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Perovskite single-crystal thin films (SCTFs) have emerged as a significant research hotspot in the field of optoelec-
tronic devices owing to their low defect state density, long carrier diffusion length, and high environmental stability.
However, the large-area and high-throughput preparation of perovskite SCTFs is limited by significant challenges in
terms of reducing surface defects and manufacturing high-performance devices. This review focuses on the advances
in the development of perovskite SCTFs with a large area, controlled thickness, and high quality. First, we provide an
in-depth analysis of the mechanism and key factors that affect the nucleation and crystallization process and then
classify the methods of preparing perovskite SCTFs. Second, the research progress on surface engineering for perovs-
kite SCTFs is introduced. Third, we summarize the applications of perovskite SCTFs in photovoltaics, photodetectors,
light-emitting devices, artificial synapse and field-effect transistor. Finally, the development opportunities and chal-
lenges in commercializing perovskite SCTFs are discussed.
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1 Introduction

Halide perovskites (PVKs) possess suitable properties for
thin-film optoelectronic devices, such as a high absorp-
tion coefficient and carrier diffusion rate, long carrier
diffusion length and lifetime, and adjustable emission
spectrum [1, 2]. Additionally, PVKs have the advantage
of lower nucleation and crystallization activation ener-
gies compared with those of conventional semiconductor
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materials, allowing the preparation of films through low-
temperature solution processes [3—6]. However, the con-
ventional approach to fabricate PVK films results in the
formation of polycrystalline films owing to the rapid vol-
atilization of the solvent from a supersaturated precur-
sor solution. These PVK polycrystalline films ultimately
consist of small grains and have many grain boundaries,
a mixed surface morphology, and a high density of sur-
face and bulk defect states [7-9]. To address the issues
associated with conventional polycrystalline PVK films,
researchers have focused on the potential of single-crys-
tal (SC) PVK.

Numerous experimental studies have verified that PVK
SCs exhibit improved photoelectric properties compared
to their polycrystalline counterparts [10-12]. Shi et al.
demonstrated that MAPbI; and MAPbBr; SC materi-
als have narrower bandgaps and wider absorption spec-
tra than the corresponding polycrystalline films, which
could enhance photon harvesting and hence improve
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photocurrent generation [13]. Moreover, PVK SCs
exhibit a low defect density, resulting in a narrow and
blue-shifted photoluminescence (PL) peak and high pho-
toluminescence quantum yield (PLQY). Dong et al. also
reported that the carrier diffusion length of the PVK SC
is >175um under 1 sun illumination and >3 mm under
weak illumination (0.003% sun), which results from the
high carrier mobility, long carrier lifetime, and low trap
densities [14]. Furthermore, the grain boundaries of
PVK are highly susceptible to the penetration of external
chemicals such as water and oxygen as well as the vola-
tilization of internal components [15-17]. These grain
boundaries also act as channels for ion migration, lead-
ing to current hysteresis [18, 19]. Consequently, PVK
SCs without grain boundaries exhibit enhanced stability
against external stimuli and negligible hysteresis.

A key point for advancing the development of optoe-
lectronic devices is the preparation of PVK single-crystal
thin films (SCTFs) with suitable thickness, large lateral
dimensions, and high crystal quality. Recently, research
on thickness control methods and optoelectronic appli-
cations of PVK SCTFs has received significant atten-
tion. The practical application of these films was realized
by precisely controlling the concentration of the pre-
cursor solution, growth temperature, and thickness of
the active layer [20, 21]. Although thickness-control-
lable PVK SCTFs grown in-situ on the underlayer have
been successfully prepared, the performance of PVK
SCTFs devices is not as high as that of polycrystalline
film devices. The device performance is mainly limited
by the surface defects of the PVK SCTFs [22]. A drive-
level capacitance profiling (DLCP) test showed that the
trap density decreases from the interface to the interior
of the SC owing to the formation of charge traps by the
suspended bonds on the surface [23]. The surface recom-
bination velocity (SRV) of an SC sample is more than six
times higher than that of a polycrystalline sample, which
reduces the carrier lifetime and decreases the device
performance in the case of the former [24]. Calculations
showed that reducing the surface defect density is favora-
ble for developing high-efficiency SC-PVK-based devices.
The number of surface defects generated is related to the
conditions used to prepare the PVK SCTFs [25]. Differ-
ent preparation conditions result in different surface
termination atoms, which determine the surface photoe-
lectric characteristics. For example, the loss of methylam-
monium iodide (MAI) under high-temperature heating
conditions results in a Pbl,-rich surface that traps car-
riers. Furthermore, the strain caused by the significant
lattice mismatch between the substrate and subsequent
layers generates additional defects [26—29]. Overall, it
is necessary to conduct in-depth research on optimiz-
ing the preparation conditions and reducing the surface
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defects of PVK SCTFs to promote the commercial appli-
cation of high-performance and high-stability PVK SCTF
optoelectronic devices.

Here, we summarize the nucleation, growth, and meth-
ods of preparing PVK SCTFs. The preparation meth-
ods are classified based on the differences in the growth
conditions, such as top-down, space-confined, surface
tension, and vapor deposition methods. We focus on
surface engineering to reduce the surface defect density
and optimize the interfacial properties of PVK SCTF
devices. This report focuses on three important aspects:
surface passivation, interface modification, and surface
orientation engineering. Furthermore, we provide exam-
ples of the application of PVK SCTFs in photovolta-
ics, photodetectors, light-emitting devices, and artificial
synaptic devices. These examples demonstrate that PVK
SCTFs have significant application potential in the field
of optoelectronic devices. This review provides guidance
for research on the preparation and application of PVK
SCTFs.

