaic performance. A key challenge with such NW
devices is to achieve intimate contact with the hole
transport layer (HTL) and enable efficient hole extraction
from the NWs. Chang et al. used an integrated approach’”
and obtained a maximum PCE of 18.83% with MAPbI;
NW solar cells exhibiting good stability. They employed a
4-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)-N,N-
diphenylaniline (N-DPBI)-doped poly{[N,N’-bis(2-octyl-
dodecyl)-1,4,5,8-naphthalene  diimide-2,6-diyl]-alt-5,5"-
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(2,2’-bithiophene)} (P(NDI20OD-T2)) polymeric film as
the electron transport layer (ETL) with encapsulation of
atomic-layer-deposited (ALD) Al,Os;. Xiao et al. devel-
oped in situ growth of a 1D perovskite NW network
triggered by using a Lewis basic amine over a 3D per-
ovskite film to control the surface morphology, and this
led to improved PCEs from 14.32% to 16.66% with neg-
ligible hysteresis’®. The amines passivated the trap states
on the 3D perovskite surface and acted as rapid channels
to boost charge transfer at the interface between the ETL
and the 3D bulk perovskite film. The PSCs prepared with
1D NWs also maintained 96% of their initial PCEs after
storage in ambient air for 30 days without encapsulation.
Liao et al. incorporated all-inorganic CsPbX3; NWs pre-
pared by a solution-dipping approach and regulated the
compositions of the NWs via a halide exchange method””.
The CsPbl; and CsPbBrs NW-based PSCs exhibited low
PCEs of 0.11% and 1.21%, respectively, which might be
attributed to the partial coverage of the CsPbX; NWs
leading to severe recombination and reduced light har-
vesting. Despite the poor photovoltaic performance, this
device exhibited significantly improved thermal and
humidity stability over the organic counterparts.

Chen et al. synthesized a series of high-quality CsSnX;
(X = CI/Br/I) NRs by using a solvothermal method for the
first time®”. These quantum rods displayed wide PL
emission bands ranging from 625nm to 709 nm, indi-
cating tunable optical properties. They achieved PCEs as
high as 12.96% for CsSnl3 (9.66% for CsSnCls, 10.46% for
CsSnBr3), revealing the potential of Sn-based NRs in
photovoltaic devices.

In principle, perovskite NW-based solar cells have great
potential and a promising future. However, their PCEs are
still lower than those of their 3D counterparts for the
following two main reasons: first, the poor contacts
between the perovskite NWs/ETLs and perovskite NWs/
HTLs result in reduced charge transport; furthermore, it
is challenging to prepare template-free and vertically
oriented NWs*>”* If a template is involved, light
absorption and charge transport by the MHP will be
negatively affected. Considering that charge transport
must occur along the axes of the NWs, the performance
of the device can be improved only when the NW's adopt
well-aligned perpendicular orientations between the two
electrodes. A future research theme for the development
of NW-based solar cells could involve the preparation of
vertical and template-free NWs and the improvement of
their contacts with the neighboring transport layers.

Lasers

Compared to 0D nanocrystals, 2D nanosheets, and 3D
nanocubes, 1D MHP NWs have been considered more
promising candidates for utilization in lasers owing to
their excellent properties; they are efficient waveguides
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with highly localized coherent outputs, compact physical
sizes and strong anisotropies’®. They serve as waveguides
along the axial direction and form Fabry-Perot cavity at
the two end facets to enable optical amplification. Zhu
et al. demonstrated the first MHP N'W-based laser, which
operated at room temperature and was based on solution-
prepared MAPbI; NWs with subwavelength dimensions
and smooth facets*>. They transferred a few well-
dispersed NWs to a Si/SiO, substrate via a dry contact
method, and a 402 nm pulsed beam was applied as the
pump source. After reaching the lasing threshold, the
NWs exhibited a sharp emission peak centered at 787 nm,
showing broad and tunable lasing with a low threshold of
220 nJ cm 2 and an extremely high quality factor (Q
~3600). Because they exhibited limited nonradiative
recombination and little charge-carrier trapping, the QYs
approached 100% for these NWs. In another study, Park
et al. used a chemical vapor transport approach to prepare
CsPbX; MHP NWs with homogeneous compositions,
ordered growth directions, and good crystallinities’”.
These NWs showed lasing behavior at low thresholds
(3 W/em?) and achieved high quality factors exceeding
1200 in ambient environments (Fig. 7)”°. By regulating the
compositions of these NWs, the emission colors were
tunable from deep blue to green and red. Although the
MAPbX; NWs displayed excellent lasing performance,
they may degrade when exposed to continuous illumina-
tion, heat and a high current load®.

In contrast, single-crystalline NWs comprising FAPbX;
and CsPbX; showed similar performance but improved
temperature and moisture stability®"*, Pan’s group pre-
pared CsPbXj; alloy perovskite micro/nanorods using
vapor-phase deposition. These single-crystalline high-
quality 1D CsPbXj3 analogs with triangular cross-sections
displayed PL that was tunable from 415 nm to 673 nm by
controlling their compositions®’. They also acted as
effective Fabry-Perot cavities with low lasing thresholds
and high quality factors of ~14.1pJ cm 2 and 3500,
respectively. The lasing QY of these NWs was ~100% due
to the negligible charge carrier trapping. Similarly, Jin’s
group grew single crystals of CsPbBr;, CsPbCl; and
CsPb(Br,Cl); with well-defined rectangular facets, and
these demonstrated stable CsPbX; emission with negli-
gible degradation after 8 h*. Interestingly, the CsPbBr;
NWs maintained their surface morphology for over
6 months under ambient conditions. All of these results
indicated that these inorganic NWs are promising alter-
natives for optoelectronic applications.

