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ABSTRACT: The minuscule sizes of one-dimensional (1D) nanostructures have revolutionized photonic circuitry and led to
efficient optoelectronic devices with unprecedented speed. With the impressive progress accomplished in consideration of pressing
challenges, perovskite materials have been in the spotlight in research. The low-dimensional perovskites (especially nanowires)
supersede their bulk counterparts with remarkable optoelectronic properties that make them suitable to be used in a broad range of
applications. Nevertheless, for realizing any potential application, mechanistic insights on the crystal growth, especially the ordering/
orientation and hence the underlying physics of light—matter interactions in the perovskite nanowires, are needed, and research is
yet to plateau. Herein, we emphasize the fundamental understanding of formation mechanisms and anticipated challenges along with
the progressive evolutions of several blossoming candidates in exciting optoelectronic applications such as photodetectors, lasers,
light-emitting diodes, photovoltaic cells, and field-effect transistors. Importantly, the perspectives offered in this Review can stimulate
future research directions and opportunities that could pave the way for ambient-stable next-generation optoelectronic devices.
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Most of the high-performing devices reported so far have
been fabricated from polycrystalline perovskite thin films

etal halide perovskites have emerged as a class of
frontline semiconductors and have attracted tremen-

dous research attention in recent years. Control over the band
structure by judicious manipulation of the composition and
dimensionality makes them promising materials with striking
photophysical properties, such as a large optical absorption
coefficient, low defect density, long diffusion length, and
suppressed Auger recombination rate.'”* The research
enthusiasm around this led to the exploration of these alluring
semiconductors in various optoelectronic applications, such as
photovoltaics (PVs),”™"> lasers,">™"° light-emitting diodes
(LEDs),"*™" and photodetectors (PDs).”°~>* Remarkable
success has been progressively accomplished, especially in PVs
and LEDs, where the corresponding maximum certified
photoconversion efficiency (PCE) has reached 25.2%”° and
the external quantum efficiency (EQE) has reached 23.4%,”*
respectively.

© 2022 American Chemical Society
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owing to their simple solution-processability by either one-step
or two-step processes. Notably, the performances are strongly
influenced by the thin films’ morphology, crystallinity,
uniformity, grain size, surface coverage, and thickness.> ™%’
Importantly, polycrystalline thin-film-based devices, though
believed to be next-generation candidates, are limited due to
critical drawbacks that circumscribe their potential commercial
applications.”*™** For instance, low-temperature solution
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processes induce mobile ionic defects within the polycrystalline
thin film that lead to hysteretic current—voltage (I—V)
characteristics under an external bias and act as recombination
centers for photogenerated carriers, thereby lowering the
overall charge collection efficiency.’”*" Moreover, polycrystal-
line thin films comprise comparatively larger numbers of grain
boundaries, which act as charge recombination sites for
photogenerated carriers and also favorable paths for external
moisture.”” Temperature-related issues such as phase transition
and compositional degradation owing to their low thermal/
ambient stability deteriorates perovskites’ long-term stability.*
Hence, to accomplish high-performing, stable, and reliable
optoelectronic devices from the perovskites, there is a
prerequisite for designing perovskites materials with ionic
defect-free, grain-boundary-free, and highly crystalline or
single-crystalline structures. In an assessment of polycrystalline
thin films, single-crystalline 1D nanowires (NWs) are found to
have negligible ionic defects and grain boundaries and
consequently display enhanced photogenerated carrier trans-
port properties, and devices based on NWs show superior
performance, reliability, and stability.**~>°

Moreover, the confined charge carrier transport in the 1D
channel, along with a high specific surface area, makes 1D
NWs the most alluring nanostructures. Conventionally, NWs
have been synthesized from a variety of semiconductors;
however, perovskites have shown phenomenal performance
due to unprecedented attributes owing to their high optical
absorption coeflicient, low density of defect states, carrier
lifetime, and diffusion lengths, which qualify them as potential
building blocks for technologically important applications.”
Considerable attention has been focused on the splendid 1D
metal—halide perovskites since the first report by Endre
Horvath.”” The enhanced photoelectric performance of 1D
nanostructures such as NWs and nanorods (NRs), compared
to their polycrystalline counterparts, is due to the charge
carriers and photons being transported in one dimension while
they are confined to the other two dimensions.”® Although 1D
perovskite NWs are anticipated to be forerunners, they call for
more efforts for controlling light absorption, charge separation,
charge transport, and recombination to unleash their potential
for exhilarating applications.

The enclosing surfaces and defined crystal structure of 1D
perovskite NWs ensure various optoelectronics applications,
such as PDs, lasers, LEDs, PVs, field-effect transistors (FETs),
and waveguides (Figure la). For instance, an ultrahigh
responsivity of 13700 A W' and ultrafast response time of
~0.3 pus were demonstrated using PDs based on a MAPbBr;
NWs array (MA = methylammomum) Similarly, an ultralow
lasing threshold of 220 nJ cm™ and ultrahigh quality factor of
3600 were obtained for MAPbI, NW-based lasers.” A
maximum brightness of 12016 c¢d m™> and an EQE of 16%
were demonstrated using CsPbBr; NWs-based LEDs."!
Importantly, a maximum PCE of 18.83% with enhanced
stability was shown using perovskite NWs-based PVs.*
CsPbBr;—MoO; core—shell NWs-based FETs exhibited an
enhanced performance with highest hole mobility of 23.3 cm*
(V-s)™ and improved device stability owing to the MoO,
surface passivation.”” Despite the stability issues that bottle-
neck their timely commercialization, the facile low-cost
synthesis protocols of perovskite NWs give them crucial
potential for future integrated photonic devices.

Recent reports on halide perovskite NWs are confined to
particular perovskite systems and lack information on their
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Figure 1. (a) Schematic illustration of the various potential

optoelectronic applications of perovskite 1D NWs. Pictorial crystal
structure of ABX; metal halide perovskites: (b) Structure of unit cell,
where A cations are represented by pink spheres, B cations are
represented by orange spheres, and X anions are represented by
bluish-green spheres. (c) An extended network of ABX; perovskites
connected by corner-shared octahedrons. (d) Elongated 1D crystal
structure of perovskite NWs.

growth mechanisms, which essentially drive the desired aspect
ratios needed for fabricating high-quality sensors.**~** There is
a missing link between all the synthesis methods and state-of-
the-art growth mechanisms of perovskite (organic, inorganic,
hybrid) NWs and their optoelectronic applications such as
PDs, lasers, LEDs, and PVs. Here, in this Review, we provide a
glimpse into the evolution of hybrid organic—inorganic and all-
inorganic halide perovskite NWs along with their synthesis
methodologies and growth mechanisms. We make our best
attempts in considering the literature to date and presenting
the milestones in the development of perovskite NWs for a
broad range of potential optoelectronic applications. Finally,
we analyze the critical challenges and suggest future
perspectives that can benefit the research community for the
development of high-quality perovskite NWs and their
integration in various next-generation device applications.

1. SYNTHESIS AND GROWTH MECHANISMS OF
PEROVSKITE NANOWIRES

The general formula of a typical halide perovskite is ABX;,
where the A site is a monovalent organic or inorganic cation or
their mixture (Cs*, MA* = CH;NH;" or FA* = NH,CHNH,"),
the B site is a bivalent cation (Pb>* or Sn’*), and the X site is a
halide (I7, Br~ or CI7). Figure 1b depicts a typical unit cell
structure of a perovskite single crystal, where A, B, and X are
located at corner, body, and face centers, respectively. Each of
the B atoms is connected with six adjacent X atoms via ionic
bonding, and A group has 12 nearest X atoms. An extended
network of ABX; halide perovskites linked by corner-sharing
octahedra is shown in Figure lc.

Most of the commonly used solution-phase methods, such
as one-step self-assembly and two-step sequential deposition of
precursors employed for the synthesis of metal—halide
perovskites, are likely to yield polycrystalline thin films.
Hence, various strategies were implemented to generate
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Figure 2. (a) Schematic representation of the step-by-step process of low-temperature slip-coating technique for the growth of MAPbI; NWs on a
glass substrate. (b) Optical microscopy image of NWs grown on SiO,/Si substrate. The inset shows a digital photographic image of a microscope
glass slide containing the NWs. Adapted with permission from ref 37. Copyright 2014 American Chemical Society. (c) Pictorial representation of a
two-step spin-coating process for the growth of perovskite NWs. Reprinted with permission from ref 49. Copyright 2015 American Chemical
Society. (d—g) SEM images of MAPbI; NWs grown with S0 uL of DMF/S mL of IPA solution with different concentrations of MAI: (d) 0.019 M
(1S mg MAI), (e) 0.038 M (30 mg), (f) 0.057 M (45 mg), and (g) 0.076 M (60 mg). Adapted with permission from ref 49. Copyright 2015
American Chemical Society. (h) Schematic illustration of the solution-dipping process for the growth of perovskite NWs. (i) Optical microscopic
image of the intermediate white-phase NWs. (j) SEM image of fully converted perovskite-phase NWs. Reprinted with permission from ref SS.
Copyright 2017 American Chemical Society. (k) Pictorial representation of one-step solution-phase growth of MAPbCl; NWs and their sequential
halide conversion for obtaining MAPbBr; and MAPbI; NWs through HBr and HI vapor, respectively. Reprinted with permission from ref S6.
Copyright 2017 Royal Society of Chemistry. (1-n) Fluorescence microscopic images of MAPbCl;, MAPbBr;, and MAPbI; NWs at the same
location, respectively. Adapted with permission from ref 56. Copyright 2017 Royal Society of Chemistry.

desired 1D perovskite NWs. First, a dissolution—reprecipita- achieve in-plane orientation of high-quality crystals with lower
tion method, where MAPbI; NWs were obtained by spin- defect density for direct device integration.

coating the methylammonium iodide (MAI)/isopropanol 1.1. Solution-Phase Synthesis of Perovskite NWs.
(IPA)/dimethylformamide (DMF) solution onto the prede- Solution-phase methods have been extensively employed for
posited Pbl, layer, was demonstrated by Park et al. for the the preparation of perovskites of different morphological

fabrication of MAPbI; NWs.*” Perovskites grew along the low-
energy crystal plane (001) to form an anisotropic 1D geometry
(Figure 1d). In the following sections, we review solution-
phase and vapor-phase synthesis methods for the growth of
halide perovskite NWs.

Perovskite NWs are synthesized mainly by employing (i)
solution-phase and (ii) vapor-phase methods. Solution-phase

nanostructures, such as 1D NWs, 2D nanosheets, 0D quantum
dots, and 3D bulk-phase thin films. The solution-phase
synthesis methods widely used by many researchers to grow
perovskite NWs can be further classified into various categories
based on the mechanism/steps used and also on the initiation
of NWs growth within the solution, such as slip-coating, spin-

synthesis, being a low-temperature method, provides high coating, solution-dipping, colloidal synthesis, oriented attach-
yield, aspect ratio regulation, and ease of transfer onto target ment under external conditions, ultrasonic-assisted synthesis,
substrates for device fabrication. In contrast, vapor-phase polar solvent/surfactant-assisted synthesis, template-assisted
synthesis allows us to control the size and position of NWs that synthesis, nanochannel-assisted synthesis, etc.
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1.1.1. Slip-Coating Method. Low-temperature slip-coating
synthesis is the primary detailed strategy to obtain perovskite
NWs in the solution phase.”” A schematic of the typical growth
of NWs is illustrated in Figure 2a. Briefly, a saturated solution
of MAPb], in dimethylformamide (DMF) is applied dropwise
onto a clean microscope glass slide, and another slide is placed
on the top. Excess solution is squeezed out to structure a
homogeneous liquid film between two glass slides. Finally, the
top glass is slid gradually while fixing the bottom one, and the
NWs are formed upon solvent evaporation as reflected by an
instant color contrast from yellow to brown-red (inset of
Figure 2b). An optical microscopic image of the bottom glass
slide (Figure 2b) reveals a network of NWs with a maximum
length of up to 16 ym and width of around 50—200 nm.
Interestingly, variation in the MAPDI; precursor solution
volume-to-surface ratio yielded different sized nanostructures,
from NWs to nano/micro whiskers. However, as-grown NWs
have random orientation, broad range size distribution, low
packing density, and poor interconnectivity, which need to be
controlled and optimized for integrated optoelectronic device
applications.

1.1.2. Spin-Coating Method. Spin-coating techniques are
generally used for the preparation of thin films of various
nanomaterials, organic molecules, and polymers. Also, 3D
bulk-phase perovskite thin films were prepared by directly spin-
coating the precursor solution (MAX + PbX,). In contrast to
the conventional spin-coating process, a two-step spin-coating
was developed to grow MAPbI; NWs with additional solvent
engineering.”” A schematic elucidation of a two-step NWs
growth procedure is depicted in Figure 2c. Initially, a Pbl, thin
film was deposited on a target substrate by spin-coating the
PbL,:DMF solution, followed by spin-coating the methyl-
ammonium iodide (MAI):isopropanol (IPA):DMF solution
onto the predeposited Pbl, thin film, and subsequent thermal
annealing at 100 °C for 45 min resulted in the formation of
NWs (Figure 2d) upon evaporation of the solvent. Growth of
1D NWs occurred through the dissolution followed by the
recrystallization process. A well-controlled study revealed that
NWs growth gets hampered in the absence of DMF during the
second step. Interestingly, the density of NWs increased
gradually with a variation in MAI concentration from 0.019 to
0.057 M (Figure 2d—f), and a further increment in MAI
concentration to 0.076 M resulted in the disappearance of
individual NWs (Figure 2g). These results limpidly establish
reliance on MAI concentration for fixed DMF and IPA
concentrations for the growth of NWs. A similar trend in
perovskite NWs growth was documented with additional DMF
solvent engineering by various research groups.”™>’ Fur-
thermore, other polar aprotic solvents such as dimethyl
sulfoxide (DMSO) and p-butyrolactone (GBL) were also
investigated to study their influence on the growth of NWs;
nevertheless, no development of NWs was observed.*’ Here,
DMF played a crucial role in the nucleation and subsequent
formation/growth of NWs, in which a small amount of Pbl,
particles would be dissolved from the predeposited thin film by
the use of DMF solvent during the second step. Locally
dissolved Pbl, residues became the preferential nucleation site
for the growth of 1D NWs. NWs designed from this method
show high packing density and good interconnectivity.
Haplessly, the high contact resistance between the randomly
oriented individual NWs increases the device series resistance
and limits the overall device performance in PVs and PDs.
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1.1.3. Solution-Dipping Method. Solution-dipping is a
facile method for the synthesis of perovskite NWs with
minimal steps. The first perovskite NWs formed by solution-
dipping were reported in 2015, where a lead acetate (PbAc,)
thin film coated on a glass substrate was immersed in a highly
concentrated MAX solution for the formation of perovskite
NWs.* Initially, the PbAc, layer reacted with the MAX
solution and resulted in the formation of a thin layer of
polycrystalline MAPbX;, which was accommodated as a
diffusion barrier and averted the further reaction between
MAX and remaining unreacted PbAc, subsisting underneath
the top MAPbX; layer. The slow dissolution of Pb from
underneath the PbAc, film resulted in an intermediate
precursor, PbI,>". The top thin layer of MAPbX; served as
seed/nucleation sites, and intermediate PbI42_ promoted the
growth of NWs. The resultant NWs have single-crystalline
nature with a rectangular cross-section, well-formed facets,
lengths up to 20 pum, and width of a few hundred nm.*’
Following a similar procedure, hybrid MAPbBr;/MAPDI; as
well as all-inorganic CsPbBr; single-crystalline perovskite NWs
were also documented.”

Further, Petrov et al. also demonstrated the solution-dipping
method for designing perovskite NWs using Pbl, in place of
the PbAc, thin film.” Briefly, first, a Pbl, thin film was
prepared on FTO substrates by a spin-coating process (Figure
2h), followed by annealing at 100 °C for 30 min. During the
second step, the Pbl, thin film was dipped in a mixed solution
of MAL:IPA:DMF (Figure 2h) or FAL:IPA:DMF for 3 min,
expeditiously rinsed with IPA thrice, and dried in ambient
conditions. Subsequently, the film was annealed at 100 °C for
S min to get the desired MAPbL,/FAPbL; NWs (Figure 2ij).
The effects of MAI concentration and dipping time on the
growth of NWs were examined and revealed that the MAI
concentration does not alter the shape of the NWs; however,
prolonged dipping time of up to 30 min resulted in NWs
having a smoother surface. Nevertheless, this method was not
fruitful for the growth of MAPbBr;, FAPbBr;, and MAPbCl,
from lead bromide or lead chloride as starting compounds
using similar conditions as for iodides. It was suggested that I~
is the only anion that forms a stable intermediate compound
with MA*/FA', Pbl,, and DMF or that it is the layered
structure of Pbl, that is essential for the formation of the
intermediate by intercalation of MAI/FAI and DMF into the
Pbl, thin film. Here, MAPbI; and FAPbI; NWs appear to be
pseudomorphs, developed through the topotactical trans-
formation of intermediate phases MAI-Pbl,-DMF (Figure 2i)
and FAI-PbL,-DMEF, respectively. However, anion exchange of
MAPbDI;/FAPbI; NWs in IPA solutions of MABr, FABr, and
MACI yielded MA/FAPbX; NWs.>> This work established
that, through judicious regulation of the precursors, their
concentrations, and reaction conditions, perovskite NWs with
various compositions can be realized.