2 Preparation of PVK SCTFs

Recently, various strategies based on bulk SCs have been
developed for preparing PVK SCTFs. Different prepa-
ration methods significantly affect the photoelectric
properties of PVK SCTFs. The understanding of the crys-
tallization process and optimization of the preparation
methods have enabled the preparation of high-quality
PVK SCs with controllable thickness for PVK SCTFs
devices.

2.1 Nucleation and growth of SCTFs

This section explains the classical nucleation and growth
mechanisms before introducing the PVK SCTF prepara-
tion method. The crystallization process of PVK begins
with the nucleation of the precursor complex in a super-
saturated solution, followed by the formation of crys-
tals through a self-assembly growth process [30-32].
Nucleation occurs when the concentration of the grow-
ing monomers is sufficiently higher than the solubility
limit, leading to supersaturation. As shown in Fig. 1a,
the total free energy (AG) is the sum of the surface free
energy (AG,), that is, the free energy between the parti-
cle surface and the bulk of the particle, and the bulk free
energy (AG,), that is, the free energy between a substan-
tially large particle and the solute in solution [33]. With
increasing radius (r) of a spherical particle in solution,
AG first increases and then decreases. The thermody-
namical critical radius (r*) of the nucleus determines the
nucleation process in solution, ensuring that the nucleus
can grow further and not dissolve again. When the radii
of the nuclei are smaller than r* the nuclei dissolve back
into the solution. In contrast, nuclei with radii over r* can
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Fig. 1 a Schematic of the classical free energy diagram for homogeneous nucleation as a function of the particle radius. Reproduced with
permission from Ref. [33]. Copyright 2019, The Royal Society of Chemistry. b LaMer model for nucleation and crystal growth. Regions |, Il, and

Il represent prenucleation, nucleation, and growth stages, respectively. ¢ Nucleation (red trace) and growth (blue trace) rates as a function of
the supersaturation degree. Reproduced with permission from Ref. [34]. Copyright 2017, Springer nature. Preparation methods of PVK SCs are
categorized as d temperature cooling crystallization, e slow evaporation crystallization, f inversion temperature crystallization, and g antisolvent

vapor-assisted crystallization

cause nucleation. Therefore, to preferentially crystallize
the SC-PVK, it is necessary to control the conditions to
form nuclei with radii larger than r*,

The LaMer model (Fig. 1b) was introduced to illus-
trate the processes of nucleation and subsequent growth.
In this model, the crystallization process is divided into
three stages [34]. In the first stage (pre-nucleation stage),
the concentration of the solute surpasses the solubility
limit (C,) and approaches supersaturation. In the sec-
ond stage (nucleation stage), the concentration exceeds
the critical level (C,,;,-) for nucleation, and nucleation is
significantly accelerated when the monomer concentra-
tion reaches a maximum level (C,,,,-). At this stage, the
accumulation and consumption of solutes are balanced
by both nucleation and growth. The competition between
nucleation and growth kinetics happened in this stage
is a function of the solution supersaturation (Fig. 1c). In
the third stage (growth stage), when the concentration of
the growth species is below C, ., nucleation stops, and
only crystal growth occurs. Additionally, smaller parti-
cles redissolve and redeposit on larger crystals, which is

a phenomenon known as Ostwald ripening. Therefore,
to obtain high-quality PVK SCs, a strategy to suppress
the nucleation process and enhance the growth process
is essential. Lian et al. selected a small seed crystal as a
single nucleation site for the growth of PVK SCs [35].
Ma et al. demonstrated that the nucleation rate can be
reduced by introducing a polymer coordinated with Pb**
to inhibit the nucleation of impurity crystals [36]. Chen
et al. introduced surfactants to control the nucleation
density and promote the anisotropic growth of high-
quality PVK SCs [37]. Moreover, for sustained crystal
growth, it is imperative to maintain conditions that sus-
tain the growth stage. Solution dynamic-flow reaction
systems are widely used to continuously provide solu-
tions for crystal growth [38, 39].

Based on the nucleation and crystal growth mecha-
nisms, the proposed methods for preparing PVK SCs
can be classified as follows: (1) temperature cooling crys-
tallization methods (Fig. 1d): These methods are gener-
ally used to synthesize SC materials and are simple to
execute; however, they have a long growth time [35]. The
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related principle is that by lowering the temperature of
the saturated precursor solution, the crystals slowly pre-
cipitate out of the solution as the solubility of the solute
decreases. (2) Slow evaporation crystallization meth-
ods (Fig. le): The crystallization of PVK crystals occurs
during the slow evaporation of the solvent in a saturated
solution [15, 40, 41]. Generally, the evaporation of the
solvent is accelerated by heating; however, the nucleation
process is difficult to control. (3) Inversion temperature
crystallization methods (Fig. 1f): Temperature cooling
and slow evaporation crystallization methods generally
require a long synthesis time and have a low yield, which
are not conducive to the production and practical appli-
cation of PVK SCs. Inversion temperature crystalliza-
tion benefits from the unique temperature-dependent
properties of PVK and is the commonly used prepara-
tion method at present [42—44]. (4) Antisolvent vapor-
assisted method (Fig. 1g): The principle involves the
diffusion of an antisolvent of the solute into a saturated
solution of the precursor, which significantly reduces the
solubility of the solute in the system, followed by precipi-
tation crystallization [13]. The preparation of PVK SCTFs
with controllable thickness is based on preparation meth-
ods using other physical or chemical pathways to inhibit
the growth in the longitudinal direction of SCs and pro-
mote growth in the lateral dimension.