Photodetectors

Photodetectors (PDs), which harvest optical signals and
convert them into electric signals, are used in many
applications, including image sensing, sensing for the
Internet of Things (IoT), optical communications, and
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environmental monitoring®®®, When the PDs are

exposed to photoirradiation, electron-hole pairs are gen-
erated inside the devices, and the separated electrons and
holes drift under the applied external bias. Ultimately, the
photocurrent is measured by collecting the electrons at
the anode®*. In comparison to 3D bulk MHPs, the 1D NW
semiconductors have well-defined nanostructures with
larger surface-to-volume ratios, higher crystallinities,
lower trap densities, reduced recombination, and longer
lifetimes for the photogenerated carriers. They offer more
confined and efficient pathways for rapid transport of the
photoinduced charge carriers inside the 1D channels®.
Horvéth et al. first developed 1D NW-based PDs, in which
the NWs produced by slip-coating exhibited mean dia-
meters of up to 400 nm and showed a responsivity (R) of
5mA/W*'. 1D MHP PDs are rarely reported because it is
difficult to control the random distributions of the 1D
NWs, which inhibits the collection of the photocarriers.
Therefore, it is crucial to prepare NWs with controlled
morphologies and enhanced performance. By regulating
the crystallization process, Deng et al. developed trans-
parent and uniform MAPbI; NWs as PD arrays based on
polyethylene terephthalate (Fig. 8)*°. Well-defined NW
networks were developed by controlling the crystallization
process. The constructed PDs showed a narrower pho-
tocurrent range than PDs based on randomly oriented
NWs, with a switching ratio of 300, a normalized detec-
tivity of 1.02 x 10'* Jones, and an equivalent dark current-

derived shot noise of 4.73 x 10"15 A Hz'/%. Furthermore,
this device demonstrated excellent flexibility during
bending 10,000 times.

Similarly, horizontal CsPbX; (X =CIl, Br, I) NW net-
works with well-controlled orientations along the (001)
plane were prepared by the vapor-phase method”*®. Han
et al. developed lead-free CsSnX3 N'W arrays deposited on
mica in a three-zone CVD furnace via solid-source che-
mical vapor deposition (SCVD)®*®. By controlling the type,
mass, temperature and growth time, CsSnX3 NWs with
various compositions and grain sizes were obtained. The
as-prepared CsSnBr;_,I, (x=0, 2, 3) NW arrays showed
very strong PL with bandgaps varying from 1.34 to
1.84 eV. Moreover, the as-prepared CsSnl; N'W arrays
were utilized for the first time as the channel materials for
near-infrared photodetectors, and they exhibited superb
photodetection performance with rise and decay time
constants of 83.8ms and 243.4ms, respectively. The
aligned NW arrays resulted in improved photodetec-
tion®, Using a blade-coating method, Jie’s group devel-
oped an aligned MAPbI; NW array, which was suitable
for processing microwire arrays with large areas on flex-
ible substrates®”.

Benefitting from the anisotropic responses to polarized
light signals, 1D MHPs with anisotropic morphology can
act as polarization-sensitive optical switches, integrated
photonic circuits, high-resolution detection, and near-
field imaging”®'. Anisotropic optical absorption by
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MAPbI; PDs was first demonstrated by Gao et al., which
underscored the advantages of using these NW arrays in
polarized PDs”®. OA-passivated PDs exhibited superior
detectivity of 2 x 10*® Jones, which were higher than those
of commercialized Si-based photodetectors (4 x 10*?
Jones). Moreover, the maximum photocurrent was
obtained when the polarization direction was parallel to
the NW orientation axis, while the minimum photo-
current was obtained with perpendicular polarization.
Similarly, a sensitive PD based on a 1D CsPbBrj single-
crystal NW array was assembled by Feng and coworkers,
who used a micropillar-structured template-assisted
method”®. A high I,./I,¢ ratio of 103, an excellent
responsivity over 1000 A W', and a fast response speed
(21.5 us for the rise and 23.4 ps for the decay) were
achieved. They also found that the high aspect ratios of
1D NWs induced good anisotropic absorption, which
contributed significantly to the polarized light sensitivity
of the 1D N'Ws.

High-performance PDs were also developed by using a
single 1D perovskite NW*>**, Shoaib et al. grew ultralong
CsPbBr; NWs via controlled vapor phase growth, and
they showed well-defined cross sections and smooth
surfaces”, The resulting CsPbBr; NW-based PDs exhib-
ited a high responsivity and a fast response speed of 4400
AW ! and 252 ps, respectively.

In addition, nontoxic NW PDs have also been prepared
with MASnI; NW arrays®®. The PDs showed quick

responses to light with rise and decay times of 1500 ms
and 400 ms, respectively. Compared to a planar device,
the decay of the light current was approximately 500
times slower for the NW-based device.