To directly grow MAPbCl; NWs on a substrate, a
MACI:PbCl;:DMF solution was drop-cast on the glass
substrate, which was kept in a Petri dish within a beaker
containing toluene.”® The diffusion of perovskite’s antisolvent
toluene into perovskite solution, followed by evaporation of
DMEF, induced the nucleation and subsequent growth of
MAPbCl; NWs; however, this process took over 12 h. Further,
MAPDBCI; NWs were transformed into MAPbBr; NWs in the
presence of HBr vapor and then into MAPbI; NWs in HI
vapor through halide anion-exchange reactions. A schematic
illustration of the whole process (Figure 2k) and fluorescence
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Figure 3. (a) Schematic representation of the synthesis of colloidal NWs through a hot-injection method. (b—d) Shape evolution of perovskite
nanostructures from nanocubes into NWs with different reaction times of 10, 30, and 90 min, respectively. Adapted with permission from ref 60.
Copyright 2015 American Chemical Society. (e—g) TEM images of ultrathin CsPbBr; NWs synthesized from a colloidal route after the last
purification process and converted into CsPbCl; and CsPbl; NWs through CI™ and I halide exchange. The inset shows the colloidal solution of
ultrathin CsPbCl; and CsPbl; NWs in toluene under UV irradiation of 365 nm. Adapted with permission from ref 61. Copyright 2016 American
Chemical Society. (h) Scheme of the initially formed nanocubes from precursor powders transformed into NWs via oriented attachment through
an ultrasonication process, followed by centrifugation. Reprinted with permission from ref 6S. Copyright 2017 Wiley-VCH. (i—1) Corresponding
TEM images of resultant nanostructures at various time intervals formed through an ultrasonication process. Adapted with permission from ref 65.
Copyright 2017 Wiley-VCH. (m) Schematic representation of the formation of CsPbBr; nanocubes in toluene (top panel) and formation of NWs
through polar solvent-ACN (bottom panel)-assisted growth method. (n—p) TEM images of CSPbBr; NWs with mixed solvents containing toluene
and ACN at (n) 100:0, (o) 90:10, and (p) 80:20. Insets show the corresponding SAED patterns. Adapted with permission from ref 67. Copyright
2019 American Chemical Society.

microscopic images of MAPbX,; NWs (Figure 2l-n) are 10 min, which resulted in the formation of perovskite-phase
depicted. Similar MAPbI; NWs growth was obtained by using CsPbBr; NWs. The resultant NWs have exhibited diameters of
DCM vapor instead of toluene, where as-prepared MAPDI; 50—100 nm and lengths of up to several um. It is noteworthy
NWs showed smoother surfaces than the NWs grown in open- that HPbI; played a crucial role in the preparation of pristine

air conditions.”’ CsPbX; NWs, exclusive of any other residual phases, and also

To grow all-inorganic perovskite (CsPbX;) NWs by the exhibited an expeditious growth rate for the formation of NWs
solution-dipping method, hydrogen lead iodide (HPbL;) thin compared to the Pbl,-based NWs growth.*

films were prepared on FTO substrate by a spin-coating Also, all-inorganic CsPbBr; NWs were prepared from Pbl,
process, followed by dipping in CsI-methanol solution, which thin film, followed by annealing and submerging the film into a
resulted in yellow-phase CsPbl; NWs.*® Ensuingly, as-formed solution of CsBr:methanol.”” Further, the resultant films were
CsPbl; NWs were further converted into non-perovskite washed twice with IPA and annealed at 50 °C for S min for the

CsPbBry; NWs by dipping them in CsBr-methanol solution for realization of NWs. Moreover, as-prepared CsPbBr; NWs were
halide-exchange reaction, followed by annealing at 150 °C for further converted into CsPbCl; and CsPbl; NWs through
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anion-exchange reactions by transferring the individual NWs
onto Si/SiO, substrates using a nano-manipulator. Besides,
multisegmented heterojunctions were engendered with the
help of PMMA coating, followed by electron beam lithography
(EBL) and sequential dipping of NWs into the conversion
solution. Finally, the PMMA mask was washed out with the
help of chlorobenzene and hexanes. The resultant individual
NWs consisted of CsPbl;-, CsPbBr;-, and CsPbCls-localized
segments, as well as alternative segments of CsPbBr; and
CsPbCl,.*” These spatially resolved multicolor NWs down to a
pixel size of 500 nm were highly congruous for the realization
of miniaturized multicolor LED and laser applications.

1.1.4. Colloidal Synthesis Method. To grow all-inorganic
single-crystalline CsPbX; perovskite NWs with diameter down
to 10 nm, wityh better control over the size, uniform
distribution, high quality, and well-defined morphology,
colloidal synthesis of CsPbX; NWs was reported for the first
time in 2015.°° CsPbX; NWs were obtained by reacting
cesium oleate with lead halide in the presence of oleic acid
(OA) and oleylamine (OAm) in octadecene (ODE) at 150—
250 °C under air-free conditions (Figure 3a) and thereafter
quenching the reaction using an ice—water bath. The reaction
product was subjected to centrifugation to disunite the NWs
and washed twice with hexane, and finally uniform single-
crystalline CsPbBr; NWs (diameter ~10 nm) were obtained.
Controlled experiments were performed to understand the
growth mechanism by changing the growth temperature,
growth duration, surfactants, and precursors’ concentration in
the reaction mixture. Figure 3b—d depicts the shape evolution
of as-prepared CsPbBr; nanostructures and formation/growth
of NWs at different reaction times. Also, changing volume of
OAm in the reaction solution improved the yield from 10% to
70%, which revealed that the NWs’ formation most likely
proceeds through a surfactant-directed 1D growth mode.
During the reaction, OA was essential for coordinating with
Pb** and decomposing the precursor to form monomers. Here,
OAm served as a capping ligand for Pb** to reduce the
reactivity of Pb*" precursor and maintained a higher monomer
concentration after the nucleation stage, which was essential
for anisotropic growth of 1D NWs.”’

On augmentation, the same group slightly modified the
colloidal synthesis route and purification process to grow,
purify, and achieve highly uniform single-crystalline CsPbBr;
NWs with diameters down to 2.2 + 0.2 nm, which is well
below the exciton Bohr radius of CsPbBr; (7 nm).*" The
reaction product was further purified using different volumes of
ethyl acetate (EA) as antisolvent to gradually separate other
impurities from the reaction mixture to achieve ultrathin
CsPbBr; NWs. Figure 3e shows the TEM image of CsPbBr;
NWs obtained in the last purification process. Moreover,
ultrathin CsPbBr; NWs were further converted into CsPbCly
or CsPbl; NWs through an anion-exchange reaction (Figure
3fg).°" Similar growth methods were also reported for the
preparation of all-inorganic perovskite NWs such as Cs;Sb,X,
and Cs,Snl, "%

1.1.5. Oriented Attachment Growth Method. Oriented
attachment, another effective method for the growth of various
NWs, was first discovered in 1998.°* Here, nanoparticles
(NPs) /nanocrystals (NCs) with common crystallographic
orientations directly combine to form the larger ones that
result in the growth of one-directional NWs. Formation of
CsPbX; NWs through the oriented attachment of nanocubes
was first observed in a single-step ligand-mediated synthesis
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route (Figure 3h).°> CsPbBr; NWs were formed through
prolonged ultrasonication of Cs,CO; and PbBr, powders
dissolved in octadecene in the presence of OAm and OA. To
comprehend the growth mechanism and evolution of NWs,
ultrasonication was carried out for different periods. As the
ultrasonication time progressed further, NWs began to emerge
with lengths on the order of 1-3 pm at the expense of
nanocubes. Intriguingly, the lateral dimensions of NWs were
comparable to those of initially formed nanocubes. Morpho-
logical evolution through TEM examination of the inter-
mediate and final products revealed the formation of NWs
through the oriented attachment of initially grown CsPbBr;
nanocubes (Figure 3i—1). Moreover, a HAADF-STEM image
of a CsPbBr; NW also corroborated the oriented attachment of
a nanocube onto the intermediate NW with a Pb—Br atom
layer at their interface (inset of Figure 3j). In augmentation,
CsPbCl; and CsPbl; NWs were also prepared from as-
synthesized CsPbBr; NWs through halide ion-exchange
reactions.”’

1.1.6. Polar-Solvent-Assisted Growth Method. Polar-
solvent-assisted growth of NWs is similar to the oriented
attachment of nanocubes, the only difference being the
presence of additional polar solvent molecules triggering the
development of NWs through induced lattice distortions
within the ligand-stabilized cubic CsPbl; nanocubes ®° Here,
the induced dipole moment on CsPbl; nanocubes via lattice
distortions is intrinsically absent, provided the symmetry is
unbroken. The dipole—dipole force drives the nanocubes to
self-assemble and recrystallize into a single-crystalline NW
having its width the same as that of a nanocube under the
oriented attachment mechanism, supplemented by the phase
transition from cubic into orthorhombic phase.66 Pristine,
initial CsPbl; nanocubes were synthesized via a colloidal
synthesis route, followed by introducing the polar solvents
such as ethanol, methanol, isopropanol, and methyl acetate
into the dispersion of CsPbl; nanocubes in hexane, from which
ensued the formation of 1D NWs.®

Similarly, to grow the CsPbBr; NWs via a polar-solvent-
assisted growth method, an optimal amount of acetonitrile
(ACN) was introduced into the antisolvent toluene at room
temperature (RT), which activated the faster growth of NWs
by means of supersaturated recrystallization.”” Fascinatingly,
nanocubes were formed in the absence of ACN. Finally, the
NWs were formed upon the addition of perovskite precursor
solution prepared in DMF to the mixed solution of toluene/
ACN drop-by-drop under continuous stirring. The polar
solvent acts as a structure-directing agent and additionally
restricts the crystal growth along certain facets while facilitating
the growth along other facets, thereby leading to the formation
of anisotropic 1D NWs.*®” A schematic illustration of the
polar-solvent-assisted growth mechanism for perovskite NWs
is shown in Figure 3m. TEM images also revealed the influence
of ACN in toluene for the formation of various nanostructures,
where the absence of ACN resulted in perovskite nanocubes
(Figure 3n) and the presence of ACN resulted in 1D NWs
(Figure 30,p). Besides, the polar solvent not only promoted
the 1D growth but also accelerated the faster halide anion-
exchange reaction for the conversion of CsPbBr; NCs to
CsPbCl; NCs in a short period.”

To understand the definitive role of polar solvent in the
formation of NWs and its growth mechanism, different
solvents were tested. However, no formation of NWs was
observed with the addition of methanol (nanodots), ethanol
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different lengths. (1) Bright-field TEM image of a single NW. The inset shows the SAED pattern at location I. Adapted with permission from ref 69.
Copyright 2017 American Chemical Society. (m) Schematic of the printing process for the growth of perovskite NWs within the nanoporous
template. (n) Cross-sectional SEM image of perovskite NWs in pores of the AAO template. (0) Optical images of printed perovskite NWs with
various patterns under UV irradiation. (p) Cross-sectional PL mapping of perovskite NWs. The scale bars are 5 mm.”® Adapted with permission

from ref 70. Copyright 2020 Elsevier.

(nanoplatelets), benzyl alcohol (large aggregates), and anisole
(nanocubes), which indicated a plausible interaction between
CsPbBr; nanocubes and ACN that governed the anisotropic
growth of CsPbBry; NWs.®” Importantly, the dielectric constant
of ACN solvent being higher than those of the other solvents
that could easily wash the OAm ligands from certain facets of
CsPbBr; nanocubes was anticipated to promote the aniso-
tropic 1D growth of NWs.®’

1.1.7. Template-Assisted Growth Method. Generally, the
position and orientation of NWs grown in solution phase are
resolved by the formation of random nucleation centers, where
the NWs desultorily distribute throughout the substrate area
with voids, different aspect ratios, and irregular position and
orientation. Hence, to control and regulate the position, length,
orientation, and directional growth of the NWs, templates were
utilized as frames/scaffolds to guide the growth of NWs within
the pores of the template. The NWs’ diameter can be regulated
by ultimately tuning the pore diameter of the template.
Template-assisted growth of perovskite NWs in the solution
phase was implemented with dripping°® extrusion,”” and
inkjet-printing processes.

Ashley et al. demonstrated the template-assisted growth of
perovskite NWs by employing an AAO template on a TiO,-
coated FTO conductive substrate.”® Perovskite precursor
solution was added to the template and allowed to penetrate
into the pores of the AAO, followed by dripping a solution of

DMSO:chlorobenzene on top of the rotating AAO template.
This supplemental step abstracted the excess precursor
solution from the AAO surface and drew the precursor into
AAO pores via capillary and centrifugal forces. Annealing of
AAOQ/substrate resulted in evaporation of the solvent, and
subsequent recrystallization led to the formation of NWs
within the template pores (Figure 4a). Resultant NWs were
oriented perpendicular to a substrate, and the diameter was
regulated by employing a specific AAO pore diameter (S0—
200 nm) (Figure 4c—g). The researchers applied a similar
procedure for the growth of NW arrays of compositions such
as MAPbI,, MAPbBr;, and Cs,Snl,.*

To grow free-standing vertical perovskite NWs from the
solution phase, an extrusion process was employed in contrast
to embedding the NWs within the pores of the template/
matrix.”” Here, NWs’ growth initiates from an AAO template
with well-defined pore size with both the sides open. Briefly,
the AAO template was placed on an O-ring on a
polydimethylsiloxane (PDMS) substrate; a pressure difference
was established with the help of a syringe (Figure 4h).
Perovskite precursor solution was drop-cast onto a free-
standing AAO template to fill the pores, where a low-pressure
region was created between PDMS and AAO with the help of
the O-ring and syringe. Due to the pressure gradient, the
perovskite solution expeditiously packs the AAO template
pores from the top and extrudes out from the bottom of the
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Figure S. (a) Pictorial illustration of the growth of parallelly aligned MAPbI; NWs in nanofluidic channels, where the saturated MAPbI, solution is
drop-casted, driven by the capillary forces, and followed by the nucleation and further growth of NWs within the channels. (b) Colored SEM image
of aligned MAPbI; NWs array. Adapted with permission from ref 72. Copyright 2016 Nature Publishing Group. (c) Graphical representation of the
formation of nanochannels through solution-printing of a PS latex NPs aqueous suspension. (d) Corresponding side-view SEM images of the as-
formed nanochannels. (e) Scheme of the formation of CsPbBry; NWs in nanochannels via a meniscus-assisted printing process. (f) Optical
microscopic images of the growth of NWs as a function of time. (g) SEM images of the perovskite NWs array after the removal of PS stripes. (h)
Cross-sectional SEM images of NWs array with high and low magnifications. (i) Atomic force microscopy (AFM) image of CsPbBr; NWs existing
within the nanochannels of PS strips. Adapted with permission from ref 74. Copyright 2020 Wiley-VCH.

AAO template. Further, the careful transfer of AAO template
with extruded perovskite NWs onto the glass spacers, followed
by annealing at 120 °C, resulted in the formation of 1D
perovskite NWs. The length of the perovskite NWs was
directly influenced by the time as well as the pressure gradient
to which the template was subjected. Upholding the pressure
gradient for longer and shorter periods resulted in longer and
shorter length NWs, respectively (Figure 4i).°” Figure 4jk
shows dry transfer of extruded perovskite NWs onto a
substrate under different periods. Further, TEM studies on a
single perovskite NW substantiate the single-crystalline nature,
as shown in Figure 4l, and SAED patterns recorded at three
various locations on the NW show identical diffraction
patterns.

Recently, Lin et al. reported a synthesis procedure similar to
that mentioned earlier where the AAO template was packed via
inkjet-printing and vacuum-pumping (Figure 4m),70 in
contrast to the above report. Perovskite precursor ink was
prepared by mixing equimolar concentration PbBr,:MABr in
DMF and then heated at 90 °C for 24 h. Throughout the
printing process, a vacuum pump was used beneath the AAO
template to guide the perovskite ink into the pores of the AAO.
Finally, the AAO template filled with perovskite ink was
annealed at 90 °C for 2 h to dry the perovskite NWs within the
AAO pores, and the corresponding SEM image is shown in
Figure 4n. Optical microscopic images of different printing
patterns of perovskite NWs within the AAO template under
UV illumination (Figure 40) and a PL image of AAO pores
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containing the perovskite NWs (Figure 4p) are presented. This
template method makes it possible to grow NWs within the
pores along with oriented guidance, tunable diameter, and
uniform alignment, which improves the stability of NWs by
protecting them against moisture via the surrounding template
material. The printing process is high quality, simple, and
inexpensive and allows for a rapid fabrication process that can
enable mass production for device applications.

In contrast to the AAO template, a PDMS rectangular
groove template (RGT) was utilized to grow the array of NWs
on arbitrary substrates.”" Spatially confined template allowed
for the directional growth of MAPbBr; NWs along the
template grooves. This method produced horizontally aligned,
uniform geometries and highly ordered perovskite NWs.

The template method establishes a route to develop oriented
perovskite NWs arrays of various compositions, which could be
methodically modified in terms of their length, spacing, and
diameter from the judicious selection of the AAO template.
Also, the presence of template material provides additional
protection from the surroundings, where the moisture/water
molecules can only diffuse vertically from the top surface of the
NWs, leading to a slower decomposition rate, which resulted in
the enhanced stability of NWs existing within the template
pores.