2.2 Top-down method

Large-sized wafers are the foundation materials for fab-
ricating advanced integrated semiconductor devices.
However, preparing industrial PVK wafers using the
top-down method remains challenging. In 2016, Liu
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et al. first prepared large PVK SC wafers using seed
crystals and inversion crystallization strategies [45].
The crystal was sliced into wafers using diamond
wires (Fig. 2a). The key experimental parameters are
the linear sawing speed and crystal feeding speed of the
slicing machine. After optimizing the process, a PVK
SC wafer with a definite shape and thickness of 100 pum
was successfully prepared (Fig. 2b). One-hundred-
and-fifty-three photodetector arrays were designed
and fabricated on a large scale on a wafer, enabling a
higher light response and a wider light absorption
range than those achieved with the corresponding thin-
film devices (Fig. 2c). The aforementioned study proves
the feasibility of manufacturing integrated circuits on
large PVK wafers. Based on their previous research,
Liu et al. prepared a PVK SC wafer with a large size and
expanded the experiment to double halide PVK crystal
materials [46]. The difficulty in slicing large crystals into
thin wafers is that the crystals can easily crack or burn,
resulting in surface defects or incomplete surfaces.
Adapting PVK materials to the water-cooling process
of silicon wafer production lines is difficult because of
their water sensitivity. Therefore, a MAl-saturated iso-
propylalcohol (IPA) solution was developed as the cool-
ant. The resulting PVK SC wafer has a low defect state
density and high temperature stability. However, owing
to the complexity of the experiment and operation as
well as the lack of manufacturing equipment and expe-
rience in this field, few researchers choose to use the
top-down method to prepare PVK SCTFs. Further
advancements in this field require the development of a
suitable route for PVK wafer manufacturing.

Single Crystal

Fig. 2 Top-down method for fabricating PVK wafers. a Slicing process for fabricating FAPbI; SC wafer. b Top view of FAPbl; SC wafers. ¢ Pictorial
representation of an array of 153 integrated photodetectors fabricated on a PVK wafer. Reproduced with permission from Ref. [45]. Copyright 2016,

WILEY-VCH
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2.3 Space-confined growth method

In the preparation of halide PVK materials, the low-
temperature solution process provides opportunities for
low-cost and low-power industrialization. Chen et al.
reported a facile space-confined growth strategy for
preparing PVK SCTFs via a solution process, the main
principle of which is that a growth space is formed in
the middle of two substrates (Fig. 3a) [47]. The precur-
sor solution is injected between the two substrates using
a capillary force. The convection of the solution caused
by the temperature gradient from the bottom to the top
provides the growth materials. As shown in Fig. 3b, the
thickness of the SC film can be controlled by confin-
ing the space between the substrates. Finally, MAPbBr,
SCTFs of different thicknesses without significant defects
were obtained, and they exhibited bright and uniform
luminescence. Liu et al. reported a dynamic flow micro-
reactor system for the large-scale production of PVK
SCTFs with a defect state density of ~6x10% cm™3
(Fig. 3¢) [48]. The dynamic material replenishing process
induced continuous crystal growth, resulting in high-
quality SC wafers, which were used to integrate 100 pho-
todetectors (Fig. 3d). Huang’s group further investigated
the influence of hydrophilic and hydrophobic substrates
on the space-confined growth of SCTFs (Fig. 3e) and fab-
ricated MAPbI; SCTF solar cells [49]. The photographs
in Fig. 3f show that the precursor solution between two
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hydrophobic poly[bis (4-phenyl) (2,4,6-trimethylphenyl)
amine] (PTAA) substrates has a high diffusion speed
and long diffusion distance. The low surface tension of
the hydrophobic substrate significantly increased the
ionic diffusion rate of the solution, leading to the con-
tinuous growth of the SC film in the plane direction.
They found that the bulk defects of MAPbI; SCTFs were
reduced; however, carrier recombination on the surface
of the SCTFs increased. This may be because MAI mol-
ecules were lost from the surface of the MAPbI; SCTFs
when the crystals were removed from the hot solvent.
The power conversion efficiency (PCE) of the optimal
MAPbDI; SCTF solar cell was 17.8% after the surface pas-
sivation process. Furthermore, researchers have stud-
ied photodetector devices based on PVK SCTFs. Yang
et al. optimized the inversion temperature crystalliza-
tion method and the space-confined growth method
for fabricating MAPbBr; SCTFs [50]. The thickness of
the SCTE, which reached the order of 100 nm, was pre-
cisely adjusted by controlling the pressure of the upper
substrate. The surface modification of the substrate was
performed to regulate nucleation and crystal growth to
obtain high-quality SCTFs and prepare high-perfor-
mance photodetectors.

Recently, new preparation methods based on the
confined-space method have been developed. Kong
et al. combined an antisolvent-assisted crystallization
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Fig. 3 Space-confined growth of PVK SCTFs. a Facile spacefconﬁned solution-processing strategy for growing PVK SCTFs. b Optical images of
ultrathin MAPbBr; SCTFs showing the thickness-dependent colors. Reproduced with permission from Ref. [47]. Copyright 2016, American Chemical

Society. ¢ Fabrication of ultrathin PVK SCTFs using a dynamic flow microreactor system. d Optical images of ~