Light-emitting diodes

Due to their superb optoelectronic properties, including
low exciton binding energies and long carrier diffusion
lengths (up to the micrometer level), 3D perovskites dis-
play outstanding photovoltaic performance. However,
these materials provide reduced light-emitting efficiencies
with low injected carrier densities (less than 10*> cm ),
which limits the performance of the perovskite LEDs”.
For the charge carriers, there is a competition between the
radiative recombination and nonradiative trapping pro-
cesses. When the former dominates the dynamic process,
high-performance LEDs can be realized. 1D MHP NWs
with high crystallinity and superior optical properties have
been used to assemble LEDs. Wong et al. fabricated a
hybrid perovskite (MAPbBr;) NR array and then con-
verted it to MAPbI; via an anion exchange technique used
at low temperatures while preserving the morphology™.
The MAPbBr; NR-based LED showed a green electro-
luminescence (EL) peak at 533 nm with a full width at half
maximum (FWHM) of 26nm, while the converted
MAPDI; arrays showed infrared EL at 782nm with a
FWHM of 41 nm. In the work of Guo et al., 1D CsCdBrs
NRs were prepared via a facile thermal-injection
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method®”. However, the low PLQY hindered their use in
LEDs. PbBr; was selected as the dopant for CsCdBr; NRs
to improve their EL properties. When PbBry:CdBr, = 1:4
(molar ratio), the perovskite NRs showed a PLQY of 48%
and a pure-blue emission centered at 459 nm. In addition,
they were employed as the active layer in a LED and
exhibited a maximum brightness of 225cdm 2 and an
EQE of 0.35%. Bi and his coworkers prepared CsPbl; NW
clusters in a nonpolar solvent system by using a ligand-
assisted reprecipitation approach®. These NW clusters
displayed an emission peak centered at 600 nm and a large
PLQY of 91% with excellent environmental and structural
stability. An excellent EQE of 6.2% and a maximum EL
luminance of 13644 cd m~? were obtained for the corre-
sponding LED device. Although many studies have been
published on NW-based LEDs, there are still short-
comings and challenges restricting their development
relative to those of other low-dimensional MHPs, parti-
cularly OD nanocrystals. Issues including lower PLQYs,
worse color purity and poor tunability of the optical
properties need to be overcome.

Other applications

If high-density PDs (at the level of millions per cm?) are
assembled, an image sensor can be fabricated, and every
single PD could be a pixel for the image. Image sensors
have attracted considerable interest for use in many
advanced fields, such as the medical, artificial intelligence,
and wearable electronics fields. Deng et al. prepared large-
area and horizontally aligned MAPbI; microwire PDs
based on the conventional configurations of field-effect
transistors®”. They also assembled an image sensor com-
prising 21 x 21 pixels, which demonstrated letters under
different bending conditions. To integrate more single PD
devices with optimal performance, vertical alignments of
the NWs have been explored. Gu and coworkers assem-
bled image sensors based on 3D MHP NW photodiodes
with ultrahigh NW density of ~4 x 10%-10° cm™ 2. These
integrated devices recognized optical patterns, such as
“C”, “H”, “K”, and even a symbol for the heart®”. Although
there were only 1024 pixels displayed therein, the results
implied that the NW arrays have great potential for use as
high-resolution image sensors because the size of each
NW pixel can be hundreds of nanometers, leading to a
dramatic increase in the number of pixels. The NWs were
well protected by the template, which retardethe d dif-
fusion of oxygen molecules and moisture, and this
improved the stability. Despite the satisfactory device
performance, 1D nanostructured MHPs still suffer from
high surface trap states and undesirable dangling bonds,
which compromise the performance in photodetection
and the long-term stability and seriously impede their
application®°.
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1D nanostructured MHPs have also been employed as
high-performance FETs due to their low defects and high
charge carriers. Chen and coworkers prepared FET's based
on a bilayer structure comprising an organic semi-
conductor and CsPblz NRs, in which the organic semi-
conductor served as the pathway for the injected
photoinduced carriers and the CsPbI3 NRs served as light
absorbers'®. The FET showed p-type characteristics with
a cutoff Vg of ~—40V and a constant Vp of —30 V.
Finally, these FETs demonstrated efficient and stable
performance with high y up to 4300 A W' and a photo-
to-dark current ratio of 2.2 x 10°. By introducing different
organic semiconductors such as PDVT-10 and N2200,
Chen et al. developed FETSs exhibiting p-type and n-type
behaviors, respectively, and displaying strong light and
gate modulation®",

In another important application, memory devices using
1D MHPs as the switching layers have been reported
because of their intrinsic hysteresis and massive channels
for charge transfer. Zhao’s group developed light-induced
resistive switching (RS) based on individual MAPbI3
micro/nanofibers'??. The RS effect was ascribed to the
redox reactions occurring at the interface between the
MAPbDI; and the Ag electrode, and the MAPbI; can be
regarded as the solid electrolyte. In another study, Poddar
et al. applied a vapor-phase approach to prepare ordered
monocrystalline MAPbI; quantum wire/NW arrays in the
nanochannels of a porous alumina membrane, thereby
forming a Ag/MAPbI; quantum wire/NW/Au struc-
ture'®®, This device displayed a superior performance with
an ultrafast switching speed of ~100 ps, a record endur-
ance of ~6x10° cycles, and a long duration of over
2 years. Moreover, the team downscaled the device to a
lateral dimension of 14 nm and an area of 76.5 nm? for
single bit storage.