1.1.8. Nanochannel-Assisted Growth Method. To selec-
tively grow the NWs with a spatial position, liquid—solid
growth of perovskite NWs through a graphoepitaxial method
was achieved within the pre-patterned open nanofluidic
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Adapted with permission from ref 79. Copyright 2017 American Chemical Society. (m) Schematic of the graphoepitaxial growth of NWs on M-
plane sapphire substrate. Adapted with permission from ref 86. Copyright 2018 American Chemical Society. (n) Different magnification SEM
images of the directional CsPbBr; NWs grown along the faceted M-plane sapphire. Adapted with permission from ref 85. Copyright 2017 American
Chemical Society. (o) Graphoepitaxial growth of CsPbBr; NWs and dark-field optical microscopic image of grown NWs. Adapted with permission

from ref 87. Copyright 2018 American Chemical Society.

channels on an etched Si substrate.”” A schematic illustration
of the growth procedure of NWs is shown in Figure Sa. Briefly,
a saturated MAPbI;:DMF solution was dropped onto one side
of the pre-patterned nanochannels array-Si substrate. The
perovskite solution then diffused into nanochannels through
capillary forces. Formation of stable clusters of nuclei of
intermediate-phase MAPbI;:DMF within the channel entran-
ces initiated the growth of NWs within nanochannels. Solvent-
evaporation-induced supersaturation-driven recrystallization
was responsible for the successful growth of MAPbI; NWs.
Figure 5b shows a colored SEM image of ultralong MAPbI,
NWs. Later, a similar method was also implemented by Zhou
et al. for the growth of MAPbI; NWs.”?

To obtain an array of aligned and crystalline perovskite NWs
on desired substrates through the solution-printing process, a
capillary-assisted solution-printing (CASP) technique was
employed.”* A schematic representation of the printing-
assisted channel formation and subsequent growth of NWs is
depicted in Figure Sc—e. Briefly, the meniscus-assisted
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solution-printing of polystyrene (PS) latex NPs in an aqueous
suspension yielded aligned, periodic cracks (i.e.,, nanochannels
separated by PS stripes) over a large area (Figure Sc,d). These
printed nanochannels were utilized for the subsequent growth
of perovskite NWs through CASP from the perovskite
precursor solution, indicating a yellow appearance that signifies
the formation of CsPbBr; NWs (Figure Se).”* Finally, PS
stripes were dissolved with toluene, followed by annealing at
250 °C, resulting in the formation of a perovskite NWs array.
Corresponding optical microscopic, SEM, and AFM images of
the aligned perovskite NWs are depicted in Figure 5f—i, which
reveal the formation of uniformly aligned and crack-free NWs.
Perovskite NWs designed from this nanochannel-assisted
growth method possessed controlled size, cross-sectional
shapes, aspect ratios, position, and orientation, which are
highly desirable for the scale-up fabrication and subsequent
device integration.

Solution-phase synthesis methods of perovskite NWs
demonstrated remarkable advantages in fabricating large-area
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and NWs-array-based devices for advanced optoelectronic 1.2. Vapor-Phase Synthesis of Perovskite NWs.
applications.75 However, perovskite NWs may be influenced by Alternatively, the preparation of perovskite NWs through
the presence of organic ligands or surfactants during the vapor-phase growth offers great potential for precise control

over the crystallinity, morphology, dimension, and composi-
tion. Chemical vapor deposition, epitaxial growth, graph-
oepitaxial growth, and vapor—liquid—solid growth techniques
were extensively followed for the preparation of perovskite
the vapor-phase methods were employed by many other NWs and demonstrated high-quality single-crystalline perov-
groups for the preparation of perovskite NWs. skite NWs.

synthesis process, which will further affect the NWs’ physical,
optical, and electronic properties due to their insulating nature.
Besides, to obtain better crystallinity and lower defect density,
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1.2.1. Chemical Vapor Deposition (CVD) Method. Xing et
al. demonstrated a two-step CVD procedure for the synthesis
of highly crystalline MAPbI;, MAPbBr;, and MAPbLCI;_,
perovskite NWs (Figure 6a).”® Briefly, at first, Pbl, NWs were
directly grown on SiO,/Si substrate by evaporating the Pbl,
powder in a thermal CVD tube furnace at 380 °C and 200
Torr pressure for 15 min. Figure 6b,c shows SEM images of
the obtained Pbl, NWs on SiO,/Si substrate, where Pbl, NWs
were grown vertically on the substrate with a rectangular or
nearly square cross-section with an aspect ratio ranging from 1
to 20. Further, as-prepared Pbl, NWs (Figure 6c) were
converted into MAPbI; NWs in the same CVD system through
a gas—solid heterophase reaction with the help of MAI, where
MAI vapor molecules were intercalated into the interval sites
of Pbly octahedron layers and resulted in the formation of
perovskite NWs (Figure 6d). The geometry of the converted
perovskite NWs still holds the same shape with a slightly
higher roughness than the initial Pbl, NWs (Figure 6¢,d).
SAED pattern analysis confirmed the single-crystalline nature
of both the Pbl, and MAPbI; NWs (inset of Figure 6¢,d). By
following a similar procedure with slight changes in the tube
furnace growth conditions, preparation of MAPDbBr;,
MAPDbCl;, MAPbBI Br;_,, and MAPbBr,Cl;_, perovskite NWs
was also demonstrated.”® To grow array of NWs with a
precisely controlled geometry within the pores of the AAO
template, a CVD method was employed.”””® Initially, the AAO
template was prepared by a two-step anodization followed by
electrodeposition of Pb/Sn metal catalyst on one side of the
AAO template. The metal-catalyst-deposited AAO template
was kept at the center of the tube furnace, and two quartz
containers consisting of MAI powder were placed on either
side of the furnace (Figure 6e).”” During annealing at 180 °C,
evaporated MAI molecules diffused into the bottom of the
AAO nanochannels/pores and reacted with metal catalyst
particles. The process was continued for 3 h to form the full-
fledged perovskite NWs within the AAO pores. Figure 6f—h
shows the growth evolution of 1D perovskite NWs within the
AAO pores for different time intervals. At first, MAI vapor
reacts with Sn/Pb catalyst within the template to form initial
Pbl,/Snl, NWs, and then the excess MAI vapor reacts with
PbL,/Snl, to form MAPbI; or MASnI; NWs.”” It is a vapor—
solid—solid (VSS) process in which MAI vapor diffuses
downward through solid NWs to form the perovskite NWs
within the pores of the AAO template.

To reduce the number of steps involved in the growth of
perovskite NWs, Chen et al. demonstrated a single-step CVD
process for the epitaxial growth of horizontally oriented
CsPbX; NWs or NWs networks (Figure 6i).”” Here, epitaxial
growth of in-plane CsPbX; NWs with controlled crystallo-
graphic orientations on the (001) plane of phlogopite (p-mica)
or muscovite mica (m-mica) substrates was achieved. Briefly, a
mixture of CsX and PbX, powders with a molar ratio of 1:1
was placed in the middle of the heating zone (300—350 °C) of
the furnace, where the evaporated precursors were transported
by carrier gas onto mica substrate, followed by the growth of
surface-bound NWs due to the asymmetric lattice match
between CsPbBr; and mica along the different crystallographic
directions. A variety of CsPbBr; structures, including single
wires, Y-shaped branches, networks, and nearly continuous
epitaxial CsPbBr; films, were observed for the extended growth
durations (Figure 6j—1). Similarly, various groups have also
achieved well-defined epitaxially grown ultrathin CsPbX; NWs
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arrays and MAPbX; NWs arrays on m-mica or Si/SiO,
substrates by a facile CVD method.**™**

Similarly, a single-step CVD method was employed to grow
in-plane-aligned ultralong directional single-crystalline NWs
using the graphoepitaxial effect on annealed M-plane (Figure
6m) and C-plane sapphire substrates.”>~** It involves a specific
substrate with nanogrooves/steps on its surface, oriented in a
particular direction. Graphoepitaxially nucleated nanocrystal
seeds generated by the vapor precursor continue to grow into
directional NWs with particular orientation along the pre-
defined shaped nanogrooves via the graphoepitaxial effect,
driven by the maximum interface area between the substrate
and NWs. Briefly, a mixture of CsBr and PbBr, powders was
placed at the center of a heating zone, and annealed M-plane
sapphire substrates were loaded into a tube furnace in a silica
boat downstream. At elevated temperatures, evaporated CsBr
and PbBr, vapors were transported to the substrates zone,
followed by deposition and nucleation of seeds on the sapphire
substrate methodically due to the van der Waals egitaxy of the
substrates that drive the formation of NWs.*>* Figure 6n
shows different magnification SEM images of the obtained
CsPbBr; NWs on M-plane sapphire substrate. Here, all the
perovskite NWs were grown along the pre-defined grooves on
an M-plane sapphire substrate with a triangular cross-section,
which was thermodynamically favorable by exposing the (100)
surfaces with low surface energy. Similarly, Oksenberg et al.
also reported the graphoepitaxial growth of CsPbBr; NWs
(Figure 60)."” Perovskite NWs achieved from CVD growth
methods are believed to be highly favorable and desirable for
device integration owing to their high quality and single-
crystalline nature.

1.2.2. Vapor—Liquid—Solid (VLS) Method. The VLS
method is another category of vapor-phase growth of NWs,
where either external catalyst particles or one of the
constituent elements itself (acting as a catalyst) guides the
development of NWs.*”” Figure 7a schematically describes
the catalyst-based VLS growth mechanism of NWs. Briefly,
small catalyst particles are situated on a substrate within the
tube furnace/vacuum chamber and heated to opportune
temperatures in the presence of precursor materials. As the
precursor vapor approaches a catalyst particle, a small alloy
droplet is formed with the vapor atoms of the precursor
material, which further continues to enter the liquid alloy
droplet and is dissolved in it until the supersaturation stage is
reached. After reaching supersaturation, the alloy particle
precipitates the precursor atoms in order to re-establish the
stable composition of catalyst and precursor within the binary
liquid alloy. During the growth process, the alloy droplet
detaches/displaces from the substrate and rides on top of the
growing NW, and the NW continues to grow in length until
the catalyst is consumed or the growth conditions are changed.
Here, crystallization takes place at the liquid—solid interface,
whereas in vapor—solid growth, crystallization takes place at
the vapor—solid interface. The main advantages of this method
include the regulation of the NW’s diameter through the
selection of the size of catalyst particle, tuning the length of the
NW through the growth duration, position-selective growth of
NWs by patterning the catalyst particles, and growth of
multisegment heterostructure NWs.

In a typical study, all-inorganic halide perovskite CsPbX;
NWs were synthesized through a Sn-catalyzed VLS growth
method.”" Briefly, for the growth of NWs, CsX:PbX, mixed
powder was evaporated in a quartz tube furnace, where the
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evaporated atoms were deposited onto the Sn-catalyst-coated
substrates kept in the low-temperature heating zone of a two-
zone CVD system. The NWs' growth preceded through
supersaturation of Cs and Br in the liquid Sn—Pb alloy catalyst
particle. SEM and TEM images confirmed the growth of
defect-free single-crystalline NWs, and the physical emergence
of a spherical catalyst particle on top of the NWs corroborates
the VLS growth mechanism (Figure 7b,c).

The growth of NWs through the VLS mechanism is mainly
affected by their growth temperature, growth pressure, and
growth duration (Figure 7d,e).” Growth-pressure variation for
a fixed growth condition established that the threshold growth
pressure is beneficial to suppress the evaporation of source
materials to promote efficient VLS growth. Further increment
in the growth pressure beyond the threshold value suppresses
VLS growth and promotes VS growth that results in the
formation of shorter NWs.”" A growth-temperature-controlled
study also confirmed a narrow growth window for the
preparation of CsPbX; NWs.”" At lower growth temperatures,
the VS growth mechanism dominates over VLS growth and
also shortens the diffusion length of adatoms which fall on the
substrate and sidewalls of NWs. At elevated growth temper-
atures, evaporation of alloy particles and re-evaporation of the
adatoms lead to the complete absence of NWs. Similarly, the
growth rate is also different for dissimilar halide-based
perovskite NWs. CsPbl; NWs exhibited a higher growth rate
than CsPbBr; and CsPbCl; NWs (Figure 7e), which is highly
dependent on the melting points of the precursor com-
pounds.”’ Hence, it is crucial to maintain a favorably narrow
window for the effective growth of perovskite NWs using the
VLS growth method.

1.2.3. Self-Catalyzed VLS Method. In contrary to a
catalyzed VLS growth method, one of the constituent element
itself acts as a catalyst for the §rowth of NWs, which is coined
as self-catalyzed VLS grow‘ch.9 Akin to a VLS mechanism, the
only difference is whether the catalyst particle is a foreign
element or a constituent element of the material’s composition.

Mayers et al. were the first to report the growth of perovskite
NWs by a self-catalyzed VLS method,”” where two steps were
involved for the growth of NWs. Concisely, at first, lead halide
(PbX,; X = CIT, Br, I') NWs were synthesized by self-
catalyzed VLS growth employing Pb as a catalyst particle
(Figure 7f). For the growth of PbX, NWs, liquid Pb particles
were supersaturated with vapor species of Pb and X halide,
which resulted in crystallization of PbX, NWs at the liquid—
solid interface. In the case of Pbl, NWs growth, Pb forms an
alloy with I halides at a temperature above 328 °C (Figure
7gh). Further, a continuous supply of Pb and I from the
evaporation zone resulted in supersaturation of the Pb—I alloy
liquid droplet, and Pbl, precipitated as a NW at the interface of
the liquid alloy particle and the solid surface of the substrate
(Figure 7gh). In the second stage, single-crystalline PbX, NWs
(Figure 7i) were converted into MAPbX; NWs through a low-
temperature vapor-phase procedure. The vapor phase of MAX
intercalates and reacts with PbX, NWs in a different
temperature zone, resulting in the formation of MAPbX;
NWs (Figure 7j). The morphology of the converted
MAPDbX; NWs appears with a higher rough surface and a
larg: linear expansion and becomes polycrystalline (Figure
7ik).

Similarly, Shim et al. also reported the self-catalyzed VLS
growth of Pbl, NWs using Pbl, thin film as an epitaxial
substrate layer (Figure 71).” Here, a Pbl, thin film was
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exposed to the flow of additional Pbl, vapor while heating
above the eutectic temperature of the Pb—I system to initiate
the formation of catalytic liquid droplets, followed by
supersaturation-induced crystallization for the growth of
aligned Pbl, NWs. Figure 7m shows SEM images of the side
view and 45° tilt view of Pbl, NWs grown on Pbl,/mica for a
growth time (tg) of 30 min at 250 °C, where the NWs were
mostly oriented in a vertical direction and Pbl, NWs were dry-
transferred onto SiO, (Figure 7n). As-grown Pbl, NWs were
further converted into MAPbI; NWs by exposure to the vapor
phase of MAI. However, intercalation of MAI molecules into
PbI, NWs causes volume expansion of the parent Pbl, NWs
that usually leads to higher roughness and a polycrystalline
structure of the converted MAPbl; NWs (Figure 7o,p).” >
Nevertheless, Pb catalyst particles remain intact with the
APbX; NWs as well, which holds them back for device
integration.

2. POTENTIAL APPLICATIONS OF PEROVSKITE
NANOWIRES

The dimensionality and morphology of semiconductors have
consequential influences on their optical and electrical
properties, thus determining their applications in various
optoelectronic devices. 1D NWs offer several advantages over
their thin-film counterparts, including superior antireflection,
fast carrier transport, significant light trapping, superior light-
harvesting, long photocarrier lifetime, and enhanced mechan-
ical properties that are highly beneficial for im;)roving the
performance of various optoelectronic devices.”*~”” Hence, 1D
perovskite NWs are widely considered to be one of the most
efficacious candidates for optoelectronic device applications.
2.1. Perovskite NWs Photodetectors. Photodetectors
(PDs) convert optical signals into electrical signals through the
photoelectric effect. PDs have become prominent in various
industrial and scientific applications. To exemplify, infrared
(IR) PDs are being used in optical communications, remote
control, surveillance cameras, night vision, satellite remote
sensing, and analytic science; visible (Vis) PDs are used in
optical imaging, electronic eyes, chemical/biological sensing;
and ultraviolet (UV) PDs are used in the military, environ-
mental monitoring, space science, etc.”®7'% Traditional PDs
have been designed from the silicon, III-V group, and II-VI
group semiconductin§ materials that rely on complicated and
expensive processes.1 1108 Recently, organic—inorganic metal
halide perovskites have received interest for use in PDs owing
to their striking properties such as high light absorption
coefficients, long charge carrier diffusion lengths, high charge
carrier mobilities, and comgosition—tailored bandgaps in the
broad wavelength region.'”*~"'"" However, the efficiency of
perovskite PDs has been limited by the trade-off between
responsivity, detectivity, and response time of the PDs.*”'"!
Efficient photodetection demands a high photocurrent as well
as a low dark current. Importantly, a high photocurrent
requires highly crystalline materials that induce efficient charge
conduction,''* whereas a low dark current needs intrinsic
defects or charge trap states within the material to inhibit the
conduction due to thermally excited charge carriers.' " Thus, it
betokens an irony to amalgamate both the better conduction of
charge carriers for high photocurrents and high resistance for
dark current suppression within a single-phase perovskite
material to achieve efficient performance of the PDs. Virtually,
the single-crystalline perovskites concurrentl?r produce both
high photocurrents and high dark currents.'"” On the other
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hand, polycrystalline perovskite thin films produce low
photocurrents and low dark currents because of the grain
boundaries that act as scattering centers,"'* thus leading to low
sensitivity and responsivity. Diverse approaches have been
employed to improve the performance of PDs.*”'*~''*
Recent studies have demonstrated that one of the best
operational methods is to employ 1D perovskite NWs as
photoactive material for the construction of the PDs. The
unique geometry of the 1D perovskite NWs with high aspect
ratio and large surface-to-volume ratio makes them suitable
candidates to achieve high performance.''” Herein, NWs
induce high photocurrents because of their crystalline fiber-like
structures, and the surface trap states of dangling bonds trap
the holes, which delays the recombination of charge carriers.
Delay in the recombination of electrons and holes increases the
number of times that the electron travels along the NW’s
length direction, which contributes to the overall current
conduction and enhances the internal photoconductive gain.
Besides, the active volume of the NWs that produces the dark
current, a source of noise, is meager compared to that in thin-
film-based PDs.'"¥'?° Hence, these characteristics make the
NWs favorable candidates to achieve eflicient photodetection
and high sensitivity. Perovskites NW-based PDs have attained
high responsivity (R), detectivity (D), and external quantum
efficiency (EQE), faster response times, etc. PDs with faster
response time and high sensitivity are attractive, and the
ultimate sensitivity of any PD is to detect a single photon.
2.1.1. Device Structures. According to the spatial layout of
the photoactive material and the electrodes, PD architectures
have been categorized into lateral (in-plane) and vertical (out-
of-plane) configurations (Figure 8a—c). PDs with additional
interfacial charge transport layers along with the electrodes in
the vertical configuration are known as photovoltaic-type PDs
or photodiodes. On the other hand, the PDs constructed from
the active layer and electrodes are kenned as photoconductors;
they have both the lateral and vertical configurations.
Photodiodes having diminutive electrode spacing exhibit faster
response times and low driving voltages since their photo-
response is decided by the charge carrier transit time (7,)
rather than the carrier lifetime (7)."*"'*> Moreover, the
photodiodes can operate without any applied bias voltages,
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which provides an excellent opportunity to design self-powered
PDs. However, these self-powered PDs produce low photo-
currents (contribution of only photogenerated carriers) and
low responsivities due to the lack of internal photoconductive
gain. Moreover, the maximum EQEs of photodiodes are
<100% under ideal conditions due to the lack of adscititious
charge injection under reverse bias conditions.'”' Instead, the
photoconductors can produce high photocurrents, i.e., the
combination of photogenerated carriers and injected carriers
under bias conditions, thus leading to high responsivity as well
as EQEs greater than 100% owing to their internal photo-
conductive gain.'”' The high gain is attributed to the
recirculation of one type of charge carriers between the
symmetrical electrode contacts before they recombine with the
opposite charge carriers. However, the photoconductors
exhibit relatively slow response times since they are decided
by the 7; and require high driving voltages due to their large
electrode spacing.'”' This signifies that there is a trade-off
between the responsivity and the response time of the PDs.
Hence, it is crucial to balance both parameters to realize
relatively high-performance PDs. It is worth mentioning that,
in comparison to the vertical device architectures, the lateral
devices are more comfortable and easier to design. By
moderately truncating the electrode spacing in the lateral
configuration, one can anticipate achieving high-performance
PDs.