150 um-thick wafer and integrated

photodetectors fabricated on the PVK SC wafer. Reproduced with permission from Ref. [48]. Copyright 2016, WILEY-VCH. e Schematic of ion

diffusion processes in PVK SCTFs using hydrophilic and hydrophobic substrates. f Photographs of the diffusion of the MAPbI; precursor solution on
hydrophilic glass and hydrophobic PTAA-covered indium tin oxide (ITO) substrates after different times. Reproduced with permission from Ref. [49].
Copyright 2017, Springer Nature
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method with the space-confined method (Fig. 4a) [51].
Trichloroethane was used as the antisolvent to pre-
pare high-quality millimeter-level MAPbI; PVKs at
70 °C. The thickness of the SCTFs was controlled from
tens of nanometers to several micrometers (Fig. 4b).
Tang et al. conducted an in-depth study on the growth
of high-quality SCTFs and found that the growth was
affected by three key factors: the interfacial energy
between the precursor solution and substrate, heat-
ing rate, and precursor solution concentration (Fig. 4c)
[52]. Under the optimized conditions, large SCTFs with
high quality and long-term stability were grown in situ
on the poly(N,N”-bis-4-butylphenyl-N,N"-bisphenyl)-
benzidine (poly-TPD) hole transport layer (HTL). Li
et al. proposed a space-confined growth model for
ultrathin SCTFs in interfacial electric fields, driven by
solid-liquid phase charge separation [53]. The cracked
mica substrate had a high surface charge and formed an
interfacial electric field, which was conducive to con-
trolling the distribution of the precursor. High local
saturation resulted in the preferential nucleation and
growth of the crystals along the lateral dimension. This
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Rapid crystal growth
inrolling direction
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method can also be used to prepare different types of
ultrathin PVK materials.

The large-scale preparation of PVK SCTFs via the
solution method has also attracted considerable atten-
tion. Lee et al. reported a roll-to-roll printing method
for the large-scale manufacture of PVK SCTFs [54]. As
shown in Fig. 4d, the prepared PVK precursor ink was
transferred to a hot substrate through a rolling mold
with a pattern. Upon the evaporation of the solvent,
the PVK SCTFs underwent continuous space-confined
crystallization. Gu et al. demonstrated a large-scale
PVK SCTF printing method (Fig. 4e) [55]. The princi-
ple involves preparing the seed crystal template via the
inkjet printing method, followed by its transfer to the
substrate with the precursor solution. From the results
shown in Fig. 4f, the growth of the seed crystals ena-
bled the formation of high-quality PVK SCTFs with a
smooth morphology. The advantage of this method
is that the nucleation location can be selected via the
printing technology to achieve an ultralow nucleation
density.

- =
. MAPbBr3 SCTF
- -

e o !
H .:v:-v-
b y \/

Droplet printing Perovskite sced stamp Perovskite solution covered
with the seed stamp
Printing =
-_— O ~8 5~ E
B B ~
., 3
b S
Film growth Perovskite single-crystal films

(100)

)

(200)

3

Intensity (a.u.)
Height (nm)
b o o

S

(300)

)

0 15 2 25 30 35 40 45 50

0 15 2
20 (degree) Distance (pm)

Fig. 4 Space-confined growth of PYK SCTFs. a Antisolvent-assisted crystallization and space-confined strategies for growing MAPbl; SCTFs. b
Optical image of MAPbI; SCTF (scale bar is 50 um). Reproduced with permission from Ref. [51]. Copyright 2020, WILEY-VCH. ¢ Schematic of the
nucleation and growth of MAPbBr; SCTF from precursor solution in a confined space. Reproduced with permission from Ref. [52]. Copyright 2022,

WILEY-VCH. d Schematic of geometrically confined lateral crystal growth of large-area PVK SCTFs using the roller coating method. Reproduced with

permission from Ref. [54]. Copyright 2017, Springer Nature. e Seed printing process for the scalable growth of PVK SCTFs. f X-ray diffraction (XRD)
patterns and atomic force microscopy (AFM) profile of PVK SCTFs. Reproduced with permission from Ref. [55]. Copyright 2018, AAAS
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2.4 Surface tension-assisted growth method

The preparation of PVK SCTFs with high quality and a
large aspect ratio is important for broadening their appli-
cations. Bakr et al. revealed the role of the surface tension
of the solution in the preparation of PVK SCTFs [56]. As
shown in Fig. 5a, increasing the distance between mol-
ecules in the surface layer reduces the interaction energy,
resulting in a low nucleation barrier in the surface layer
(Fig. 5b). During the growth process, the precursor mol-
ecules are adsorbed on both sides, and the aspect ratio
of the SC film increases gradually. The photographs
(Fig. 5¢) and scanning electron microscopy (SEM) images
(Fig. 5d) show that PVK SCTFs with a higher aspect ratio
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and good morphology were successfully prepared. How-
ever, the trap state density of the PVK SCTF was slightly
higher than those of the bulk SCs because surface traps
were induced by the large contact area with the solution.
Their study has considerable significance for the prepa-
ration of PVK SCTFs with a high aspect ratio and paves
the way for achieving PVK crystallization controlled by
the surface tension at the air—solution interface. Liu et al.
improved the surface tension-assisted growth of PVK
SCTFs (Fig. 5e) by regulating the evaporation of the solu-
tion by controlling the gap between the two glasses on
the beaker [57]. It was also found that the crystal thick-
ness can be controlled by the gap distance, solution
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Fig. 5 Surface tension-assisted growth of PVK SCTFs. a Schematic of molecular interaction in the volume (left) and the surface layer (right) of the
solution. b Graph of relationship between the free energy and particle radius, revealing a lower nucleation barrier of the solution surface layer (red
line) than that in the solution volume (blue line). ¢ Photographs of the MAPbBr; SCTF. d Top-view and side-view SEM images of the MAPbBr; SCTF.
Reproduced with permission from Ref. [56]. Copyright 2017, American Chemical Society. e Scheme of the nucleation and crystal growth of the
MAPbI; SCTF driven by the evaporation of the solution. f Photographs of MAPbl; SCTFs. Reproduced with permission from Ref. [57]. Copyright 2019,

WILEY-VCH
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height, and heating temperature. Photoelectric charac-
terization proved that the as-prepared PVK SCTF had a
long charge recombination lifetime and broad absorption
spectrum. A PVK SCTF solar cell with a lateral struc-
ture was designed, achieving a PCE of 5.9%. Wang et al.
synthesized quasi-two-dimensional (2D) PVK SCTFs
using a surface tension-assisted method [58]. The alkyl
ammonium cations with hydrophilic heads were orderly
arranged at the interface through static coulombic inter-
actions, achieving uniform orientation and rapid in-plane
growth. Photodetectors based on the quantum-well
thickness (n=1) of the quasi-2D PVK SCTFs exhib-
ited a low dark current, high switching ratio, and short
response time. Their study demonstrated the strong
potential of emerging quasi-2D PVK materials in the field
of SC photoelectric devices.