Molecular-level one-dimensional perovskites
Syntheses of 1D molecular MHPs

In molecular 1D MHPs, the metal halide octahedra
([BXe]*") participate in corner sharing, face sharing and
edge sharing to build 1D networked chains with the
surrounding organic cations'**'%”. There are various
types of chains, including linear, bilinear, zigzag, and
tubular, and their chemical formulas depend on the
connecting methods and the organic cations. Unlike
morphological 1D MHPs, molecular 1D MHPs are large
crystals comprising assemblies of [BXe]*™ quantum wires
(QWs)!#199197 11y 1995, the first 1D MHPs were reported
by Mitzi and coworkers, and they had the formula
[NHC(I) = NH]o(CH3NH3)Snmlsmyz  (m=1)1%1%,
As perovskite-related materials, molecular 1D MHPs have
attracted tremendous research interest during the last
several years. Mao and coworkers found that 1D (2,6-
dmpz)3Pb,Br;, contained a single corner-sharing chain of
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lead bromide and a mixture of corner- and edge-sharing
dual chains'"’.

The recent interest in molecular 1D MHPs was greatly
stimulated by the development of C4N,H;4PbBr, by Yuan
et al,, in which core-shell QWs were constructed with
edge-sharing [PbBry]*~ and surrounded by C,N,H;>"
organic cations (Fig. 9)''". Because of the formation of
self-trapped excitons (STEs) and the presence of strong
quantum confinement, these unique 1D MHPs displayed
intriguing bluish white broadband emission under UV
irradiation. PLQYs of 18—-20% and 10-12% were obtained
for single crystals and microscale crystals, respectively.
Interestingly, Yuan et al. also generated significant
improvement and a pressure-induced PL of ~90% at
2.8 GPa with the 1D hybrid metal halide C,N,H,,PbBr,'*2.

Mn ions have been introduced in a facile one-pot syn-
thetic method to dope these 1D MHPs and improve the
efficiency of white emission''®, Taking advantage of the
Mn dopant emission and the STE emission of the 1D
MHP itself, tunable and broad bright white emission was
achieved with color rendering indexes (CRIs) of up to 87
and improved PLQYs of up to 28%"'>'*, Researchers also
prepared 1D C4,N,H;,PbCl, by replacing the Br atoms
with Cl atoms within the edge-sharing octahedral PbCl,
chains [PbCl,* Jeo separated by the organic C,N,H, 2"

cations''”, Calculations based on density functional the-
ory (DFT) indicated that two emission bands were
attributed to the STEs and vacancy-bound excitons of
these 1D MHPs.

Li and coworkers also reported 1D dual-emissive MHPs,
(C12H18Ng)Pb,Clyo-HyO, displaying tunable white light
emission from “cold” to “warm” by changing the excitation
wavelength''®, The combined results of the emission
spectra and the DFT study revealed that the broadband
emissions of these MHPs aided the formation of the STEs.
In another study, toxic Pb>" ions were substituted by Sn**
to form lead-free 1D C4N,H;,SnBr,. With continuous UV
irradiation, this nonemissive and kinetically stable 1D
C4N,H4SnBr, underwent a structural transformation to
form the thermodynamically stable 0D Sn bromide hybrid,
which was also confirmed computationally''”.

To address the toxicity of Pb, researchers have studied 1D
MHPs containing other nontoxic metals, such as Sb, Bi, and
Sn, with electronic structures similar to those of the Pb-
containing counterparts''®*'*!, Mousdis et al. synthesized
zigzag-chain 1D Sb-based MHPs [CH3SC(NH,;),],SbX5
containing corner-sharing [SbXg] octahedra that were
separated by CH3SC(NH,)*" cations''®. Although they
exhibited large E, values and low performance, these lead-
free materials are nontoxic and stable and could be
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potential alternatives for use in optoelectronic applications.
In addition, Zhang et al. developed lead-free
(CeH14N),SbCl5, which consisted of hexamethyleneimine
and a 1D [SbCls],> polyanionic zigzag chain, and this
showed nonlinear optical properties that were switchable
above room temperature'’®. They found that a structural
phase transition occurred in the presence of the order-
disorder conformation of the organic cation. The difference
in molecular conformations made the material promising
for exploring novel switching devices. Dammak and cow-
orkers  prepared the  organic-inorganic = MHP
(C6H14N),BiBrs by the slow-evaporation method'*°. The
strongly bound excitons caused radiative recombination of
the 1D QWs and strong blue emission. In another study,
Zhang et al. prepared the 1D lead-free metal halide
(CeH14N),Bil5 by slow evaporation of a precursor solution
containing 4-methylpiperidinium and bismuth trioxide
dissolved in concentrated hydroiodic acid'*'. This light-
absorbing hybrid material with zigzag chains was photo-
conductive, moisture stable and environmentally friendly,
and it exhibited a narrow and direct E; of ~2.02eV and a
long lifetime, indicating that it is a promising candidate for
optoelectronic applications. Hu et al. reported a series of 1D
MHPs based on [4ApyH]Sb,Bi;_.I,Br,_,, wherein 4-ApyH
stands for the 4-aminopyridine cation'””. They system-
atically studied the structures and properties of these
materials by investigating the effects of the halogen ions
(Br~ and I") and the metal ions (Sb>" and Bi** and found
that the compositions played significant roles in determin-
ing the optical bandgaps, which ranged from 1.94eV
([4ApyH]Bily) to 2.73eV ([4ApyH]SbBr,). Moreover, the
conductivity of [4ApyH]Sb,Bi;_,I, was increased sig-
nificantly from ~1.00 x 107 to 2.14 x 10"® S cm ™" with an
increase in the Sb ratio.