2.1.2. Figures of Merit of Photodetectors. The overall
practical performance of a PD is evaluated through its key
figures of merit, as listed below.

1. Responsivity (R): The ratio of photogenerated current
to the input light power, which signifies how the PD
responds to the incident light signal. The SI unit is A/W.
It is calculated using the following equation:

R = (Ilight - Idark) /Rns = Iphoto/PinS

where Iy, is the photocurrent, I, is the dark current,
P, (W/m?) is the incident light intensity, and S (m?) is
the active area of the PD device.

. Specific detectivity (D*): The key parameter, which
reflects the sensitivity of a PD or signifies the ability of a
PD to detect low-light signals. The detectivity is
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Figure 9. (a) Schematic representation of a nanograting perovskite PD. (b) Current—voltage characteristic curves of a nanograting PD with
different light intensities from 0.11 to 7.27 mW/cm?. The inset shows the current as a function of irradiance. (c) Responsivity curves of nanograting
and thin-film-based perovskite PDs at an illumination of 635 nm with different light intensities. Adapted with permission from ref 130. Copyright
2016 American Chemical Society. (d) Current—voltage characteristics of single-crystalline 1D perovskite NW arrays. (e) Photoswitching
characteristics of NWs array-based PD under different illumination powers. Adapted with permission from ref 132. Copyright 2017 Wiley-VCH. (f)
Current—voltage curves of the PD under in the dark and under light illumination (550 nm, 42 W cm™2). (g) Responsivity and photoconductivity
gain curves of the PD as a function of incident light wavelength. (h) Schematic representation of the monolithic integrated device for wavelength
detection (top). Digital photograph of the integrated device under working conditions. LEDs embedded within the integrated device can serve as
visual indicators for the incident light signals of different wavelengths (bottom). Adapted with permission from ref 39. Copyright 2017 American
Chemical Society. (i) Dark and light current—voltage curves of the PD under 530 nm illumination with a light intensity of 2.36 mW cm ™. The
inset shows a schematic of the PD device structure. (j) Characteristic curves of noise current measurements at various frequencies. (k) Responsivity
and detectivity curves of the PD with respect to different light intensities of the 530 nm light source at an applied bias of 1 V. (1) Polarization-

dependent photocurrent characteristics of the PD as a function of the polarization angle 6. Adapted with permission from ref 131. Copyright 2016
American Chemical Society.

where J3 = I3/S is the dark current density, commonly

expressed in Jones (cm-~/Hz /W).

inversely proportional to the noise equivalent power
(NEP) and can be written as follows:

D* = /SAf/NEP
where Af is the electrical bandwidth in Hz and S is the
active area of the device. NEP is the lowest light
intensity at which a PD can identify the noise:

NEP = i, /R,

where i, is the shot noise current and R; is the

responsivity at a specific wavelength. The total noise is
the contribution of generation—recombination noise,
shot noise, thermal noise, and 1/f noise. The overall
noise of a PD is mainly caused by the shot noise;
therefore, the shot noise current can be written as

isn =< qudarkAf

where g is the charge of an electron. The detectivity
equation can then be simplified as

D =R,/ [2q],
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. External quantum efficiency (EQE): The ratio of the

total number of electrons/holes that are contributed to
the output current to the total number of incident

photons, expressed in %. The following equation
calculates it:

EQE = Rjhc/q

where h is Planck’s constant, ¢ is the speed of light, and g
is the charge of an electron.

. Photosensitivity, or on/off ratio: The ratio of the

photocurrent to the dark current; it reflects the
sensitivity of a PD to the incident light signals:

photosensitivity = I/ I

. Response time: The ability of a PD to respond quickly to

the incident light signals in the time domain. In general,
the response time is evaluated by the time taken by the
PD to rise from 10% to 90% (rise time) and fall from
90% to 10% (fall time). An effective method to analyze
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and evaluate the rise and fall time of a PD uses transient
photocurrent measurements and use exponential equa-
tions to estimate the response time:

Rise time equation: I =1, — I, e/t

Fall time equation: I = I, + A, e /"
where I is the current, I, is the initial value of the

current, A; is an independent variable, ¢, is the rise time,
t¢ is the fall time, and «x is the time. The response time is
expressed in seconds.

. Linear dynamic range (LDR): The responsive optical
power range of a PD, where the measured photocurrent
is in a linear relation with the power of the input light
signal, calculated as follows:

LDR = 20 logw
min ]d
where J... and ], are the maximum and minimum

current densities detectable by the PD and J, is the dark
current. Both J .. and ], are photocurrents that a PD
could distinguish from the dark current.

. Photoconductive gain (G): The number of charge
carriers flowing between the symmetrical electrodes
before they recombine per an incident photon. It is also
defined as the ratio of the charge carrier lifetime to the
transit time of the charge carrier between the electrodes:

G=21=_1
A d’/uv
where 7 and 7, are the charge carrier lifetime and transit

time, d is the channel length of the PD, y is the carrier
mobility, and V is the bias voltage.

2.1.3. Nanowire-Based Photodetectors. The 1D perovskite
NWs with highly crystalline nature, unique enclosing surfaces,
specific crystallographic direction, reduced grain boundary,
reduced recombination rates, and long charge-carrier lifetimes
are suitable candidates for the realization of high-performance
PDs.*57122 Iy addition, their large surface-to-volume ratio
enhances light absorption, scattering, and harvesting, which
further improves the overall performance of the PDs. Recently,
several reports have documented the successful fabrication of
PDs from 1D NWs as photoactive material, where the PDs are
designed from both single NWs as well as ensemble
NWs. 3027379851237 141 1y gingle NW-based PDs, only one
isolated NW is used as a photoactive material/channel
between the electrodes. On the other hand, in ensemble NW
PDs, a bunch of NWs are arranged/oriented in either a
parallel/uniform pattern or a random distribution in the space
between the electrodes. Schematic representations of the NW-
based PDs are shown in Figure 8d—f. In most of the cases, the
self-assembled or randomly distributed NWs-based PDs
showed poor device performance due to ineffective material
utilization. Furthermore, randomly oriented adjacent individual
NWs induce high contact resistance and increase the overall
resistance of the device, which limits the overall photocurrent
and response time of the PDs.”*””'** Also, NWs grown within
the template pores were shown to reduce light absorption and
limit the PD performance.”*'*> Hence, patterned or parallelly
aligned (array) and single NWs are expected to generate high-
performance PDs.
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2.1.4. Aligned Perovskite NW-Array-Based Photodetec-
tors. The first perovskite monolayer consists of densely aligned
NWs achieved through a one-step self-assembly method
followed by mask-assisted selective area treatment, which is
utilized for the fabrication of PDs. The devices showed the
responsivity of 1.32 A/W, detectivity of 2.5 X 10'* Jones, and
response time of 0.3 ms.'”’

To precisely control the dimensions, position, and alignment
of NWs, a nanoimprint lithography (NIL) technique has been
utilized with Si nanograting molds (Figure 9a). The NIL-based
NWs exhibited improved crystallinity and better photo-
conducting properties (Figure 9b). Therefore, the PDs
displayed better performance, with a maximum responsivity
of 24.1 A/W at 2 nW/cm? (466 nm) and 58.5 A/W at 4.5
nW/cm?* (635 nm) (Figure 9c) at an applied bias of 1 V.10
Likewise, the asymmetric wettability method has been used to
precisely regulate the position, alignment, and fluid dynamics
of liquids to achieve highly crystalline and crystallographically
ordered 1D perovskite NWs.'*”'** The corresponding NWs
are highly crystalline, having smooth surfaces with a lower trap
density of 8.1 X 10'* cm™ (Figure 9d) compared to the thin-
film counterpart of 1.4 X 10'® cm™>. Moreover, the I-V curves
have shown a definite transition from the ohmic region (I ~ V)
to the trap-filling limit (TFL) region (I ~ V", n > 3) (Figure
9d). The CsPbBr; NWs-based PDs displayed responsivity of
1377 A/W, faster response time (rise time of 21.5 us and fall
time of 23.4 us), and polarization-dependent photodetec-
tion,"*” whereas CsPbl; NWs-based PDs showed responsivity
of 1294 A/W and detectivity of 2.6 X 10" Jones."** Also, the
PDs exhibited good photoswitching behavior under incident
light with different powers (Figure 9¢). Similarly, directional
dewetting was employed to achieve 1D perovskite single-
crystal NW arrays.*® The bandgap of the 1D single crystals
could be tuned from 1.7 to 3.1 eV by regulating the halide
composition. The PDs designed from MAPbBr; 1D NWs
exhibited enhanced responsivity of 3160 A/W, which was
attributed to reduced recombination, low trap density, and
long carrier lifetime.

As a matter of fact, PDs with a wide spectral response make
it arduous to quantify the relative wavelength of the incoming
light signals. Despite that, Deng et al. have reported an
integrated device using the PDs for spectral detection.” Well-
aligned single-crystalline perovskite NW arrays on SiO,/Si
substrate were achieved by a facile fluid-guided antisolvent
vapor-assisted crystallization method.”> The microscopic
images revealed the formation of large-area continuous and
uniform NW arrays with ultralong, crack-free, and smooth
surfaces. The PDs designed from these arrays exhibited
excellent photoconducting performance (Figure 9f) with
responsivity of 12500 A/W, photoconductive gain of over
35000 (Figure 9g), and detectivity of 1.73 X 10" Jones.
Besides, the arrays have been used for the demonstration of
integrated devices for the detection of various light signals in
the wavelength range 680—780 nm. For this, the PDs were
fabricated with numerous perovskite compositions (MAPb-
(1,_Br,)s;; « = 0, 0.1, 0.2, 0.3, and 0.4) to relatively tune the
light absorption and integrated with five LEDs (Figure 9h,
top). The monolithic integration of PDs and LEDs systems
resulted in a unique configuration and allowed sequential
detection of the wavelength of the incident light signals (Figure
9h, bottom). These reports are based on microfluidics-based
techniques that involve guiding the fluid flow and mass
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Figure 10. (a) Schematic illustration of the crystallization, growth, and formation of Q2DPe NWs in a capillary bridge rise approach. It also depicts
the initial heterogeneous nucleation at the liquid—air interface, followed by growth of the perovskite crystal along the dewetting direction. (b)
Observation of the initial nucleation (left), growth (middle), and formation (right) processes of the Q2DPe NWs by an in situ fluorescence
microscopy imaging technique. (c) Steady-state logarithmic current—voltage curves of n = 1, 2, and 3 Q2DPe NW arrays in the dark and at an
illumination power of 96.56 mW cm™ Solid and dashed lines are photocurrents and dark currents, respectively. (d) Photocurrent vs irradiance
characteristic curves at an applied bias of S V. (e) Responsivity vs irradiance characteristic curves of the Q2DPe NWs array-based PDs of different
layer numbers (n = 1, 2, 3) measured under a modulation frequency of 30 Hz. (f) Response times of Q2DPe NW arrays under a fixed illumination
power of 96.56 mW cm™. Adapted with permission from ref 146. Copyright 2020 Wiley-VCH.

transport of perovskite precursors within the micro-/nano-
channels to achieve the desired 1D NW structures.

To avoid the complex, multistep template-guided and
sophisticated lithography methodologies, a CASP strategy
has been applied to obtain aligned and highly crystalline
perovskite NW arrays (Figure 5c—e).”* Optical microscopic
and SEM images showed the formation of nanochannels
(Figure 5f—h). Here, the NWs’ deposition occurs through the
integration of a capillary-directed assembly by periodic
nanochannels and solution-printing with the programmable
moving substrate. The produced perovskite NW arrays have
attained highly crystalline, uniform, crack-free, and smooth
surfaces. The corresponding PDs fabricated from the solution-
printed perovskite NWs array exhibited an ultralow dark
current of 2.20 X 107'° A owing to the NWs’ low intrinsic
carrier concentration. The PDs showed 3 orders of photo-
current under 442 nm laser at an incident light intensity of
27.03 mW cm™?, maximum responsivity of 5.49 A W', rise
time and fall time of 40 and 95 ms, respectively.”*

It should be noted that the presence of a large surface area of
NWs leads to the expeditious degradation of PDs when
exposed to moisture or ambient conditions. Thus, the
perovskite NWs were soaked with oleic acid to passivate the
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surface.””’ The oleic acid-treated NWs exhibited good
photoconductive behavior (Figure 9i) and possessed very
low noise current (Figure 9j). Hence, the PDs designed from
these NWs exhibited high detectivity of 2 X 10" Jones (Figure
9k), which was attributed to the passivation of NW surface
defect states through the oleic acid treatment. Moreover, it was
revealed that the oleic acid passivation of NWs resulted in
enhanced stability, reduced trap density, increased carrier
lifetime, and increased carrier mobility.131 Withal, the oleic
acid-treated NWs exhibited a strong polarization-dependent
photodetection due to its anisotropic 1D geometry (Figure 91).