2.5 Vapor deposition growth method

The vapor deposition method for growing PVK SCTFs
mainly comprises the deposition of the precursor on the
substrate and the subsequent epitaxial crystal growth.
To select a suitable method for epitaxial film growth, the
thermodynamic and kinetic conditions for the growth
of the crystalline material as well as the lattice match-
ing, surface energy, and thermal expansion coefficient of
the substrates and materials should be considered. Chen
et al. used a PVK oxide (SrTiOg; STO) as the substrate for
the epitaxial growth of a CsPbBr; nanoplate array and
obtained an SC film with a controllable thickness [59].
Although the sizes of these two lattices are different, the
two CsPbBr; units match the three STO units, resulting
in a final lattice mismatch factor of only 0.47%. Therefore,
CsPbBr; SCTFs achieved good heteroepitaxial growth.
Increasing the reaction temperature mitigated the prob-
ability of the Volmer—Weber (V-W) mode growth in the
CsPbBr; SCTFs because high temperatures can enhance
the diffusion of adsorbed atoms and accelerate the nucle-
ation of epitaxial crystals. This study provides guidance
for fabricating high-performance devices with epitaxi-
ally grown PVK SCTFs. Wang et al. realized the high-
temperature gas-phase epitaxial growth of PVK SCTFs
on a NaCl substrate [60]. NaCl materials have the same
cubic symmetry and lattice and chemical properties as
halide PVK materials, rendering them suitable as hetero-
geneous epitaxial growth substrates. The experimental
results showed that the prepared PVK SCTF had centim-
eter-scale lateral dimensions, nanometer to micrometer
thickness, and excellent carrier dynamic characteristics.
Meng’s group prepared orthorhombic CsPbBr; SCTFs
via vapor-phase epitaxial growth on a ZnSe substrate
[61]. The morphological characterization data in Fig. 6a
show that the CsPbBr; SCTF has a smooth surface and
a clear crystal interface. The XRD patterns (Fig. 6b) and
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electron backscatter diffraction (EBSD) pole figures
(Fig. 6¢) demonstrate that the CsPbBr; SCTFs have a high
crystal quality, and their crystal structure and orienta-
tion match those of ZnSe. A three-dimensional (3D) dia-
gram of the heteroepitaxial growth of CsPbBr; (110) on
the ZnSe (100) substrate is shown in Fig. 6d. Zhou et al.
prepared high-quality and large-sized all-inorganic PVK
SCTFs via the chemical vapor deposition (CVD) of pre-
synthesized CsPbBr; microcrystalline powder (Fig. 6f)
[62]. By optimizing the flow rate, deposition location, and
temperature, the lateral dimension of the CsPbBr; SCTFs
was increased to the millimeter scale. Crystal and surface
characterizations proved that the obtained CsPbBr; film
had a high crystal quality (Fig. 6h). Moreover, a lateral-
structure diode was prepared using large grains. A high
light-generation voltage and photocurrent at zero bias
were observed under photoillumination, which is indica-
tive of efficient carrier transport and collection in the
long channel in the crystal.

3 Surface engineering of PVK SCTFs

Although the bulk defects of PVK SCs are significantly
low owing to the periodically ordered lattice, the exsist
of surface defects of PVK SCs cannot be ignored [63—
65]. Ni et al. used the drive-level capacitance profil-
ing (DLCP) method to analyse spatial distributions of
carrier and trap densities in perovskites [23]. The trap
density varied by five orders of magnitude from surface
to film interior, and most of the deep traps located at
crystal surfaces. The different structure, morphology,
and distribution of electronic states on the surface of
PVK SCs affect the photoelectric properties of the sur-
face such as carrier dynamics, photocurrent, and opti-
cal band gap. In PVK materials, the common defects
include vacancy, interstitial, and antisite defects,
which will produce a defect state energy level [66—68].
Suspension bonds, dislocations, and chemical con-
taminants exist on the surface of PVK SCs [69]. These
defects on the surface of PVK SCs may be derived from
crystal growth and processing. The possible sources of
surface defects are the surface damage caused by cut-
ting in the manufacture of PVK SCs wafer, the surface
stress caused by the mismatched lattice constant and
thermal expansion coefficient between the crystal and
the cover plate or substrate, and the hydration in the
environment [70]. PVK SCTFs surface defects trap
charge carriers and promote recombination, which
slows down carrier transport. They may also cause
ion migration problems, which seriously affect the
performance of PVK SCTFs devices. In the studies of
polycrystalline PVK materials, it has been proved that
surface engineering methods were helpful to deal with
the problem of surface defects. Recently, researchers
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are trying to reduce the defects of SCTFs surface
through a series of surface engineering techniques,
such as using optimized preparation methods, adding
surface passivation agents, and conducting hydropho-
bic post-treatment methods [71]. The above contents
will be summarized and explained in detail in the fol-
lowing sections.