In addition to metal halide QWs, 1D MHPs containing
tubular metal halides were discovered by Lin and his
coworkers'*>, The 1D hexamethylenetetramine (HMTA,
C¢Hi3N, ) lead bromide nanotubes, (CgH;3N4)3PbyBrs,
were synthesized by a slow solution-diffusion
approach'?, The 1D tubular structure was completely
isolated and localized, and it showed the intrinsic prop-
erties of a single tube. Because of the STEs, the 1D
structures showed a large Stokes shift with broad
yellowish-white emission and a PLQY of ~7%. The 1D
tubular structures displayed relatively lower PLQYs than
the 1D NW structures, which may be attributed to the
presence of more nonradiative pathways in the 1D tubular
structures. However, the amine N-H bonds were easily
hydrolyzed with moisture, leading to the loss of perovskite
stability. It is highly desirable to explore novel and stable
nonamine perovskite materials. In the work of Hu et al,,
1D sulfur-based perovskite-like (CH3)3SPbl; NR arrays
were fabricated via a two-step solution phase synthetic
method (Fig. 10)***, Due to the strong binding forces of
the cationic (CH3)sS' and the [Pblg]*~ octahedra, the
morphology and crystal structure remained unchanged
for 60 days under ambient conditions. Similarly, Rahman
et al. prepared moisture-stable trimethylsulfoxonium lead
triiodide (CH3)3SOPbI; 1D NR arrays in aqueous media,
which exhibited no change in the hexagonal crystal
structure over 50 days'**. The superb moisture stability of
(CH3)3SOPbI; originated from strong electrostatic inter-
actions between the TMSO™ and [Pblg]*~ polyhedra.

Applications of 1D molecular MHPs

The current research interest in 1D molecular MHPs is
focused on fundamental studies of the structure-property
relationships, including synthetic methods and
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characterizations of the photophysical and electronic
properties'®*. Potential uses of the 1D molecular MHPs
constitute a relatively new research topic that has not yet
been well explored. Generally, 1D molecular MHPs with
large bandgap energies (E,) and exciton binding energies
(Ep) may be suitable for use in lighting systems such as
LEDs and phosphors based on the recombination of
electrons and holes. In contrast, 3D MHPs with smaller E},
values are suitable for photovoltaic applications based on
the transport of charge carriers, such as in solar cells and
PDs!?10%126 " Therefore, combinations of 1D and 3D
MHPs may provide exciting opportunities enabling a wide
range of applications.

Solar cells

1D perovskites exhibit superb stability because of the
skeletal strength attributable to the “shoulder to shoulder”
arrangement of [PbX]*™ and the protection from organic
cations'?%27128  Although the high E, values of 1D
MHDPs retard charge transport, combinations of 1D and
3D MHPs provide extraordinary opportunities for
advancing photovoltaics. By directly incorporating large
organic cations into the 3D perovskite or postprocessing
large cations on top of the 3D perovskite film, multi-
dimensional films can be produced that are envir-
onmentally stable and feature excellent photovoltaic
properties. In a representative study, 1,1,1-tri-
fluoroethylammonium iodide (FEAI) was employed by Bi
and coworkers to enhance the efficiency and long-term
stability of a device'*. To maintain a constant exciton
binding energy and bandgap, they added less than 10
molar% FEAI to the precursor solution of MAPbI;. They
obtained a better surface morphology for the perovskite
film with improved coverage, increased crystallinity, and
reduced roughness. The solar cells reached a maximum
PCE of 18% with 3% addition of FEAIL The stability to
moisture was improved by the presence of the CF3
terminal group, which was hydrophobic and retarded
degradation of the MHP. Fan et al. incorporated 2-(1H-
pyrazol-1-yl)pyridine (PZPY) into 3D MHPs, leading to
the formation of a series of 1D or 1D/3D heterojunctions,
realizing a thermodynamic self-healing ability with
improved long-term stability'*°. The 1D/3D MHPs dis-
played greater thermodynamic stability than pure 3D
MHPs. The PCE of the 1D/3D device was reversible
during temperature cycling (25-85 °C), whereas a refer-
ence device failed completely after five cycles. Liu et al.
proposed a lattice-matching structure prepared by adding
the 1D Pbl,-bipyridine (BPy) into 3D MHPs, and this led
to enhanced stability of both the film and the device'*'. In
the work of Yu et al., hydrazinium (HA) was employed to
stabilize a-phase FAPbI; by forming a 1D/3D hybrid
perovskite structure’®. Gao et al. applied thiazole
ammonium iodide (TAI) to generate a 1D passivation
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layer of TAPbI3 on top of a 3D MHP, which passivated
defects, enhanced charge transfer, blocked ion migration,
and resulted in a higher PCE of 18.97% and better long-
term operational stability over 2 months under ambient
conditions'®*. Similarly, Xu et al. employed a 1D PyPbl,
(Py = pyrrolidine) perovskite to stabilize the black per-
ovskite phase and enhance the performance of the
resulting device'®*, In another study, a thin layer of in situ
cross-linked propargylammonium (PA*) was used by
Chen’s group to generate a 1D/3D heterostructure; this
facilitated interfacial charge transport and released the
residual tensile strain of 3D MHPs (as shown in
Fig. 11)'*°. Very recently, Kong et al. developed a novel
perovskite using 2-diethylaminoethylchloride hydro-
chloride (DEAECCI), which facilitated crystallization and
provided better crystallinity, leading to improved charge
transport and reduced remnant tensile strain in the 3D
perovskite film'*®. A maximum PCE of up to 22.9% was
realized along with excellent device stability.