Recently, layered quasi-two-dimensional perovskites
(Q2DPe) have received considerable interest in various
optoelectronic device applications due to their impressive
photophysical properties.” "> *"!**!*> They have a conspic-
uous feature to tune optical and electronic properties by
playing with the number of inorganic framework layers via
incorporation of structurally diverse functional organic cations.
The Q2DPe structure comprises consecutive inorganic
octahedra framework layers and organic layers that bestow
quantum-well and barrier electronic band structures, respec-
tively. The anisotropic design of the Q2DPe integrates both
the inorganic conductive channel and the resistive hopping
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Figure 11. (a) SEM image of CsPbl; nanorods. (b) SEM image of a single NR-based PD device with metal electrodes. (c) Logarithmic current—
voltage curve for the PDs in the dark and under irradiation with 4035 nm light with 10.69 mW cm™ intensity. (d, e) Responsivity, detectivity, and
EQE curves of the PDs with various wavelengths ranging from 250 to 600 nm at a bias voltage of 2.0 V. Adapted with permission from ref 126.
Copyright 2018 American Chemical Society. (f) Micro-/nanofluidic platform depicting the nanochannel for the growth of NW (right). The upper
microchannel was filled with a precursor solution, while the lower was empty. The growth of a MAPbI;-DMF NW appeared at a real time of 35 min
(left). (g) Schematic of the PD based on a single MAPbI; NW. (h) Dark and light current—voltage curves of the MAPbI; NW under different light
intensities of the 532 nm laser. (i) Temporal response curve of the PD with an illumination intensity of 100 4W cm™ (532 nm) and a modulation
frequency of 250 Hz under a bias of —4 V. Adapted with permission from ref 73. Copyright 2018 American Chemical Society. (j) Schematic of the
individual MAPbI; NW-based PD. (k) Dark and photocurrent curves of the PD based on the MAPbI; NW synthesized under saturated vapor and
in the air, respectively, with a light intensity of 60 4#W cm™. The inset shows the SEM image of the PD. (1) Photocurrent versus incident light
intensity curve of the PD. The inset shows the AFM images of the NWs grown in saturated vapor (bottom) and the air (top). (m) Single temporal
response curve of the PD with rise and fall times. (n) Responsivity and photoconductive gain curves of the PD as a function of various incident light
wavelengths. Adapted with permission from ref 57. Copyright 2018 American Chemical Society.

barrier. Recent studies on the Q2DPe revealed the existence of free carriers, which contributes to the high photocurrent and
exotic edge states which enable the rapid dissociation of bound responsivity, and (iii) the NW arrays efficiently amplify the
excitons into long-lived free charge carriers. Therefore, to reap overall photoresponse."’
the advantages of these edge states, the Q2DPe-based single- Similarly, Q2DPe single-crystalline NWs
crystalline NWs ((BA),(MA),_,Pb,L5,,,; n represents number ((ThMA),(MA),_,Pb,1,,,,, where ThMA = 2-thiopheneme-
of layers) having a pure (101) crystallographic orientation are thylamine) were obtained through the combination of capillary
prepared through a capillary bridge rise approach on an bridge lithography and solvent engineering approaches (Figure
asymmetric-wettability topographical template.115 Along the 10a).146 A hybrid solvent, i.e., the mixture of DMF:DMSO =
NW length, it contains the alternative layer-by-layer insulating 4:1 v/v, produces the (101)-oriented single-crystalline NW
organic cation and conductive inorganic octahedra, respec- arrays, whereas pure DMF or a high content of DMSO in
tively. Therefore, the charge carriers experience a high hybrid solvent produces NWs with low crystallinity or random
resistance path within the interior of the crystal structure orientation."*® The in situ fluorescent microscopy images
and a high conducting path at the edges of the crystal.''® The revealed a clear step-by-step nucleation process at two sides of
PDs designed from these Q2DPe-based NWs displayed the capillary bridges (liquid—air interface), followed by
enhanced photocurrent, low noise current, maximum respon- continuous growth of the perovskite NWs along the dewetting
sivity of 15000 A W', and detectivity of 7 X 10'® Jones, which direction (Figure 10b). The PDs designed from the Q2DPe
are attributed to the combination of efficient free-carries edge NWs exhibited enhanced photocurrents (Figure 10c,d),
conduction and high resistive hopping barriers. Besides, the responsivity of 11000 A/W (Figure 10e), detectivity of 9.1
PDs exhibited a rise time of 27.6 us and a fall time of 24.5 us. X 10'° Jones, rise time of 36.2 us, and fall time of 31.5 us
The presence of different numbers of layers in Q2DPe NWs (Figure 10f 4% These reports have demonstrated the
influences the PD’s performance. In this Q2DPe NWs formation of highly crystalline Q2DPe-based 1D NWs with
geometry: (i) along the NW length, the presence of alternative highly oriented/aligned arrays for the realization of high-
serial hopping barriers efficaciously suppresses the dark current performance photodetection, and they are believed to be
that contributes to the high detectivity, (ii) bound excitons highly suitable for integrated optoelectronic device applica-
diffuse to the edge states where they dissociate into long-lived tions.
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Table 1. Figures of Merit of the Perovskite NWs-Based PDs

type of orientation NW composition responsivity (A/W)

NWs array MAPbDI, 4.95
single NW MAPDI; 460
NWs array MAPbDI; 12 500
single NW MAPbDI, 4.1
single NW MAPbI; 410
single NW Cs,.s(CH;NH,), Pbl, 23
single NW CsPbl, 2.92 X 10°
single NW Om-CH;NH;Pbl; 11.36
NWs array a-CsPbl, 1294
aligned NWs MAPbI; 1.32
NWs array MAPbBr; 20
NWs array MAPbI; 789
NWs array CsPbBr; 549
NWs array (BA),(MA);Pb,I;; 1.5 x 10*
NWs array (ThMA),(MA),Pb.I,, 1.1 x 10*
single NW CsPbl, 4489
CsPbBr; 3306
CsPbCl, 1183
single NW CsPbBr; 4400

detectivity (Jones) EQE (%) rise time decay time ref
2 x 10" - <0.1 ms <0.1 ms 131
2.6 x 101 - 180 us 330 ps 57
1.73 x 10" - 0.34 ps 0.42 ps 39
6.1 x 10" 730 - - 117
9.1 X 10" - 0.22 ms 0.79 ms 73
2.5 x 10" 54 % 10° - - 124
5.17 X 10" 0.9 x 10° 0.05 ms 0.15 ms 126
1.48 x 10" - 84 ms 85 ms 128
2.6 x 10 - 0.85 ms 0.78 ms 134
2.5 x 10" - 0.2 ms 0.3 ms 129
4.1x 101 - 1.6 ms 6.4 ms 135
10" ~10° 432 ps 556 us 141
- - 95 ms 40 ms 74
7 X 10" - 27.6 ps 24.5 ps 115
9.1 x 10" - 36.2 s 315 us 146
7.9 x 10" - <50 ms - 91
6.0 x 10"
6.6 x 10"
- - 252 pus 300 us 85

2.1.5. Single Perovskite NW-Based Photodetectors. Apart
from the ensemble of NWs array, PDs were also fabricated
from single, isolated, or free-standing Nws.”! Single NWs
provide ample opportunities to design miniaturized devices
and can be integrated into compact nanophotonic/optoelec-
tronic devices. Furthermore, minimizing the active device area
and reducing the resistor—capacitance (RC) constant can also
pave the way to design fast responsive PDs. PDs based on a
single or isolated NW can be constructed from the dispersion
of NWs from solution or dry transfer methods or by directly
growing the NW on the target substrate, followed by the
deposition of metal electrodes on the two ends of the NW,
typically using electron beam lithography.

Single-crystalline all-inorganic CsPbl; perovskite NWs were
prepared from a catalyst-based VLS growth mechanism,” as
explained in section 1. The single NW-based CsPbl; PDs have
exhibited high-performance photodetection with the respon-
sivity of 4489 A/W, detectivity of 7.9 X 10" Jones, and gain of
1564. Also, PDs from CsPbBr; were demonstrated with
responsivity of 3306, detectivity of 6.0 X 10" Jones, and gain
of 1530, and from CsPbCl; with a responsivity of 1183,
detectivity of 6.6 X 10" Jones, and gain of 792.”" Importantly,
all the three NW-based PDs produced low dark currents of
0.1-1 pA under an applied bias of S V, which is probably
owing to their minimized free carrier concentration in high-
quality growth of NWs through the VLS method. Similarly, all-
inorganic CsPbl; NRs of uniform distribution with an average
diameter of 150 nm and length of 2 ym (Figure 11a) have
been synthesized by a hot-injection method.'*® These single
NR-based PDs (Figure 11b) have shown good photocurrent
behavior and low dark current (Figure 11c) and screened
maximum responsivity of 2920 A/W (Figure 11d), EQE of 0.9
X 10°9%, detectivity of 5.17 X 10" Jones (Figure 11e), and rise
time of 50 us. Moreover, the PDs showed a stable
photoresponse even after aging of the devices in ambient
conditions for 1 week.'”® The ultralong NWs with a diameter
of several hundreds of nanometers and length of several
millimeters were achieved through graphoepitaxial effect
assisted vapor growth on annealed M-plane sapphire
substrates,®” as discussed in section 1. PDs built from these
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individual ultralong NWs exhibited responsivity of 4400 A/W,
rise time of 252 us, and fall time of 300 us at an applied bias of
1 V. The PDs also exhibited excellent photoswitching behavior
at low operating voltages.”> Similar ultralong NWs with
smooth surfaces have been achieved by the modified ligand-
assisted reprecipitation (LARP) technique. Herein, the NWs
were synthesized using OAm as an inhibitor which passivates
the surface of MAPbI; NWs and thereafter slows down the
crystallization rate, which promotes the growth of high-quality
NWs to several millimeters long.'”® The single OAm-NW-
based PDs showed the enhanced responsivity of 11.36 A/W
and detectivity of 1.48 X 10'* Jones compared to those without
OAm. The enhanced performance is attributed to the
formation of high-quality NWs with reduced defects along
the surface that helps to improve the light absorption and
reduce the recombination centers.'”® Most of the perovskite
NWs have been prepared from organic solvents such as DMF
and DMSO. In contrast, Dong et al. have reported the
synthesis of Cs,(MA),_,Pbl; perovskite NWs from aqueous
solution.'** The corresponding single NW-based PDs showed
the responsivity of 23 A/W and detectivity of 2.5 X 10" Jones.
Further, to selectively grow the single-crystalline perovskite
NWs with a controlled number, location, and orientation, a
micro-/nanofluidic fabrication technique was utilized (Figure
11f).”* These single NW-based PDs (Figure 11g) exhibited
incident power-dependent photoconduction behavior (Figure
11h) and displayed a responsivity of 410 A/W and detectivity
of 9.1 X 10" Jones with good switching behavior (Figure 11i).
Moreover, PDs with excellent mechanical flexibility on
polyethylene terephthalate substrates under various bending
conditions were demonstrated, and the devices revealed stable
behavior under bending conditions.”

It is worth mentioning that the preparation of perovskite
NWs in ambient conditions resulted in a large number of grain
boundaries/surface defects due to their vulnerability to
moisture.”” To overcome it, the perovskite NWs were directly
grown on a SiO,/Si substrate in an isolated organic solvent
vapor (DCM) atmosphere, ie, a saturated vapor-assisted
crystallization (SVAC) process. The resultant single-crystalline
NWs exhibited relatively enhanced stability with smooth
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Figure 12. (a) Schematic illustration of the lasing action from a NW under excitation. (b) NW laser emission spectra as a function of the pump
fluence or lasing threshold. The inset shows the emission intensity and fwhm of emission peak as a function of P, revealing the lasing threshold of
~6.2 uJ cm ™2 (c) Lasing emission intensity of FAPbl;, MABr-stabilized FAPbL;, and MAPbI; NWs as a function of pump time with a continuous
illumination at room temperature (402 nm pulsed laser, 150 fs, and 250 kHz). (d) Optical microscopy images of the lasing action of NWs with
various compositions ( (FAxMAl,x)Pb(Br3,ny)). Adapted with permission from ref 151. Copyright 2016 American Chemical Society. (e) Lasing
emission intensity and fwhm of emission spectra of CsPbBr; NWs as a function of pump fluence. (f) Time-resolved PL decay curves of the CsPbBr;
NW above and below the Py, along with the instrument response function (gray dashed line). (g) Emission intensity of a CsPbBr; NW laser as a
function of time with up to 8 h of continuous illumination under the excitation of a 402 nm pulsed laser (150 fs and 250 kHz) at room temperature.
The inset shows the corresponding fluorescence images of the NW below and above Py; scale bar, 10 ym. (h) Emission spectra of a CsPbCl; NW
below and above the Py. The inset shows the corresponding fluorescence images). (i) Composition-dependent tunable lasing from single-crystal
NWs of CsPbX;. Adapted with permission from ref 152. Copyright 2016 American Chemical Society.

surfaces and reduced grain boundaries due to the elimination
of moisture intrusion during the growth conditions (inset of
Figure 111). These individual NWs-based PDs were con-
structed by selectively picking the NWs by a probe in the
probe station and placing them on the SiO,/Si substrate,
followed by the deposition of metal contacts (Figure 11j and
inset of Figure 11k). The PDs based on the NWs grown in
DCM vapor conditions exhibited significantly higher photo-
current and lower dark current than the NWs grown in open-
air conditions.”” Furthermore, the PDs showed a linear
dependence on incident light intensity and measured photo-
current (Figure 111). The PDs displayed the responsivity of
460 A/W, detectivity of 2.6 X 10" Jones, gain of 1279, rise
time of 180 ys, and fall time of 330 us (Figure 11m,n). Besides,
the KPFM surface potential measurements on SVAC-NWs
under light conditions revealed that, among the photo-
generated charge carriers (electrons and holes), holes get
transported to the PEDOT:PSS layer, whereas the electrons
will be left in the NW, and the accumulation of free electrons
in the NWs leads to the enhanced photocurrent.”” Contrarily,
in open-air-synthesized NWs, due to the presence of grain
boundaries, the photogenerated electrons tend to recombine at
the grain boundaries and lead to low photocurrent. Also, the
PDs have shown long-term device stability; the photoresponse
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decreased very slightly after 45 days of storage. Notably, the
PDs fabricated from the air-synthesized NWs experienced
continuous degradation and were fully degraded by the ninth
day.”” These results revealed that the perovskite NWs grown in
SVAC exhibit better stability and can be used for the
realization of high-performance optoelectronic device applica-
tions. Overall, the aligned/single perovskite NWs-based PDs
showed better photodetection performance than the thin-film
and randomly oriented NWs-based PDs. However, developing
new strategies to obtain stable all-inorganic perovskite NWs
with reduced surface defects/grain boundaries is crucial for
high-performance practical device applications. We have
tabulated some PDs figures of merit in Table 1.

2.2. Perovskite NWs Lasers. NW-based lasers gained a lot
of research attention after the demonstration of ultraviolet
lasing from ZnO NWs in 2001."*” NW lasers are believed to be
potential building blocks for miniaturized nanoscale photonic
and optoelectronic devices due to their reduced dimension,
highly localized coherent output, and efficient waveguiding.'**
The added advantages with NW-based lasers are self-
waveguiding along the axial direction and two end facets
acting as a reflecting mirror arrangement for optical
amplification. To quantify, lasers were characterized by the
lasing threshold (Pg) that describes the critical oscillation
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condition and the quality factor which describes the photon
lifetime. Herein, a lower Py, fosters easy oscillations, and a high
quality factor provides the efficient amplification that leads to
high emission intensity.

For the first time, biexciton lasing was observed in the
layered perovskite (C¢H;;NH;),Pbl; by Kondo et al in
1998."*” In the past couple of years, halide perovskite materials
have received enormous interest in lasing applications.
Compared to their 3D bulk halide perovskite counterparts,
the long carrier lifetimes and low nonradiative recombination
rates of perovskite NWs make them prominent candidates for
lasing applications,***!#1507153 A ‘schematic representation
of the lasing action is displayed in Figure 12a. First, the lasing
action from single-crystalline perovskite NWs was demon-
strated by Zhu et al. in 2015, where the NWs were synthesized
by the solution-dipping method.** The wavelength-tunable
lasing phenomenon was achieved from the single-crystal lead
halide perovskite NWs of MAPbBr;, MAPbI;, and MAPb(Cl/
Br);. The NWs exhibited smooth and flat rectangular facets,
which are ideal Fabry—Perot cavities for the efficient lasing
phenomenon. These NWs-based lasers exhibited very low Py,
of 220 nJ ecm™?, high quality factor of 3600, and lasing quantum
yield (QY) approaching near unity, with emission peaked at
777 nm at RT using a 402 nm laser source for optical pumping.
The lasing operation was further corroborated from the
emission image of the NW below and above Py. Uniform
intensity across the whole NW’s length below the Py, reveals
the photoluminescence (PL), whereas strong emission at the
two ends of the NW above the Py confirmed the effective
lasing action from the NWs.*® Moreover, tunable lasing from
the infrared and green regions was observed through the
mixed-halide composition through the halide exchange during
the growth of the NWs." Similarly, EAPbX;-based NW lasers
were demonstrated by replacing MA organic cation with FA
cation and their mixture (FA/MA)."””" In comparison with
MAPbX; NWs, the FAPbX; NWs exhibited red-shifted
emission and better thermal stability, with a low Py, of 6.2 yJ
ecm™ and quality factors of 1500—2300 (Figure 12b).
Importantly, it is found that the FAPbX; NWs-based lasers
exhibited more stable behavior than the MAPbX; NWs at RT
(Figure 12c). Lasing action in the broad wavelength region was
achieved by rationally tuning the halides and organic cations
composition ((FA,MA)Pbl; and (FA,MA)Pb(I,Br);) (Figure
12d)."*" Similarly, lasing action was also achieved from the
perovskite NWs synthesized by solution methods followed by
gas-phase halide exchange, which exhibited Fabry—Perot lasing
at ~550 and 785 nm from MAPbBr; and MAPbI; NWs with a
Py, of 9.8 and 9.2 m] cm?, respectively, with a maximum
quality factor of 1260.>°