3.1 Surface passivation

A strategy for reducing the high defect density of the
SCTF surface is to precisely control the tempera-
ture conditions of the SC growth process. During the
growth of the PVK SCTFs via the inversion tempera-
ture method, high temperatures above 120 °C cause the
MAI to escape, forming many defects on the surface of
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the single crystal. Alsalloum et al. used a solvent engi-
neering method to prepare SCTFs with a mixture of
propylene carbonate (PC) and gamma-butyrolactone
(GBL) (Fig. 7a) [72]. The mixed solution enabled the
growth of MAPbI; SCTFs at temperatures below 90°C
(Fig. 7b). As shown in Fig. 7c, the quality of the MAPDI,
SCTF grown at low temperatures was improved. The
optimal MAPbI,; SCTF solar cell exhibited a high open-
circuit voltage (V5¢) of 1.15 V and a PCE of 21.9%. In
addition to controlling the crystal growth conditions,
passivating the defects on the surface using additives
through a post-treatment process is another effective
strategy. Zhou et al. studied the regulation of the pho-
tophysical properties, surface defects, and recombina-
tion of MAPbI; SCTFs by methylamine (MA) steam
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surface treatment (Fig. 7d) [73]. Steady-state PL spec-
tra (Fig. 7f) showed that the PL peak intensity was
enhanced after the MA evaporation treatment. The
low degree of nonradiative recombination was attrib-
uted to the Lewis acid—base passivation effect of the
lead ions and MA. The suppression of surface defects
contributed to carrier transport and collection. Song
et al. fabricated a lateral-structured PVK SCTF solar
cell with optimized anode contact through the MAI
treatment of the SCTF surface [74]. Introducing an
ultrathin M AT layer shifted the surface potential of the
PVK SC toward that of the valence band (Fig. 7g). The
improved energy level matching significantly enhanced
the V¢ and fill factor (FF) of the device. Surface pas-
sivation resulted in a high conductivity of the MAPbI,
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Fig. 7 Surface passivation engineering of the PVK SC. a Schematic of the crystallization of the MAPbl; SCTF at high (left) and low (right)
temperatures. b Temperature-dependent solubility of MAPblI; in GBL (orange line) and PC/GBL (blue line) solvent mixture. ¢ XRD patterns of the
MAPbI; SCTF grown at high (orange line) and low (blue line) temperatures. Reproduced with permission from Ref. [72]. Copyright 2020, American
Chemical Society. d Crystal structure of the MAPblI; SC, and schematic of the surface treatment of the SC using MA gas. e SEM images of the
MAPbI; SC without and with MA gas surface treatment. f PL spectra of the MAPbI; SC without and with MA gas surface treatment. Reproduced
with permission from Ref. [73]. Copyright 2018, American Chemical Society. g Schematic of the MAI surface treatment on the MAPbl; SCTF. Device
structures and energy levels for the MAPbl; SCTF solar cells without and with MAI surface treatment. Reproduced with permission from Ref. [74].
Copyright 2020, Springer Nature. h Schematic of the surface treatment and device fabrication of the MAPbBr; SC. i Polar solvent is tert-amyl alcohol;
the nonpolar solvent is cyclohexane, and the passivation agents are methylammonium bromide and phenylethylammonium bromide. Reproduced

with permission from Ref. [75]. Copyright 2022, American Chemical Society
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SCTF surface, demonstrating efficient charge collec-
tion. Chen et al. also demonstrated a solvent-process
surface treatment for passivating halogen vacancy
defects in MAPbBr; SCs (Fig. 7h) [75]. They immersed
the prepared SCs in a solution containing the halide
passivators MABr and PEABr and washed them with
a nonpolar solvent (molecular formulas are shown in
Fig. 7i). The passivated MAPbBr; SC showed a strong
PL intensity and long PL lifetime. Owing to the lack
of movable Br vacancy defects, ion migration was
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significantly inhibited, and the hysteresis effect of the
device was reduced.

3.2 Surface orientation

An effective way to improve charge transport and elec-
trode extraction in PVK SC photoelectronic devices is to
optimize the crystal orientation of the SCTFs to achieve
effective carrier extraction [76]. Jao et al. proposed a
ligand-assisted crystallization method for preparing PVK
SCs with controllable shapes and exposed facets [77]. As
shown in Fig. 8a, with increasing concentration of the
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oleylamine ligand, the PVK SCs underwent a continu-
ous transformation from a dodecahedral to cubic mor-
phology. PVK SC photodetectors with different facet
orientations were fabricated. The photocurrent on the
(002) facet exceeded that on the (100) facet with increas-
ing voltage because of the faster ion migration (Fig. 8b).
The results in Fig. 8c show that the SC photodetectors
have higher responsivity than the thin film photodetec-
tor. Ding et al. successfully obtained MAPbI; SCs with
exposed (220) facets from solution by adjusting the over-
all supersaturation of the growth solution and reducing
the growth rate of the (100) and (112) surfaces [78]. As
shown in the /-V curve (Fig. 8d), the SC photodetectors
with different surface exposure levels exhibited aniso-
tropic optoelectronic properties. A comparison of the
surface structure of the (100) and (220) facets (Fig. 8e)
showed that the average density of I” ions in the (220)
facet was higher than that in the (100) facet. Therefore,
a strong photocurrent, high response rate, and high
external quantum efficiency (EQE) were observed for
the photodetector with (220) facets owing to the I” ion
migration involved in the transport. Yang et al. prepared
MAPbDI,; SCTFs with different crystal orientations using
the space-confined growth method [79]. As shown in
Fig. 8f, different precursor ratios (Pbl,:MAI) result in dif-
ferent preferred facets. The view of the crystal structures
of the different exposed facets in Fig. 8h shows that the
molecules are arranged differently in the lattice, leading
to anisotropic photoelectric characteristics. The results
show that the MAPbI; (001) SCTFs exhibited a reduced
PL intensity and a short PL lifetime because of the pres-
ence of uncoordinated Pb>" on the surface. After the pas-
sivation of the [6]-phenyl-C61-butyric acid methyl ester
(PCBM) transport layer, the migration of ions from the
PVK to the top surface was inhibited. The MAPbI; (100)
facets exhibit improved electron transport characteristics
owing to their appropriate interfacial energy arrange-
ment and charge density redistribution. This study
emphasizes the importance of optimizing the PVK sur-
face orientation to improve the performance and stabil-
ity of PVK SCTF devices. Ma et al. synthesized FA-based
PVK thin films composed of definite (100) and (111) fac-
ets by adding piperidine (PPD) (Fig. 8i) [80]. SEM images
of the PVK polyhedral SCs with well-defined facets are
shown in Fig. 8j. The carrier mobility and photocurrent
of the (100) facets were similar to those of the (111) facet;
however, they were significantly higher than those of the
(110) facet (Fig. 8k). Therefore, the PVK solar cells with
(100) and (111) facets exhibited a high PCE of 24.64%,
and the photo-immersion stability remained at 96% of
the initial PCE within 1000 h (Fig. 81). In the latest study,
this group further investigated the reason for the water
stability of the SC dominated by the (111) facet in the
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PVK thin films [81]. This provides significant guidance
for studying the facet-dependent degradation and facet
engineering of highly efficient and stable PVK solar cells.