Light-emitting diodes

Single-luminescent materials have been identified as
promising candidates for preparing next-generation white
LEDs. However, there is an inevitable optical loss because
the current white light source is a yellow phosphor-coated
blue LED'®*. To address this issue, Lin et al. developed
single-component-based white lighting with an envir-
onmentally friendly 1D CsCu,l; perovskite'*”. It displayed
a broad PL emission peak at 568 nm and a FWHM of
~75nm for the white light resulting from black body
radiation. Moreover, it showed excellent photostability and
retained 95% of the initial PL intensity after continuous
laser excitation for 750 min. Mo et al. produced 1D lead-
free CsCu,l; single crystals via inverse temperature crys-
tallization, and it showed yellow emission and good air
stability'*®. A quasi core-shell structure was formed in
which the [Cu,l3]” chains were spatially separated by the
Cs* ions in the 1D CsCu,l; lattice. A record PLQY of
50.4% was achieved in the presence of OA. Furthermore,
when combining the CsCu,l; yellow phosphor with blue
LEDs for white light applications, it provided continuous
operation for over 580h in air. For EL applications, a
highly stable yellow LED based on CsCu,l; was proposed
by Ma et al. '*, They prepared tightly packed CsCu,l; by
antisolvent crystallization, and it exhibited a PLQY of
20.6%. The yellow EL resulted in broadband emission at
550 nm with a maximum luminance of 47.5 cd m? and an
excellent EQE of 0.17%, which was ascribed to STE
emission (Fig. 12)'*°. The prepared LEDs showed long
half-lives of 5.2 h at room temperature and 2.2 h at 60 °C.

Photodetectors
High spectral selectivity is essential for PDs operated in
different applications, including phototherapy, imaging,
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fluorescence detection and biomedical sensing. In the
work of Li et al, 1D anisotropic CsCuyl; NWs were
employed to assemble a polarization-sensitive UV PD on
a flexible substrate, and the PD showed a large
photocurrent-anisotropic ratio of 3.16'*°. It showed
superior photodetection ability with a responsivity of 32.3
AW, a fast response/recovery speed of 6.94/214 ys, and
a specific detectivity of 1.89 x 10** Jones. In addition, the
device showed negligible degradation after 1000 bending
cycles, suggesting good bending durability and flexibility.
Additionally, Li et al. proposed a broadband and facet-
dependent UV photodetector using 1D CsCu,l3 single-
crystal microwires prepared via antisolvent engineer-
ing'*". A higher on/off ratio was obtained with the {010}
crystal plane because of the higher electron density and
stronger confinement. Similarly, Yang et al. synthesized
CsCu,l3 with a high exciton binding energy and a high
PLQY of ~105meV and 12.3%, respectively'*>. They
developed a deep UV photodetector that exhibited nearly
no response to visible light at 405 nm but was sensitive to
265 and 365 nm UV illumination. A high Ljgn/Igarik ratio
of 22 and excellent reproducibility was obtained for

265 nm illumination. Furthermore, the EQE, specific
detectivity, and responsivity were as high as 10.3%,
1.2x10'"" Jones, and 22.1mA/W, respectively. In
another study, 1D Rb,CuBr; single-crystal microwires
were prepared with an optical band gap of 3.83 eV and
good UV absorption'*®. The as-prepared device dis-
played excellent UV detection of 265-nm light with a
specific detectivity, responsivity, and response/recovery
time of 1.23 x 10'" Jones, 113.64mA W', and 69.31/
87.55 ms, respectively (Fig. 13)'*>. Moreover, long-term
stability was observed during 2 weeks of storage in
ambient air without encapsulation. In another study, Liu
et al. obtained 1D N,N’-dimethylethylenediamine
(DME) lead bromide via an antisolvent-assisted solution
process'**. They used a temperature-dependent charge
mobility measurement based on space charge limited
current (SCLC) characterization to obtain a mobility of
4.51 cm?/Vs. A UV PD based on a 1D (DME)PbBr,
single crystal displayed a photoresponsivity of
132.3 AW L. Overall, all-inorganic Cu(I)-based metal
halides show great potential for producing low-cost,
high-performance UV PDs.
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Zhang et al. designed and prepared a 1D perovskite
single crystal in which the PbI,>~ octahedra were caged by
N,N’-dimethyl-1,2-ethanediamine =~ (DMEDA) organic
chains'*®. Because of the absence of grain boundaries, ion
migration was suppressed via the quantum size effect in a
single crystal with a low trap state density. Thus, 1D MHP
single-crystal photodetectors displayed hysteresis-free
I-V curves. In addition, the photodetectors presented
good stability, retaining 85% of their original photocurrent
after 3 months of ambient storage.

In addition to UV light, circularly polarized light (CPL)
was detected by chiral 1D perovskites, which were pre-
pared from chiral cations with R- or S-configurations.
Chen et al. prepared a chiral 1D (R- and S-a-PEA)PbI;
film for CPL detection and obtained a maximum response
of 0.12A W' at 395 nm'*®. Due to the efficient charge
transport in the inorganic frameworks and the sensitive
absorption of the organic cations, the device displayed a
detectivity of 7.1 x 10" Jones. However, it showed a much
lower dissymmetry factor (0.1) than other chiral CPL
detectors, such as plasmonic metamaterials (1.09). To
improve the circular dichroism (CD) of the chiral per-
ovskites, Ishii and coworkers fabricated 1D perovskite-
based CPL photodiodes from the chiral organic cations
(R/S)-(1-(1-naphthyl)ethylammonium) [(R/S)-1-NEA]'*.
They obtained a champion CD of 3000 mdeg among the
reported perovskite systems. Zhao et al. constructed chiral
1D perovskite microwire arrays with pure (010)-

orientations by using a capillary-bridge-manipulation
approach'®®, Using the synergistic effect of the uniform
crystallographic orientation and high crystallinity, effi-
cient CPL photodetectors were prepared and showed a
maximum anisotropy factor and detectivity of 0.23 and
2.2 x 10! Jones, respectively. Moreover, the microwire-
array-based CPL photodetectors displayed excellent
environmental stability for 30days under ambient
conditions.