Recently, all-inorganic perovskite NWs have also captivated
the research focus owing to their excellent stability in
comparison to the hybrid organic—inorganic perovskites.
Eaton et al. first reported the lasing action in all-inorganic
perovskite NWs,'** where the NWs were grown by dipping a
Pbl, thin film into a CsX—methanol solution with mild heating
at S0 °C. Interestingly, these were the first surfactant-free
CsPbX; NWs synthesized through a simple, low-temperature,
and solution-phase process possessing excellent stability in
ambient conditions. The NWs were single crystalline with well-
defined facets, acting as high-quality Fabry—Perot laser cavities
and contributing to the efficient lasing output. Under the
excitation of a 400 + 3 nm fs pulsed laser, the lasing action has
occurred in CsPbBry; NWs with a Py, of § 4] cm™ and quality
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factor of 1009 + 5.°° The NWs exhibited stable lasing action
under both constant as well as pulsing excitation, which was
maintained over 1 h (equivalent to 10” excitation cycles), and
the lasing continued under ambient conditions. Besides the
green lasing from CsPbBr; NWs, as-synthesized CsPbCl; NWs
displayed blue lasing with a Py, of 86 yJ cm™ and a maximum
quality factor of 690 + 70, with emission peaking at 430 nm.">’
To extend and improve the lasing action toward the blue
emissive region as well as achieve stable lasing from perovskite
NWs, Fu et al. continued their efforts and have achieved broad-
wavelength-tunable lasing from the near-infrared to the blue
region in single-crystalline CsPbX; NWs by varying their
composition.”* Lasing action in the entire visible spectral
region of 420—710 nm was demonstrated at RT from the NWs
with low Py, and high quality factors. Single-crystalline pure
halide CsPbX; NWs were synthesized by a simple solution-
dipping method where a piece of lead-precursor-coated
substrate was immersed in CsX—anhydrous methanol solution
at 22 °C. These NWs also showed smooth surfaces and facets,
which were ideal Fabry—Pérot cavities for designing the high-
performance NW lasers. The lasing action was performed by
optically pumping the NWs with 402 nm, 250 kHz laser pulse
excitation under a N, atmosphere.">” Figure 12e shows the
variation of PL intensity and full-width half-maximum (fwhm)
of the PL peak under different pump fluences. Below the Py, of
~6.2 uJ cm™?, CsPbBr; NWs displayed broad PL spectra
peaked at ~530 nm with a fwhm of ~17 nm, and the
integrated PL intensity increased slowly with pump fluence
(Figure 12¢). Above Py, a few sharp lasing peaks emerged, and
the intensity was increased quickly with pump fluence,
indicating the occurrence of lasing action. The log—log plot
of PL intensity with different pump fluences showed the
expected S-curve pattern, screening the evolution from the
spontaneous emission to the amplified spontaneous emission
transition regime to laser oscillation.">* Further, time-resolved
PL decay kinetics above and below Py, as shown in Figure 12f
provided strong evidence of lasing action. PL lifetimes of ~850
and <20 ps were observed for CsPbBr; NWs below and above
Py, which can be easily assigned to spontaneous and
stimulated lasing emission, respectively.>” Such spontaneous
and stimulated lasing emission was further strengthened by
fluorescence images of CsPbBr; NWs below and above Py,
Below the Py, uniform intensity of spontaneous emission was
recorded, and above the Py, maximum intensity is observed at
the end faces of the NWs, along with the diffraction pattern
owing to the diffraction of emitted laser light through the NW
(inset of Figure 12g). Notably, the NWs exhibited stable lasing
emission with no significant degradation after at least 8 h, or
the equivalent of 7.2 X 10° laser shots under continuous
illumination of a femtosecond pulsed laser (Figure 12g).
Furthermore, blue-emitting lasing action from CsPbCl; NWs
was also tested and found to be similar to that of the CsPbBr;
NWs (Figure 12h). CsPbCl; NWs-based blue lasers exhibited a
Py, of 6 4] cm™ and a quality factor of 1300, with emission
peaked at 424 nm at RT."> Then, CsPbClBr;_, and
CsPbBr,l;_, alloy NWs were synthesized with controlled
stoichiometry to tune the lasing wavelength. Figure 12i shows
the broad wavelength tuning action from violet to red color by
CsPb(Cl/Br/1); NWs. The superior photophysical properties
of pure inorganic CsPbCl; NWs compared to the organic—
inorganic MAPbCl; or FAPbCl; NWs and wide bandgap
CsPb(Br,Cl); NWs make it possible to tune the lasing action at
RT over a wide range of wavelengths with better stability.">*
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Figure 13. (a) Emission spectra of CsPbBr; triangular nanorods as a function of Py. The inset shows the optical image (top) and fluorescence
images of a single triangular NR below (middle) and above (bottom) the Py.. (b) Nonlinear response curve of laser output power as a function of
pump fluence. (c) Streak-camera images of a single triangular rod below (P & 12.5 uJ cm™, top) and above (P & 50 uJ cm™? bottom) the Py. (d)
Corresponding time-resolved PL decay curves. Adapted with permission from ref 83. Copyright 2017 American Chemical Society. (e, f)
Fluorescence images of the CsPbBr; NW below and above the Py, respectively. The inset shows the optical microscopy image of a single CsPbBr;
NW. (g—i) Fluorescence images of the in-plane directional CsPbCl;, CsPbBr;, and CsPbl; NW arrays above their Py; scale bar, 10 ym. Dashed
lines depict the position of the wires. Adapted with permission from ref 86. Copyright 2018 American Chemical Society. (j) Schematic of
composition-graded CsPbBr,I;_, NW (top) and normalized yi-PL spectra recorded at various positions (denoted with circles) of the NW (bottom).
(k) p-PL spectra collected from different positions (A, 521 nm; B, 521 and 556 nm; and C, 556 nm) of the NW above the Py.. (1) Pumping-fluence-
dependent PL spectra of position B. (m) Integrated emission intensity of the lasing peak at 521 nm (cyan band) and 556 nm (green band) of
region B as a function of pumping fluence. Adapted with permission from ref 153. Copyright 2018 Wiley-VCH.

In addition to the solution-phase methods, perovskite NWs
designed from the vapor phase were also utilized for the
demonstration of the lasing applications.*>*®  All-inorganic
CsPbX; NWs with smooth surfaces and well-defined triangular
facets were directly grown on SiO,/Si substrates via a vapor-
phase method. They exhibited room-temperature tunable
lasing with low Py, and high quality factors. For instance,
when the excitation fluence was smaller than 14.1 yJ cm™ a
spontaneous emission spectrum was observed with a peak
position at 538 nm. A set of sharp peaks confirmed the lasing
action above the excitation fluence of 14.1 uJ cm™? (Figure
13a). The inset of Figure 13a shows the corresponding bright-
field optical microscopy image (top) and emission images at
low (middle) and high (bottom) excitation fluence of CsPbBr;
triangular NWs. The output intensities from the NWs under
different pump fluence are displayed in Figure 13b. Lasing
action from these NWs was further confirmed from the time-
resolved photoluminescence (TRPL) measurements. The
detection of the PL (spontaneous emission with broad
emission band and longer decay time) and lasing (stimulated
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emission with narrow emission band and ultrashort decay
time) from the one end of the triangular NW was recorded
when the excitation fluence was below (12.5 yJ cm™2) and
above (50 uJ cm™2) the Py, respectively (Figure 13c,d).*’
Similarly, all-inorganic CsPbX; NWs were directly grown on
annealed M-sapphire substrates using the graphoepitaxial effect
via the vapor-phase growth method.*® The lasing behavior of
CsPbX; NWs was examined directly on the substrate itself at
RT. The inset of Figure 13e shows the optical image of a
representative single CsPbBr; NW. To examine the lasing
action, the CsPbBr; NW was pumped with different pumping
fluences. Spontaneous emission was observed from the whole
NW at a low pumping fluence of below 4 uJ cm™ (Figure
13e). When the excitation fluence increased to the Py, of 4.1 uJ
cm™? and above, strong lasing emission appeared with spatially
coherent interference patterns from the two ends of the NW
(Figure 13f). Therefore, at high pump intensity, the bright
emission was localized at the end faces of the NW, and no light
emission was observed from other parts of the NW due to the
high degree of coupling of the spontaneous emission to the
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cavity oscillation modes.”® This study reveals the high
crystalline quality and nearly perfect end facets of the as-
grown CsPbBr; NW. Moreover, blue and red lasing action was
also achieved from CsPbCl; and CsPbl; NWs, respectively,
and Figure 13g—i displays the lasing action from the array of
NWs. CsPbX; NWs were excited with a femtosecond pulse
laser of 400 nm for CsPbCl; and 470 nm for CsPbBr; and
CsPbl; NWs, above their Py values. Bright light emission
(blue, green, and red) from the two ends of all these
directional CsPbX; NWs confirmed the realization of high-
quality in-plane-aligned CsPbX; NW lasing action (Figure
13g—i). In addition, the quality factor values were found to be
2675, 1931, and 2256 for CsPbBr;, CsPbCl;, and CsPbl,,
respectively.*® A similar kind of lasing behavior was achieved in
various perovskite NWs. All the NWs discussed here so far
have produced the single-wavelength lasing action under pump
fluence or excitation.

To achieve dual-color lasing from a single NW, a
composition gradient of CsPbBr,I;_, NW (Figure 13j, top)
with triangular facets and smooth surfaces was obtained
through vapor-phase epitaxial growth on mica."*” The graded
composition with an increasing Br/I ratio from the center to
the ends of the NW was achieved by desynchronized
deposition of cesium lead halides along with temperature-
controlled anion-exchange reaction. The graded composition
resulted in different bandgaps along the NW’s length, which
induces a blue-shifted emission from the center to the ends
owing to the excess Br at the NW’s ends (Figure 13j, bottom).
As aresult, above the Py, the NW exhibited position-dependent
lasing action across its length, with green and yellow colors at
the ends and center, respectively.'>® Position-dependent
emission properties across the NW’s length screened a
significant PL shift from 550 nm (2.25 eV) to 510 nm (2.43
eV) from the center to the ends, which revealed the existence
of a composition difference within the single NW segment
(Figure 13k). Lasing behavior from the composition-graded
CsPbBr,I;_, NW was studied by exciting the NW with a pulsed
laser beam of 400 nm, with a focused spot of 100 ym in
diameter (inset of Figure 13k). Above the Py, multimode
lasing was achieved at 521 and 556 nm at regions A and C
(Figure 13k), respectively, owing to the composition gradient.
From region B, both 521 and 556 nm lasing action was
detected owing to the intermediate composition compared to
that of the ends (Figure 13k). The pumping-fluence-dependent
PL spectra revealed different Py, for cyan and green lasing, 16
and 28 uJ cm ™, respectively, similar for the individual regions
A and C (Figure 13l,m)."**

Finally, the exact underlying mechanism behind the lasing
action from the perovskite NWs was understood through
probing the CsPbBr; NWs with picosecond time resolution,
which revealed that the lasing originates from the stimulated
emission of an electron—hole plasma.*® Anomalous blue-
shifting of the lasing gain profile with time up to 25 ps was
assigned as a signature for lasing involving plasmon emission.

Apart from the conventional photonic lasing applications,
plasmonic and polariton lasing also garnered importance for
the development of deep-subwavelength and low Py,.'>*~'%°
For plasmonic lasers, the NWs were positioned on SiO,/Ag or
MgF,/Ag substrates, where the surface plasmon polariton
modes stimulated and strongly confined electromagnetic
modes into a subwavelength volume around the nanoscale
SiO, or MgF, layer. The plasmonic NW lasers exhibited a low
Py, and good thermal stability. Moreover, polariton lasing was
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also studied in CsPbBr; NWs, where the polaritons emerged
from the strong couplinsg between the exciton and photonic
modes in a NW cavity.'>

The performance of the lasers is quantified by the Py, quality
factor, and their stability under the operating conditions, which
depend on several factors, such as reflectivity of the end facets
and length, width, and crystal quality of the NWs. High-quality
NWs produce lasing with a lower threshold owing to low
defect density and nonradiative recombinations. However, the
effect of the length of the NWs on the lasing performance is
not well known and is essential to study. Further, electrically
excited perovskite NW lasers are yet to be explored and may be
the next hot field of interest. To achieve electrically excited
lasing action, the material requires a high-quality gain medium
with slow nonradiative decay pathways, high carrier density
levels required for population inversion, large and balanced
mobilities, excess free-carrier density to minimize resistive heat
loss, good thermal stability, a large gain cross-section at the
lasing wavelength, and sharp band tails marked by a low
Urbach energy.”” In Table 2 we have listed a few NWs-based
lasers and their performances.

Table 2. Characteristic Parameters of Perovskite NWs-
Based Lasers

lasing
material wavelength Py, Q ref
MAPbDI; NWs 787 nm 220 nJ cm™ 3600 40
MAPbBr; NWs 550 nm 300 nJ cm™ 2360 + 30
MAPDI; NWs 785 nm 92 uJ cm™ 1260 56
MAPbBr; NWs 550 nm 9.8 pJ cm™ 1260
FA/MA)PbX reen - red 3-30 yuJ cm™2 1500—-3200 151
3 g H

NWs
CsPbBr; NWs 530 nm Su] em™ 1009 + S 150
CsPbCl; NWs 430 nm 86 uJ cm™ 690 + 70
CsPbBr; NWs 538 nm 62 uJ cm™ 2069 152
CsPbCl; NWs 424 nm 6 uJ cm™ 1300
CsPbBr; 543 nm 14.1 yJ cm™ 3500 83
CsPbBr, green 4.1 pJ em™ 2675 86
CsPbCl, blue 11 pJ em™ 1931
CsPbl, red 21 uJ cm™> 2256
CsPbBr,I;_, 521 and 16 and 28 uJ 153

556 nm cm™

2.3. Perovskite NWs Light-Emitting Diodes. Light-
emitting-diodes (LEDs) convert electrical signals into light
signals, where the emission wavelength or color is decided by
the energy bandgap of the active emissive layer. Recently,
perovskites have been established as potential candidates for
the development of efficient LEDs. The high performance of
LEDs is attributed to their high photoluminescence quantum
yields (PLQYs), tunable color emission, wide color gamut, and
high charge carrier mobilities." > Along with the bulk-
phase (3D) and quantum structures (0D)-based perovskite
thin films, 1D NWs withal have motivated considerable
research interest in designing the LEDs.*"'6%16* The large
aspect ratio of perovskite NWs is propitious for better light

https://doi.org/10.1021/acsaem.1c03284
ACS Appl. Energy Mater. 2022, 5, 1342—-1377


www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

3-

(a) ‘ < Hd) i e = - 1"
1um B / —_—
—_— ; P ! 1 10"
m
2 2
D't 0'M
. CH,NH,PbBr, e "5
anorods/F8/Ca/Ag D - <
= 11
[F]
1 Buffer Layer/F8 04 =
-PEDOT: PSS 500 600 700 800 oY TS o i

- ITO
Glass

Wavelength (nm)

(€) —~mooyag (A
=l
HTL we
. Nanoporous c
alumina : 06
ncAPbX, 'E 04
Compact 2 02
TiO, 0.0
Glass/FTO 475 500 525 550
Wavelength (nm)
(i)‘l_ﬂ. e +— PNW| (j) — Perpendicular (k) (l)1.0 D_“\
Qs P - TF -
Sos S ! Blue Polarizer Detector 208 / &
& ™ e | o2 LED DBR B ) \ .
‘ | i ¥
.an - . B / ;g £ /‘/ \
5 5 - V'V 7 Jar \
=07 I\ € J 4 v
£ . | J
5 08 ~ | Perovskite NJWs 202 /I/ \o\ ‘/°
2 i -
0578 3 60 %0 130 150 180 4 am w0 e e e 0 30 60 90 120 150 180

Bending angle (°)

Wavelength (nm)

Polarization angle (°)

Figure 14. (a) Cross-sectional SEM image of perovskite nanorods array (top left), electroluminescence image of the perovskite NR array-based
LED (top right), and schematic of the device structure of a vertically grown MAPbBr; NRs array-based LED (bottom). (b) Normalized EL spectra
of MAPbBr; and MAPbI; NRs array-based LEDs. Adapted with permission from ref 163. Copyright 2015 American Chemical Society. (c) TEM
image of CsPbBr; NRs with the aspect ratio of 5.0. The inset shows digital photographs of the perovskite NRs solution under normal light (left)
and UV irradiation of 365 nm (right). (d) Current efficiency/EQE vs luminance curves of the NWs-based LED. The inset shows a digital
photograph of the LED operated at S V. Adapted with permission from ref 164. Copyright 2019 American Chemical Society. (e) Schematic of the
multilayered LED device structure with NWs grown within the AAO template. (f) Recorded EL spectra (filled curve) of a CsPbBr; NWs-based
LED with bulk (dashed line) and confined PL spectra (solid line). The inset shows a digital photograph of the operating CsPbBr; LED at 4 V and
displaying cyan-green EL over the entire area. Adapted with permission from ref 165. Copyright 2016 arXiv. (g) Top-view SEM image of the
perovskite NWs grown within the PAM template (right) and schematic representation of the multilayer LED device structure with the vertically
grown NWs and the illustration of the light emission from the NWs (left). (h) EQE vs V curves of the perovskite NWs and thin-film-based LEDs.
The inset shows a digital photograph of the LED operated at 4 V with an active device area of 1 cm”. (i) Mechanical flexibility test of the perovskite
NWs-based and thin-film-based LEDs with different bending angles. The inset shows the working LED at bending condition (left) and a scheme of
the NWs-based LED under bending conditions (right). Adapted with permission from ref 41. Copyright 2020 American Chemical Society. (j)
Recorded EL spectra of dry-rubbed CsPbBr; NWs-based LED in two orthogonal directions. The inset shows a scheme of the multilayer device
structure (left), a digital photograph of the working CsPbBr; NWs LED (top right), and a SEM image of the mechanically dry-rubbed CsPbBr;,
NWs (bottom right). Adapted with permission from ref 166. Copyright 2020 Royal Society of Chemistry. (k) Schematic representation of the
polarization experimental through-plane optical device setup using a GaN LED, perovskite NW/AAO, DBR layer, polarizer, and detector. (1)
Polarized emission characteristics of perovskite NW arrays. The inset illustrates the angle of the polarizer located at 60° and 150° relative to the
NWs array. Adapted with permission from ref 167. Copyright 2020 Wiley-VCH.

propagation, and perovskite NWs have relatively better light
extraction efficiency than the bulk-phase or NCs-based thin
films, as realized from the finite-difference time domain
(FDTD) modeling."" These characteristics make the NWs
favorable for photonic circuit integrations. Few reports have
demonstrated the incorporation of perovskite NWs and NRs
for the fabrication of LEDs.*"'¢!6*