3.3 Interface modification

Another key factor limiting the performance of PVK
SCTF devices is the poor interfacial contact between the
SC and the surrounding layers. Good contact between
the absorbing layer and carrier transport layer leads to
effective interface carrier injection. Therefore, optimizing
the interface of the SCTF and the electron or hole trans-
port layer is important for improving the performance of
PVK SCTF devices [82]. Optimized energy-level match-
ing between functional layers will lead to efficient car-
rier extraction and can minimize the energy loss. Huang
et al. reported a polydimethylsilane (PDMS)-assisted
solvent evaporation crystallization method for prepar-
ing PVK SCTFs on a NiO,/ITO substrate (Fig. 9a) [83].
Owing to its high porosity, the PDMS cover facilitated
the slow evaporation of solvents during crystallization.
Another advantage of PDMS soft materials is that the
removal process does not cause mechanical damage to
the surface of the PVK SCTFs. Low roughness leads to
a significantly improved quality of the SC surface, which
ensures good contact with the transport layer (Fig. 9d,e).
Therefore, the PVK SCTF solar cell device had a high
PCE. This study focuses on achieving high-quality PVK
SC devices through the fine control of the interface. Li
et al. added hydrophobic poly(3-hexylthiophene) (P3HT)
molecules to the PTAA HTL for preparing PVK SCTFs
via an interface modification strategy (Fig. 9f) [84]. The
hydrophobic P3HT molecule interacts with undercoor-
dinated Pb** and promotes ion diffusion during crystal-
lization, resulting in PVK SCTFs with a reduced interface
defect density, suppressed nonradiative recombination,
and accelerated charge transport. The low V¢ loss and
high short-circuit current density (J;-) and FF resulted in
an increased PCE of the MAPbI; SCTF solar cells. This
study proves the importance of interface modification for
achieving high-performance PVK SCTFs devices.

4 Applications of PVK SCTFs

Owing to the advancement of preparation methods and
surface engineering, PVK SCTFs with controllable thick-
ness and low surface defects have been widely applied
in photoelectric devices, such as solar cells, photodetec-
tors, lasers, and light-emitting diodes (LEDs) [85-88].
However, the performance of several devices needs to
be significantly improved to match or surpass that of
polycrystalline devices. Therefore, in-depth studies of
the photoelectric mechanism of PVK SCTF devices are
crucial.
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4.1 PVKSCTF solar cells

The architecture of a solar cell plays a crucial role in
determining its performance. To optimize the transfer
and collection of photogenerated charges, an appropri-
ate device architecture must be selected [89, 90]. The
device architecture of PVK solar cells can be divided

into vertical and lateral structures. The vertical struc-
ture consists of a transparent electrode, such as ITO and
fluorine-doped tin oxide (FTO), an electron transport
layer (ETL), an HTL, and a metal electrode. Generally,
the HTL must be used as the substrate for the growth
of the SC film, and the ETL must be coated or deposited
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on the surface of the SC film [91]. The inherent advan-
tages of lateral-structured devices are their simple struc-
ture, simple manufacture, and low cost [92]. In general,
two planar electrodes are deposited on the top surface of
an SC on the same side. The separation and transport of
charge occur along the plane of the device and are con-
trolled by the electrode geometry. The photons absorbed
by the lateral-structured device are close to the surface of
the crystal, and the carrier diffusion length of the pho-
togenerated carrier must be sufficiently long to decrease
carrier recombination.