Other applications

A scintillator based on 1D Rb,CuBrs, which exhibited
intense violet emission and a PLQY of ~98.6%, was
developed for radiation detection'*’. In combination with
the STE-induced Stokes shift, the near-unity PLQY pro-
vided an extremely high radio-luminescence light yield of
~91056 photons per MeV, which was comparable to those
of commercial scintillators. However, the radioactive
nature of Rb raises environmental concerns. Alternatively,
X-ray scintillators based on 1D K,CuBrs, which shows
violet emission at 391 nm and a PLQY of 87%, were
proposed'*°. The resulting light yield (23806 photons per
MeV) fell within the range for typical scintillators. Fur-
thermore, the potassium-based 1D hybrid scintillator is
environmentally friendly, and this expands the range of
practical applications. Zhang and his coworkers developed
lead-free 1D RbyAgCl; crystals as an efficient scintillator
material exhibiting bright-orange emission at 580 nm and
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a QY of 60.0%">". When the crystals were excited with X-
rays, a fast scintillation decay time of 9.5 ns was obtained
along with a light yield of 18300 photons MeV . Fur-
thermore, the ratio of light yield to decay time reached
1926 photons MeV ! ns™ !, which exceeded the ratios for
commercial scintillators.

Unlike the 3D trigonal black phase FAPbI; (a-FAPbI3),
the yellow phase FAPbI; (8-FAPbI3) adopts a 1D hex-
agonal crystal structure with good environmental and
thermal stability. Based on the reduced structural
dimensionality, researchers have explored applications
other than photovoltaics. Park’s group developed 1D and
3D FAPbDI; via the Lewis acid-base adduct method and
investigated the RS performance of the Ag/FAPbI;/Pt

devices'*?. §-FAPbl; was formed when the annealing
temperature was lower than 125°C, and o-FAPbI; was
generated at temperatures above 150°C. Both FAPbI;
phases could be set from high-resistance state (HRS) to
low-resistance state (LRS). However, failure of switching
from LRS to HRS was observed for 3D a-FAPbI3, while
the 1D 8-FAPbI; devices worked well. DFT calculations
revealed that the barrier for migration of the iodine
cluster along the c-axis (0.48 eV) was smaller than that for
the ab-plane (0.9 eV), which made the 3D isotropic «-
FAPbI; more stable than the 1D anisotropic §-FAPbI; and
led to difficult filament rupture. The final 1D §-FAPbI;-
based device demonstrated good endurance for more than
1200 cycles and a retention time of over 3000s. These
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results showed how structural dimensionality affects the
formation/rupture of halide filaments in memory devices.
In another study, a 1D halide perovskite, (NH=
CINHj;)5Pbl; ((IFA)sPbls), was used in an RS device with
the structure ITO/(IFA);Pbls/Au*®. This device showed
ultralow power consumption of 0.2 mW and a small set
voltage of 0.2 V, which resulted from the low conductivity
and wide bandgap (~3.0 eV) of the 1D material. This work
provides the possibility of developing 1D molecular MHP-
based low-power memory devices and other advanced
optoelectronic applications.

Summary and future prospects

In this review, we highlighted recent advances made
with both morphological- and molecular-level 1D MHPs
during the past several years, including material syntheses,
composition control, tuning of the properties, under-
standing of the fundamental mechanisms, and optoelec-
tronic applications. Morphological and molecular level 1D
MHPs have different merits from the perspective of
optoelectronic applications. Since MHP NWs and NRs
possess 1D crystal channels at the morphological level
(dozens to a hundred nanometers in diameter), they
usually present better electronic and carrier transport
properties than molecular-level 1D MHPs, which contain
1D electronic connections at the molecular level (a few
angstroms in diameter). On the other hand, molecular-
level 1D MHPs often exhibit better stability when organic
cations are used to isolate the molecular halide hybrid
structures into 1D channels. Based on these distinct
characteristics, morphological 1D MHPs alone have
demonstrated high PCEs in solar cell applications””, while
molecular 1D MHPs were usually combined with 3D
MHPs to generate 1D/3D structures that are useful for
defect passivation and device stability'*>. Furthermore,
due to the presence of unique STEs, appropriately
designed molecular 1D MHPs are suitable for upconver-
sion lighting applications. For instance, as a consequence
of the strong STE interactions, molecular-level 1D
Rb,CuCl; achieved a very high PLQY of ~100%"°*, which
was much higher than those of morphological-level 1D
MHPs. The range of organic cations available for mole-
cular 1D MHPs also endows them with distinct optoe-
lectronic properties for many applications'>®>. As an
example, the use of chiral organic cations in molecular 1D
MHDPs has enabled interesting utility in detecting circu-
larly polarized light'*®. On the other hand, the 1D
morphologies of MHP NWs and NRs, with sizes ranging
from dozen of nanometers to wavelength scales, make
them suitable for use in waveguides, metasurfaces, and
linearly polarized light detection. Despite extensive effort,
there is still ample room for developing novel 1D MHPs,
investigating the principles between their structures,
properties, and performance, and exploring novel
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applications. It is essential to determine general principles
for designing and preparing high-quality and stable MHPs
with controlled compositions, structures, and dimen-
sionalities. There are major challenges and future pro-
spects that need to be addressed in order to advance this
field, including but not limited to the following:

1. 1D morphological MHPs usually show stronger light
absorption and better stability in various applications due
to their geometric characteristics. In particular, 1D MHP
NWs with longer lifetimes of the photogenerated carriers,
lower recombination rates, fewer defects and lower trap
densities display great potential for use in solar cells. In
the absence of a template, vertical growth of the 1D MHP
NWs on a substrate would remarkably improve the PCEs
of solar cells. For lasers, 1D MHPs have shown better
performance than granular films due to the high optical
gains and quantum confinement under excitation. In
addition, higher sensitivity and lower carrier recombina-
tion rates could enable light detection capability exceed-
ing those of other semiconductors, which would be useful
in photodetectors. Orderly NW or NR arrays have
exhibited superior stability, and more effort should be
expended. A thorough understanding of the relationships
among the preparation processes, structures (morphol-
ogy), and properties, together with the well-controlled
morphologies, would make 1D morphological MHPs
promising candidates for use in photovoltaics and other
optoelectronics.

2. Current development of 1D molecular MHPs largely
relies on trial-and-error synthetic methods. Although
considerable effort has been devoted to investigating the
photophysical processes and optoelectronic properties of
1D MHPs, the complexity of the excited state kinetics and
dynamics and the various defect characteristics, densities,
and positions in the bandgap require reliable approaches
allowing precise regulation of the crystallinities, struc-
tures, and sizes of 1D MHPs. It will be of great interest to
explore novel halide polyhedra, such as pyramids and
tetrahedra, for use as the building units of 1D network
chains. More synthetic methods and effective computa-
tional models must be developed to predict how bulk
crystals are assembled from the organic and inorganic
components and to better understand fundamental
mechanisms, including how the interactions between
organic and inorganic ions affect the photophysical
properties. In addition, the toxicity of Pb, which is widely
used in 1D MHPs, is harmful to the environment.
Therefore, it is imperative to develop efficient and stable
lead-free MHPs, such as Sn-, Ge-, Sb-, and Bi-
based MHPs.

3. Based on their high crystallinities and PLQYs,
excellent charge carrier mobilities, and low defect rates,
1D MHPs are among the most promising candidates for
use in optoelectronic devices, including PDs, transistors,
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and lasers. However, applications based on these materials
cannot be widely explored because of the incomplete
surface coverage that severely affects device performance
and reproducibility. Moreover, the mechanisms for other
stimulation methods used with 1D MHP-based devices,
such as those for polarized light, pressure, temperature,
and magnetic fields, have not been well investigated. In
addition, we should explore other potential applications,
including magnetic storage, solar concentrators, phonon
transport, waveguides, and scintillators.

4. Because of their isolated structures, 1D MHPs exhibit
ambient stability superior to those of their 3D counter-
parts. However, they are still not sufficiently stable to
meet the requirements for practical application. To
understand how these 1D MHPs degrade, further studies
are essential for identifying the mechanisms for degra-
dation by moisture, oxygen, UV light, and heat. The
photostabilities of the 1D MHPs might be influenced by
dissociation and reformation of metal halide bonds. More
experimental and theoretical studies should be performed
to improve the stability of the 1D structures based on
large and rigid organic components or cross-linked
organic components. In addition, increasing the ionic
interactions between anions and cations in 1D MHPs
would provide a better understanding of the intrinsic
stabilities of the 1D MHPs.

5. Construction of multidimensional 1D/3D perovskite
composites has proven to be effective in preparing effi-
cient and stable photovoltaic devices, especially for solar
cell applications. The optoelectronic capabilities of many
1D MHP-based devices are still limited by tradeoffs
involving transparency and light harvesting, efficiency and
stability, performance, and cost. We believe that rapid
evolution of 1D/3D MHPs will create more win-win
opportunities in the future. Although many exciting
results have been obtained, the intrinsic growth
mechanisms must be revealed. It is also essential to
determine how the 1D MHPs affect the crystallization
kinetics, phase purities, and orientations of 3D bulk per-
ovskites and how this, in turn, affects photocarrier
transport, recombination processes, and the concentra-
tions of defect states. Investigations of the structure-
performance relationships affecting 1D/3D perovskite
composites, their photovoltaic capabilities, and stabilities
could provide a theoretical basis for optimizing perovskite
devices and promoting the industrialization of perovskite-
based optoelectronic technologies.

In general, the range of accessible A-site cations used in
molecular 1D MHPs provides a substantial engineering
platform with which to seek novel materials with diverse
electronic and photophysical properties. Although sig-
nificant progress has been made, research on molecular
1D MHDPs is still at the preliminary stage, and many open
questions remain unanswered. For morphological 1D
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MHPs, it is critical to develop novel techniques for fab-
ricating large-area perovskite films with the controlled
alignments of the 1D morphologies. Controlling the
nucleation rate with a proper understanding of the che-
mical kinetics and thermodynamics of the growth system
is critical for harnessing the full potential of these mate-
rials in various optoelectronic applications. Last but not
least, many hidden properties and unexplored uses of
these promising materials remain to be discovered. We
hope this review will attract more research interest and
provide insightful perspectives for future explorations of
1D MHPs.
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