In 2015, for the first time, Wong et al. demonstrated the
fabrication of LEDs using perovskite NR arrays as an active
emissive layer.'” The high-quality MAPbBr; perovskite NR
arrays were directly grown on a glass/ITO/PEDOT:PSS layer
by coating the saturated methanolic solution of PbAc, and
further converted into MAPbI; NRs through anion-exchange
reaction with MAI vapor while preserving their initial
geometry. The obtained NRs exceeded 1 ym in length and
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100 nm in diameter and also exhibited a square cross-section
(Figure 14a). Upon employing the NRs as an active layer for
the fabrication of green and red color LEDs, the corresponding
LEDs exhibited the maximum emission peaks at 533 and 782
nm, respectively (Figure 14b)."®* To grow the perovskite
NRs/NWs in a facile solution medium, Yang et al. reported the
preparation of monodispersed CsPbBr; NRs (Figure 14c) with
tunable aspect ratios of 2.0, 2.5, 3.0, 5.0, 7.5, and 17.0 through
an interfacial conversion from the initial Cs,PbBry nanocrystals
by a water-triggered transformation reaction.'®* The resultant
CsPbBr; NRs exhibited a high PLQY of 87%. Fascinatingly,
these NRs present a higher valence band position (—5.99 eV)
than the conventional CsPbBr; nanocubes (—6.17 V), which
induces better hole injection by reducing the band offset and is
crucial for achieving high-performance LEDs. The CsPbBr,
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Table 3. Performance Parameters of Perovskite NWs-Based LEDs

wavelength
material type LED device structure ( col()r%t IL CE EQE ref
MAPbDI;, MAPbBr; NRs  vertical array ITO/PEDOT:PSS/buffer layer/F8/perovskite 782 nm, - - - 163
NRs/F8/Ca/Ag 533 nm
CsPbBr; NRs colloidal NR thin films ITO/PEDOT:PSS/TFB/perovskite NRs/TPBi/ 520 nm 2557 25.7 8.2 164
LiF/Al
MABr-modified CsPbBr;  template-assisted vertical ~ ITO/PEDOT:PSS/CsPbBr; NWs/TPBi/LiF/Al green 12016 - 16 41
NWs array
CsPbBr; NWs template-assisted vertical ~ FTO/TiO,/CsPbBr; NWs/HTL/MoO,/Ag 518 nm 100 - - 165
array
CsPbBr; NWs oriented by mechanical ITO/PEDOT:PSS/PolyTPD/PVK CsPbBr; NWs/ S19 nm 3.88 - 0.08 166

rubbing TPBi/LiF/Al

NRs-based LEDs exhibited a peak wavelength of 520 nm,
maximum brightness of 2557 cd/m? current efficiency of 25.7
cd/A, and EQE of 8.2% (Figure 14d).'** Furthermore, the
color-tunable emission within the visible region from blue to
the red has been achieved in NRs through the anion-exchange
reactions with NaCl and Nal, respectively.'**

In general, tunable emission from perovskites has been
achieved through the mixed-halide compositions. However,
color-tunable emission in single halide composition-based
perovskite NWs was accomplished by fine-tuning the bandgap
through the quantum confinement effect in a nanoporous
alumina template, which does not involve the conventional
manipulation of the mixed-halide stoichiometry.'®® Reducing
the pore size of the template resulted in the blue-shift emission
spectra through an efficacious quantum confinement effect.
Nanoporous alumina containing the perovskite NWs was used
as an active emissive layer for the demonstration of the NWs-
based LEDs. The LED device structure is comprised of glass/
FTO/compact TiO,/NWs in nanoporous alumina/HTL/
MoO,/Ag (Figure 14e), and the corresponding PL and EL
spectra are presented in Figure 14f. The LEDs exhibited the
maximum brightness of over 100 cd/ m? and a turn-on voltage
of 2.5 V. The low brightness exhibited by the devices may be
attributed to the improper growth of the NWs or inferior
contact/junction between the NWs subsisting within the pores
of the template and charge-transport layers.'® Similarly, the
perovskite NWs array was designed by utilizing a porous
alumina membrane (PAM) (Figure 14g, left panel), where the
NWs were grown within the template pores via capillary-effect-
assisted growth.*’ The geometry of the NWs was tuned by
selecting the different dimensions of the PAM templates.
These NWs-based LEDs exhibited relatively improved device
performance and stability compared to the thin-film LEDs
counterparts. A schematic representation of the emission from
the NWs-based LEDs is displayed in Figure 14g (right panel).
The NWs-based green LEDs displayed a maximum brightness
of 12016 cd/m” and a maximum EQE of 16% (Figure 14h),
which are better than the thin-film-based LEDs’ maximum
brightness of 10953 cd/m* and EQE of 11% (Figure 14h).
The increased EQE is attributed to the better light extraction
efficiency of the NWs owing to the leaky mode behavior in the
NWs at the emission wavelength. The enhanced stability is due
to the template protection of NWs against the lateral incursion
of external moisture and oxygen."' Besides, the NWs-based
LEDs demonstrated better mechanical flexibility and bend-
ability as compared to thin-film LEDs (Figure 14i), which is an
added advantage. Each NW is surrounded by template
packaging material which has excellent mechanical robustness;
thus, bending the device does not introduce any crack line
within the NWs as long as the PAM holds it. On the contrary,
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the polycrystalline thin-film counterparts engender the crack
lines when subjected to bending conditions of certain degrees,
consequently leading to notable performance degradation
under bending conditions compared to NWs (Figure 14i)."!

Along with the conventional light emission, the NWs have
additionally exhibited a polarization effect owingg to the
anisotropic nature of their 1D geometry.'*™'*® Herein,
CsPbBr; NWs were synthesized by the hot-injection colloidal
synthesis method, and the oriented NWs-based thin films were
achieved by using a mechanical rubbing method (inset of
Figure 14§)."°° The oriented NWs-based thin films showed
polarized PL behavior and were also used for the fabrication of
polarized LEDs (Figure 14j). The devices exhibited a turn-on
voltage of 6.5 V and an EQE of 0.08%."° Similarly, the highly
ordered perovskite NWs arrays were fabricated within the
AAO template by employing an inkjet-printing process.'®” The
NWs were grown in the AAO template by inkjet-printing on
one side while applying vacuum-pumping on another side of
the template to guide the ink flow into the AAO pores. A
schematic illustration of the experimental polarization setup is
shown in Figure 14k. The perovskite NWs arrays exhibited a
cycle of sine fluctuation subjected to the rotation of the
polarizer from 0° to 180° (Figure 141), which indicates a high
polarization effect of the NWs. The polarized emission
measurements revealed the maximum and minimum intensities
at 60° and 150° respectively (Figure 141).'°” Likewise,
recently, 3D-printed nanocomposite inks were developed
comprising perovskite NWs suspended in a polystyrene—
polyisoprene—polystyrene block copolymer matrix.'® Align-
ment of the NWs was achieved through a programmed
printing path, and they exhibited highly polarized absorption
and emission properties. These NWs were also used for the
demonstration of polarized full-color display applications.
Tunable emission was realized from the pixel array subjected
to the rotation of the polarizer, where the red, green, and blue
colors were obtained when the polarizers were parallel to the
print directions, whereas the mixed colors of yellow (red +
green), purple (red + blue), and cyan (blue + green) were
achieved when the polarizers were positioned at 30°.'® These
studies revealed that these composites can provide new
avenues for the development of functional devices for, e.g.,
encryption, optical displays, and information storage.

The 1D perovskite NWs have great potential to engender
high EQE LEDs owing to their better light extraction efficiency
and anisotropic directional nature. Despite the NWs showing
better light propagation and efficient light extraction capacity,
the research on perovskite NWs-based LEDs is still at infancy.
Hence, effective growth of vertically aligned NWs and
establishment of better contact between the charge trans-
port/injection layers with NWs existing within the templates
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Figure 15. (a) Cross-sectional SEM image of the multilayer solar cell (left) with corresponding false color coding for each layer (right). (b)
Current—voltage characteristics measured at AM 1.5G illumination with a light intensity of 98.6 mW/cm? Adapted with permission from ref 49.
Copyright 2015 American Chemical Society. (c) Jsc and PCE stability test of the corresponding PV device at the maximum outputs with the
voltage of 0.85 V. The inset shows the device structure of a PV with 1D NWs on the surface of a MAPbI, thin film. (d) EQE and integrated Jg¢
curve of the PV vs wavelength. Adapted with permission from ref 173. Copyright 2018 IOP Publishing Group. (e) Schematic representation of the
PV device architecture and the molecular structures of ETLs used. Adapted with permission from ref 42. Copyright 2017 Royal Society of
Chemistry. (f) Schematic diagram of the PV device with the combination of perovskite NWs and organic layer. (g) EQE spectra and Jgc curves of
the PVs with and without the perovskite NWs. Adapted with permission from ref 174. Copyright 2020 American Chemical Society. (h) Schematic
of NWs or nanopillars array-based perovskite/c-Si tandem PV. The PV cell comprises a top subcell composed of periodically arranged nanopillar
perovskites (MAPbL;) and a c-Si heterojunction bottom subcell. (i) J—V characteristics of the top MAPbI, perovskite subcell under light and dark
illumination conditions. (j) J—V characteristics of the bottom c-Si subcell under light and dark illumination conditions. Adapted with permission

from ref 175. Copyright 2017 American Chemical Society.

are prerequisites for the development of high-performance
LEDs. A few perovskite NWs-based LEDs’ performances are
presented in Table 3.

2.4. Perovskite NWs Photovoltaic Cells. Perovskite thin
films have been studied extensively for the demonstration of
their PV applications. Perovskites have excellent light
absorption, longer diffusion lengths, and low-temperature
solution processability, which make them the most promising
material for next-generation PV applications.””'*~""> On the
other hand, perovskite NWs have an inherently large surface
area that improves the light absorption capacity, and carrier
confinement in the other two dimensions eases the charge
transport on account of their highly crystalline 1D structure.
Moreover, the 1D NWs have been found to exhibit significant
advantages over bulk-phase thin films, including better light
trapping, better lateral conductivity, better charge carrier
separation/extraction, and excellent mechanical flexibility,
which are highly beneficial for high-performance, flexible PV
device applications.*”*°

Halide perovskites-based MAPbI; NWs were employed for
the fabrication of photovoltaic cells for the first time in 2015,
where the devices displayed a PCE of 14.71% at AM 1.5G.”
Here, MAPbI; NWs were synthesized by rationally controlling
the DMF solvent in an IPA solution of MAI via a two-step
spin-coating process. A cross-sectional SEM image, multilayer
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schematic representation of the fabricated PV devices, and
their characteristic curves are displayed in Figure 15a,b. The
devices displayed a short-circuit current density (J,.) of 19.12
mA cm™?, an open-circuit voltage (V,.) of 1.052 V, and a fill
factor (FF) of 0.721. The NWs-based PV devices exhibited
enhanced lateral conductivity and faster charge carrier
separation than the bulk-phase MAPbI; thin films (cuboid),
leading to the best performance of MAPbI; NWs-based PVs.
Here, NWs established better contact with the hole-trans-
porting material (HTM) owing to their increased surface area
that improves hole extraction in perovskite NWs for enhanced
performance.*’

To further ameliorate the PCE of perovskite NWs-based PV
devices, a p-i-n-type inverted structure FTO/NiO/MAPbI,
film/1D MAPbI; NWs/PCBM/Ag configuration was de-
vised.'”> The PV devices using the combination of both the
perovskite thin film and 1D NWs exhibited an improved PCE
of 16.66%, V,. of 1.07 V, J,. of 21.51 mA cm™ and FF of
0.723, along with negligible hysteresis (Figure 15¢). Notably,
the devices with 1D NWs showed enhanced charge carrier
transport between the MAPDbI; thin film and electron transport
layer (ETL) as a fast migration channel that leads to high EQE
of 91% (Figure 15d) and better PCE stability in ambient
conditions over 30 days. Furthermore, a similar p-i-n-type
inverted structure was configured as ITO/PEDOT:PSS/
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Table 4. Performance of the Reported Perovskite NWs-Based PVs

orientation type materials Jsc (mA/cm?)
random MAPbDI; 19.12
random MAPbDI, 23.8 + 0.1
random MAPbI; 22.47 £ 0.70
random CsPbBr; 2.96
random MAPbDI; thin film and NWs 21.51
random MAPDI, 21.39
random MAPbI, 23.92

Voc (V) FF PCE (%) ref
1052V 0.721 14.71 49
1.04 0.746 18.74 MY
1.12 + 0.013 0.70 + 0.01 17.62 + 0.46 S1
0.851 0.445 1.21 58

1.07 0.723 16.66 173
1.01 0.80 18.83 42

0.819 0.547 10.72 174

MAPbI; NWs/doped ETL/polyethylenimine (PEI)/Ag cath-
ode/ALD AlL,O; encapsulation layer, where the devices
demonstrated an improved PCE of 18.83%, V. of 1.01 V, ]
of 21.39 mA cm™2, and FF of 0.80, with hysteresis-less J—V
characteristics. (Figure 15¢).*” The improved PCE was
attributed to doping the P(NDI2OD-T2) ETL with the air-
stable dopant 4-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2-
yl)-N,N-diphenylaniline (N-DPBI), which enhanced the
electron extraction properties by minimizing resistive losses
and improved the surface coverage of the P(NDI20OD-T2)
ETL on the MAPDbI; NW layer. Besides, the Al,O;-
encapsulated NWs-based devices retained almost 92% of
their initial efficiency over 6000 h, which demonstrates that the
devices exhibit excellent ambient stability.

The PCE of MAPbI; NWs-based solar cells was further
improved to 18.7% in 2018.°° The PV cells were fabricated
using different morphologies of MAPbI; perovskites, including
the compact bulk-phase thin films and NWs. The NWs-based
PV devices exhibited an enhanced PCE of 18.7%, compared to
the thin-film-based perovskite PV cell with a PCE of 14.03%.>°
The NWs-based PVs displayed a maximum J. of 23.8 + 0.1
mA cm™?, V,. of 1.04 V, and FF of 0.746, and showed
hysteresis-free curves, which implies no accumulation of charge
carriers and eflicient charge carrier transfer within the device.
Despite employing the perovskite NWs as the individual active
layer in the PV devices, very recently the efficient non-fullerene
acceptor-based organic solar cell with additional MAPbI; NWs
was documented (Figure 15f) and exhibited a PCE of 10.72%
in 2020."”* Here, the perovskite NWs incorporated at the
interface of SnO, and PBDB-T-SF:IT-4F, which effectively
solved the incompatibility between the two dissimilar materials
without affecting their intrinsic properties.'”* This combina-
tion improved and stabilized the PV’s performance compared
to that of the PVs without the NWs (Figure 15g).

As a matter of fact, organic perovskites are sensitive to the
open ambient conditions, and ergo the degradation of the
device. Hence, a need of the hour is to develop stable
perovskite compositions for their long-term utilization for
practical applications. To further improve the PV device
stability, all-inorganic CsPbX; perovskite NWs were employed
as an active layer for the fabrication.”® The first all-inorganic
perovskite NWs-based PV device was demonstrated in 2017,
with the structure FTO glass/TiO, compact layer/CsPbX;
NWs/spiro-OMeTAD/Au. Nevertheless, the devices showed
lower PCEs of 0.11% and 1.21% for CsPbl; and CsPbBr; NWs,
respectively.”® Though the devices displayed poor perform-
ance, they exhibited excellent stability by retaining 99% of the
initial PCE over 5500 h aging at ambient conditions, which
hints that accelerating the PCEs of all-inorganic PVs to the
level of their counterparts is crucial for practical PV
applications.
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One of the efficacious approaches to improve the efficiency
of perovskite PVs is their integration in a tandem configuration
with a different type of PVs as dual-junction PVs. Here, a
tandem PV cell was demonstrated using a nanopillar array of
MAPbDL; in combination with the c-silicon.'”> A novel four-
terminal nanopillared perovskite/c-Si tandem solar cell was
investigated through a predictive 3D finite-element-based
optoelectrical model and displayed a simulated efliciency of
27%. A schematic representation of the device is shown in
Figure 15h. It is the combination of a nanopillared perovskite
MAPDI; as top subcell and a c¢-Si heterojunction as bottom
subcell. The efliciency contributions were 18.5% and 8.51%
from the top and bottom subcells (Figure 15i,j), respectively,
and a total PCE of 27% was achieved for the complete tandem
cell.'”® A comparative study and an investigation of nanopillar
perovskite-based tandem cells and planar perovskite film-based
tandem cells were also performed and found that the relative
efficiency enhancement of about 21% is in favor of the
nanopatterned perovskite. This reveals that the aligned NWs
are the best option for achieving high PCEs rather than the
randomly oriented perovskite NWs as well as thin-film-based
planar perovskite PV cells.'”

The numerical modeling approach revealed the capacity of
the NWs to enhance the efficiency of PV devices. However,
there are no significant experimental reports on the effective
vertical or parallel alignment of NWs-based PV devices. The
reported NWs-based PVs produced lower PCEs than the thin-
film-based PVs because of the difficulty in growing vertically
oriented NWs without a template. Although the template-
assisted growth of NWs provides high-quality vertically aligned
NWs, their absorbance and charge transport properties are
affected by the presence of the template material. Moreover,
the template material establishes poor contacts between
perovskite NWs and charge transport layers (CTLs); thus,
the separated electron and hole charge carriers cannot be
collected effectively by the electrodes. Hence, it is a
prerequisite to develop free-standing vertically aligned NWs
without the template. Therefore, obtaining vertically oriented
high-quality NWs and improving the connectivity between the
NWs and CTLs are crucial to achieve immense progress in the
realm of PV applications. In Table 4 we summarize the
performances of some perovskite NWs-based PVs.

2.5. Perovskite NWs Field-Effect Transistors. Field-
effect transistors (FETs) are another crucial type of electronic
components for advanced technological device applications.
Fundamental electrical properties of individual NWs are
usually studied in the FET geometry. Recently, perovskite
NWs were employed as superior candidates for the realization
of FET applications owing to their fewer grain boundaries, low
defect density, superior charge carrier mobilities, and better
conductivities. There are only a handful of reports document-
ing perovskite NWs-based FETs. It is challenging to design
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Figure 16. (a) Transfer characteristics of the VLS-grown single CsPbX; NW-based FETs (logarithmic Y-axis). (b) Output characteristics of the
CsPbBr; NW FETs. (c) Transfer characteristics of the CsPbX; NW FETs. Adapted with permission from ref 91. Copyright 2019 American
Chemical Society. (d) Schematic diagram of the phototransistor, where the channel comprises MAPbL;/OSC NW heterojunctions. (e)
Comparison of the transfer characteristics (Ids—Vgs) of MAPbI,/PDVT-10 NW heterojunction transistors and pure PDVT-10 NW transistors. (f)
Comparison of the transfer characteristics (I4;—V,,) of MAPbI;/N2200 NW heterojunction transistors and pure N2200 NW transistors. Adapted
with permission from ref 177. Copyright 2020 Royal Society of Chemistry. (g) Schematic of the surface charge transfer doping on a CsPbBr;/
MoO; core—shell NW. (h) SEM image of the single NW FET with source and drain. (i) Forward (solid lines) and backward (dashed lines) transfer
characteristic curves of CsPbBr;/MoO; NW-based FETs with different MoO; (shell) thicknesses under a source—drain voltage of S V. Adapted
with permission from ref 43. Copyright 2020 American Chemical Society.

multi-terminal FET's based on individual perovskite NWs since
most of the NWs were grown on mica or sapphire substrates or
directly grown within the pores of a template.

Meng et al. reported the design and fabrication of bottom-
gate top-contact (BGTC) configured FETs from the perov-
skite: NWs grown by VLS growth mechanism.”’ For the
fabrication of NWs-based FETs, a dry-transfer technique was
employed to transfer the as-grown NWs onto the desired
SiO,/Si substrate. Drain and source regions were defined by
shadow masks, and Ti/Au electrodes were deposited by an
electron beam evaporation technique. The transfer character-
istics (I4—Vy, curves) of three different CsPbX; NW-based
FET devices were obtained by sweeping the gate voltage (Vgs)
from 15 to —45 V at a constant source—drain voltage (V) of §
V (Figure 16a). All the three NW-based FETs displayed the
dominant p-type behavior with a slight n-type conductance at
positive gate voltages. The current on/off ratios (I,,/I.g) were
found to be in the order of 10°—~10°. Figure 16b shows the
output characteristic curves (I3—Vj, curves) of CsPbBr; NW
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devices resulting from sweeping the drain voltage (V) from 0
to 20 V at a different gate-source voltage (Vgs). Drain current
(I4) is gradually increased with the decrease of Vi, from 0 to
—20 V with a step of —5 V. The increase in Iy with a decrease
of Vi, confirms the dominant p-type conducting nature of
CsPbBr; NWs. This p-type conduction behavior could be
attributed to two reasons. First, the acceptor-like interface trap
states located at the amorphous oxide shells fully deplete the
electrons in NWs owing to their high surface-to-volume ratios
in dominant p-type conduction. Second, the NWs are self-
doped with the residual Sn species during the VLS growth by
the diffusion of catalyst particles, which is confirmed from the
EDS analysis on the NWs. Hence, the oxidized Sn or Sn**
results in Sn** ions that could act as p-type dopants of the
NWs, causing them to exhibit p-type conduction behavior.
COSMOL software was used to predict the hole field-effect
mobility values, which were approximated to be 3.05, 2.17, and
1.06 cm?/(V-s) for CsPbl;, CsPbBr;, and CsPbCl; NW FETs,
respectively. The differences in charge carrier mobilities for
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Table S. Characteristic Parameters of Perovskite NWs-Based FETs

type of orientation material
single NW CsPbl,
CsPbBr;
CsPbCl,

horizontally aligned NWs MAPbI;/PVDT-10

MAPbI,;/N2200
single NW CsPbBr;
CsPbBr;—MoOQ; core—shell NW

behavior mobility (cm?/(Vs)) concentration (cm™>) ref
P-type 3.08 3.62 x 10" 91
P-type 2.17 3.29 x 10"

P-type 1.06 2.49 x 10'

P-type 0.28 - 177
N-type 0.05 -

P-type LS 5.92 x 10" 43
P-type 233 >9.55 X 10"

ionic (polar) semiconductors were explained using the
Frohlich coupling mechanism. Frohlich interactions were
found to be enhanced in APbBr; with respect to APbI; (for
A = MA, FA). This enhancement was attributed to the higher
ionicity of the Pb—Br bond as compared with the Pb—I bond.
The marked decrease in the mobility across the halide series
from CsPbl; to CsPbCl, is due to the increasing ionicity of the
Pb—X bond. Further, threshold voltage (V) values of the FET
devices were calculated from Figure 16c. The Vy, values are
found to be —10.9, —13.9, and —21.5 V for the FET's based on
CsPbl;, CsPbBr;, and CsPbCl; NWs, respectively. These
different Vy, values of the FET devices were found to be
dependent on the carrier concentration. It was also anticipated
that p- to n-channel switching behavior could be achieved in
perovskite NWs via careful manipulation of interface trap
states.”"

Chen et al. reported a hybrid phototransistor based on and
organic semiconductor and CsPbl; perovskite NRs in the form
of a bilayer structure.'”® CsPbl; NR film was coated on Si/
SiO, substrate by dip-coating technique as the first layer. The
second layer, benzothiophene (C8BTBT) organic semi-
conductor, was deposited by vacuum thermal evaporation.
Then drain and source regions were deposited by shadow
masking with S ym channel length. Interestingly, the fabricated
hybrid transistor exhibited long-term stability. Similarly,
MAPbI;/organic semiconductor (OSC) (PDVT-10 and
N2200) NW heterojunction-based transistors and photo-
transistors were fabricated.'”” Figure 16d shows a schematic
of the bottom-gate and bottom-contact FET with a channel
consisting of MAPbI;/OSC NW heterojunctions. Two types of
FET devices were fabricated using the combination of MAPbI,
NWs with PDVT-10 OSC and MAPbI; NWs with N2200
OSC, respectively. The transfer characteristics of the
heterojunction FET devices (MAPbL;/PDVT-10, MAPbI,/
N2200) exhibited strong p-type and n-type FET characteristic
behavior, respectively (Figure 16ef). It was observed that
MAPDBI;/OSC NW heterojunction-based FET devices ex-
hibited strong responses to both the light and gate modulation.
Also, the responsivity of the MAPbI;/PDVT-10-based
transistors, found to be 350 A W', is the highest among the
individual organic phototransistors.'”” Hence, MAPbI;/OSC
NW heterojunction-based transistors may be the best
alternative to enhance the performance via the effective
selection of the different OSCs.

Very recently, CsPbBry;—MoO; core—shell NWs (Figure
16g) were achieved through CVD-grown perovskite NWs
followed by the thermal evaporation of the MoO); shell layer.*
The core—shell NWs were transferred onto p*-Si/SiO,
substrate, followed by depositing the drain and source top
metal contacts for the realization of bottom-gate FET device
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configuration (Figure 16h). Figure 16i displays the dual-sweep
transfer characteristic curves of core—shell NW-FET devices
with various MoOj thicknesses ranging from 0 to 10 nm. As
the MoO; thickness increased from 0 to 10 nm, the I
increased from 62 to 790 nA. The corresponding core—shell
NWs with 10 nm MoO;-based FET devices exhibited a highest
hole mobility of 23.3 cm?/(V's). With MoO; surface
passivation, the FET devices exhibited a dominant p-type
behavior with increasing conductance with the decreasing gate
voltage (V,), implying that the injected holes via surface
doping dominate the carrier transport in the FET device
channel.”” On the other hand, pristine CsPbBr; NWs-based
FETs exhibited ambipolar transfer characteristics, possibly due
to the balanced effective mass of holes and electrons of
CsPbBr; NWs. Contrary to the conventional doping, this
surface doping (non-invasive doping) does not introduce any
impurity into the perovskite crystal lattice, thereby completely
eliminating the charge carrier scattering by ionized dopants
that leads to the enhanced carrier mobility of core—shell
NWs.** Further increasing the MoQ; thickness up to 50 nm
resulted in a moderate FET device performance with relatively
increased resistance, which confirmed that the MoOj shell
itself is not acting as a conducting channel in core—shell NW
FETs, but the interfacial electron transfer from CsPbBr; to
MoO; is responsible for the enhanced FET performance.” In
core—shell NW FETs, MoO; shell passivation effectively
suppressed the environmental degradation of the perovskite
core and enhances the stability of NW-based FETs. More
importantly, MoO; shelling improved both the electrical
performance and the stability of the NWs. Such core—shell
NWs-based PDs showed responsivity of 2.36 X 10° A W™ and
EQE of over 5.48 X 10°%."

The perovskite NWs exhibit higher hole mobilities than the
inorganic nanocrystals, comparable to those of the organic
FETs. FETs made of perovskite NWs are expected to have
great potential in the future as they are further explored.
Reported studies are limited to a few halide perovskite NWs
(Table S). There is a large opportunity for the development of
high-performance FETs based on single perovskite NWs of
various halide perovskites.

2.6. Other Applications of Perovskite NWs. Perovskite
NWs have been also incorporated for the demonstration of
other novel applications such as image sensor,'** waveguide,'”
and thermoelectric'”” devices. Gu et al. realized the proof-of-
concept image sensor with 1024 photodiode pixels from the
vertically aligned MAPbI; NWs array.'”* The NWs array was
grown within the PAM template through a CVD growth
technique with an ultrahigh NWs density of 4 X 10°~10° cm™
at a size scale of 9 cm”. A schematic representation of a 3D
NWs-array-based image sensor device is depicted in Figure
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Figure 17. (a) Schematic of the multilayer device structure of the MAPbI; NW array-based image sensor. (b) Schematic of a single-pixel
measurement of the image sensor. (c) Dark and light (white light) characteristic curves of the single-pixel device. The inset shows the energy band
structure of a single-pixel device under zero bias in the dark conditions. (d) Digital photographic image of MAPbI; NW-based image sensor
mounted on a printed circuit board. (e) Pictorial representation of the measurement setup. (f) Original and imaged letter “H”. (g) Original and
imaged heart symbol. Adapted with permission from ref 104. Copyright 2016 Wiley-VCH (h) Schematic illustration of the setup for waveguide
measurement. (i) Spatially resolved PL spectra out-coupled at the right tip of the MAPbI; NW with different propagation distances from 9.2 to 40.8
um. (j) PL peak position of the out-coupled light from the right end of the NW versus propagation distance. The inset shows the corresponding
dark-field images of a MAPbI; NW. (k) Schematic illustrations of light propagation in a composition-graded perovskite NW along the long axis
(top) and darkfield PL images of the composition-graded perovskite NW under local excitation; scale bar, S ym. Adapted with permission from ref

178. Copyright 2016 Royal Society of Chemistry.

17a. The bottom (Au, 100 nm) and top (ITO, 100 nm)
electrodes were designed with the help of a shadow mask by
using thermal evaporation and sputtering, respectively. Each
pixel has a footprint of 200 X 200 pm with a periodicity of 400
um, which consists of approximately 1.6 X 10° perovskite
NWs, where each pixel works as a PD/photodiode (Figure
17b). Measured -V characteristic curves of individual pixels
under the illumination of different light intensities are shown in
Figure 17c. The devices showed good photoresponse under
light illumination. The asymmetric nature of the I-V curve
revealed a rectification behavior, which implies that the pixel
device is acting as a Schottky photodiode.104 Overall, the
device showed responsivity of over 35 mAW™, specific
detectivity of 10" Jones, rise time of 20.47 ms, and fall time
of 13.81 ms. Moreover, the full-fledged image sensor mounted
on a printed circuit board along with the image sensing
characterization of original and imaged patterns are displayed
in Figure 17d—g. The resolved projections of imaged
characters “H” and a heart symbol on the image sensor
indicate the effective imaging function of the 3D NWs array
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(Figure 17 f,g). In addition, the 3D NWs-array-based image
sensor also demonstrated excellent mechanical flexibility under
various bending conditions,'®* which can be applicable for use
in wearable/flexible electronics, artificial skin, and electronic
eye applications.

Wang et al. demonstrated optical waveguiding phenomena
from 1D perovskite NWs with minimal propagation losses."”®
Here, NWs were designed through the combination of a
solution process for Pbl, NWs, followed by vapor-phase
conversion with the help of MAI for obtaining MAPbI; NWs.
The NWs were excited with a finely focused laser (Figure 17h),
and the corresponding PL spectra (Figure 17i) and images
(inset of Figure 17j) were recorded. Herein, the laser spot
traveled along the NW’s length and was detected at another
end, revealing an impressive waveguiding behavior.'”® Besides,
the strong out-coupling PL at the rightmost tip revealed a
directional propagation of down-converted light, where the
photocarriers propagate through the grain boundaries followed
by the recombination at the NW tip. Notably, the out-coupled
light was weakened with the increase in distance owing to the
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propagation losses, and the red-shift in the PL spectra revealed
the re-absorption and re-emission of the propagated light
within the NW (Figure 17j)."”* For MAPbI; NWs, the
propagation loss was found to be 0.30 dB um™ for a
propagation distance of 100 um. Similarly, the waveguiding
nature was also studied for other halide compositions such as
MAPbBr;, MAPbBr;I;_,, and composition-graded NWs.
Similar behavior was observed from MAPbBr; and MAPb-
Bril; . NWs exhibiting green- and orange-colored emissions,
respectively. In the case of composition-graded NWs, the light
changes from green to red, depending on the excitation
position, and the red light was out-coupled at the rightmost tip
of the NW owing to the decreasing bandgap (gradient) from
left to right (Figure 17k)."”

Lee et al. investigated the thermal conducting properties of
all-inorganic halide perovskite NWs such as CsPbl;, CsPbBr;,
and CsSnl; where the NWs were synthesized using the
solution-phase method.'”” The RT lattice thermal conductiv-
ities of CsPbl;, CsPbBr;, and CsSnl; NWs were found to be
0.45 + 0.05, 0.42 = 0.04, and 038 + 0.04 W m™! K7},
respectively, which were commensurate with and even smaller
than those of various crystals. The obtained ultralow thermal
conductivity was mainly attributed to the cluster rattling
mechanism. Moreover, CsSnl; exhibited ultralow thermal
conductivity, a high electrical conductivity of 282 S-cm™,
and a high hole mobility of 394 cm?/(V-s), which makes it a
promising material for unique electrically conductive thermal
insulator-based applications.'”” Despite the progression of
these applications, more efforts are required to expand the
horizons of the perovskite NWs.

3. CONCLUSION AND FUTURE DIRECTION

To conclude, 1D perovskite NWs are believed to be the most
promising candidates for various photonic applications as
alternatives to their polycrystalline bulk-phase thin film and
nanocrystal counterparts, yet much more effort is required to
obtain high-quality and uniform NWs. In this Review, we have
scrupulously discussed the recent progress accomplished with
the hybrid organic—inorganic and all-inorganic 1D perovskite
NWs, spanning from their various synthesis methods, including
their guiding and growth mechanisms for each method, to their
potential optoelectronic applications, such as PDs, lasers,
LEDs, PVs, and FETs. There is a strong relationship between
the perovskites’ morphologies and their optoelectronic proper-
ties. Mainly, 1D perovskite NWs have revealed exceptional
performance in various applications owing to their strong
quantum confinement effect, tunable optical bandgap, large
surface area, better charge transport, and unique one-
directional anisotropic geometry. The figures of merit or
characteristic parameters of the devices were summarized in a
table format for each application. These NWs have
demonstrated impressive PD performance in both the single
and aligned NWs arrays with high responsivity, response times,
and detectivity owing to good light absorption, low defect
density, low recombination rate, superior mobility, and long
charge carrier lifetime. The perovskite NWs have exhibited low
lasing threshold values and high optical gain that are crucial for
efficient lasing applications. The FETs designed from the
perovskite NWs have displayed enhanced mobilities and
stability, paving the way for them to become next-generation
materials for FETs. However, moderate performance was
achieved from both the perovskite NWs-based PVs and LEDs
despite their having better light absorption, charge separation
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and extraction, light trapping and harvesting, and propagation
capabilities than the polycrystalline, bulk-phase, or nanocrystal
thin films. The compromises in performances may be
attributed to improper contacts between the NWs and CTLs
due to the presence of the surrounding template material. In
the present scenario, perovskite NWs have attracted consid-
erable research interests in fundamental science as well as in
potential future device applications due to their exceptional
properties other than dimensionalities.

Despite the excellent progress and high performance from
perovskite NWs-based optoelectronic and electronic devices,
considerable challenges remain in their growth methods and
their integration into device applications. Foremost is the
optimization of growth methods to achieve high-quality NWs
along with uniform size distribution, aspect ratios, reliable
reproducibility, etc. Second is the chemical, thermal, and
ambient stability of the perovskites, which must be addressed
for their successful integration into practical applications and
to accomplish long-term device reliability. Third, techniques
are required to achieve orderly aligned NWs over a specific
large area. Fourth is the need to gain precise control over the
position and microfabrication for the realization of mini-
aturized nano-optoelectronic devices. Fifth, low-temperature
and template-free methodologies must be devised to grow
highly ordered and vertically aligned NWs for their integration
into multilayer LEDs and PVs, which can significantly improve
their performances. Besides, in template-assisted NWs,
establishing better contact between the template NWs/CTLs
may lead to improved device performance along with the
enhanced ambient stability. The PDs and lasers exhibited
better device performance from the hybrid organic—inorganic
NWs compared to the all-inorganic NWs, yet displayed poor
stability, which is the most prominent bottleneck that needs to
be addressed to develop the optoelectronic devices for
practical applications as well as need to improve the
performance of all-inorganic perovskite NWs-based devices.
Moreover, the preparation of single-crystalline NWs made up
of layered quasi-2D perovskites may be the best alternative for
the realization of stable perovskites for various next-generation
integrated optoelectronics. Despite the unabating race for high
performance, addressing the long-term stability and realizing
sustainable devices, the synergistic efforts through global
consortia are expected to accomplish the aforementioned
challenges.
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