In 2016, Peng et al. used a cavitation-triggered asym-
metric crystallization (CTAC) strategy to grow PVK
SCTFs, which were used to fabricate simple photovoltaic
devices [93]. Effective photogenerated carrier collection
was realized by controlling the thickness of the SCTF
within the range of the carrier diffusion length. The inter-
nal quantum efficiency (IQE) of the SCTF device without
any transport layer was approximately 100%, with a sta-
ble PCE of more than 5%. After introducing a TiO, layer
as an ETL, the PCE of the SCTF device was enhanced to
~6.53%. The TiO, interlayer minimized the traps on the
lower surface of the PVK, resulting in less hysteresis. This
study broadened the application prospects of PVK SCTFs
solar cells and laid a foundation for subsequent research.
Rao et al. prepared laminar MAPbBr; SCTFs with high
crystallinity, high mobility (23.7 cm? s™* V1), and a low
defect density (2.5x10' cm™3) [94]. Three SCTF solar
cells with different structures were fabricated to study
the carrier dynamics at the interfaces. The results of tran-
sient optical and electrical tests indicated that the FTO/
TiO,/PVK/HTL/Au device exhibited fast carrier sepa-
ration and charge extraction, which enhanced the PCE
of the PVK SCTF solar cells to 7.11% and improved the
long-time operation stability. This study demonstrates
the importance of carrier transport layers for efficient
PVK SCTF solar cells. In 2017, Chen et al. directly grew
MAPbI; SCTFs on two hydrophobic PTAA HTLs, which
facilitated growth in the lateral dimension and enhanced
the crystallinity [49]. The changes in the absorption and
device efficiency related to the thickness of the SCTFs
were probed by simulation. The below-bandgap spectral
response of the MAPbI; SCTFs was enhanced, leading
to an increase in Joc. This also directly led to an increase
in the theoretical maximum of the photocurrent. How-
ever, charge recombination dominates the reduction
of Vo with increasing crystal thickness. Therefore,
determining the optimal SC film thickness is criti-
cal for obtaining the highest device efficiency. In 2019,
Chen et al. increased the PCE of MAPbI; SCTFs solar
cells [95]. This device utilized the ITO/PTAA/MAPbI,/
C60/BCP/Cu structure, achieving a PCE of 21.09%
and FF of 84.3%. In 2021, Alsalloum et al. proposed a
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promising strategy for optimizing the composition of
PVK precursors to increase the efficiency of PVK SCTF
solar cells (Fig. 10a) [96]. The architecture of this PVK
SCTF solar cell is shown in Fig. 10b. The absorption
band edge of the SC thin film prepared with mixed
cationic FA)MA,, was red-shifted by approximately
50 nm (Fig. 10c). The introduction of FA ions reduces the
crystallization temperature and limits the escape of MAI,
which has been shown to generate a high V- without
passivation treatment. Additionally, mixed cationic PVK
SCTFs exhibited thermal stability and few defects. Mixed
cationic PVK SCTF solar cells exhibited a PCE of 22.8%
and /g of over 26 mA cm™(Fig. 10d). The hydrophobic-
ity of the commonly used PTAA HTL accelerated ion dif-
fusion and promoted crystal growth. However, the carrier
mobility was low, and the density of defect states at the
buried interface was high. The PVK SCTF was easily sep-
arated from the substrate. In the latest study, Bakr et al.
achieved PVK SC solar cells with a record-high efficiency
of 23.1% and ultrahigh stability using a hydrophilic self-
assembled monomolecular layer, namely, MeO-2PACz,
as the HTL (Fig. 10e) [97]. The key to aspect of the exper-
iment is the formation of a hydrogen bond between the
H atom of the MeO group and the surficial I atom, which
interacts with the I,-rich PVK SC surface. Compared
with PTAA, which has a larger space-blocked molecular
structure, MeO-2PACz binds to the PVK surface more
strongly, improving the adhesion of SCTF to the sub-
strates. Fig. 10f shows the energy levels of different lay-
ers. The current density—voltage (J—V) characteristics in
Fig. 10g and EQE spectrum in Fig. 10h proved that the
PVK SCTF solar cells grown on the hydrophilic self-
assembled monomolecular layer had high PCE. Their
study provided an innovative perspective for the selec-
tion of transport layers in PVK SCTFs solar cells. A sum-
mary of the reported PVK SCTFs solar cells is presented
in Table 1.

4.2 PVK SCTF photodetectors

A photodetector is a device that converts an optical sig-
nal into an electrical signal through the photoelectric
effect to detect the incident light of different intensity
and wavelength. Under an externally applied electric
field, electrons and holes are separated, and charge car-
riers are transferred to the electrode. Photodetectors are
widely used in scientific research and industrial appli-
cations, such as medical imaging, optical communica-
tion, biosensing, and environmental monitors. However,
high-performance photodetectors with specific func-
tions are expensive and poorly integrated. PVK materials
have excellent photoelectric properties and are prepared
via low-cost procedures, providing new methods for
the fabrication and development of new, integrated,
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and high-performance photodetectors [100]. Huang
et al. reduced the thickness of PVK SCs and obtained a
vertical-structured p-i-n photodetector based on PVK
SCTFs [101]. SC films grown in situ on the transport
layer had a lower defect density and longer carrier life-
time than polycrystalline films. The reduction in the

grain boundary numbers in SCTFs resulted in less carrier
recombination. The PVK SCTF photodetector had the
characteristics of a low dark current, low noise equivalent
power, and high specific detection rate, which prove the
significant application potential of the SCTF in photode-
tectors. Kuang’s group prepared large-area SC films using
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Table 1 PVK SCTFs solar cells and their performance
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Device architecture Prepared method Thickness Jsc (mA cm~?) Voc (V) FF (%) PCE (%) Year Refs.

FTO/TiO,/MAPbBr3/Au Cavitation-triggered asymmetrical T um 6.69 1.36 69.0 6.53 2016 [93]
crystallization method

ITO/PTAA/MAPbIy/PCBM/Cyy/BCP/Cu  Space-confined method 10 um 210 1.08 7860 1780 2017 [49]

Au/MAPbI,/PCBM/Ag Space-confined method 200 nm 1833 0.80 32.90 483 2017 [54]

FTO/TiO,/MAPbBr5/Spiro-MeOTAD/Au  Space-confined method 16 um 877 1.31 62 7.1 2017 [94]

FTO/TiO,/MAPbI5/Spiro-OMeTAD/Ag  Space-confined method ~3um 22.28 0.68 59 8.78 2017 [91]

ITO/NIO,/(FAPDI3) gs(MAPDBr3), 15/ Space-confined method 245um 2314 1.03 51 1218 2018 [83]

TiO,/Ag

[TO/PEDOT:PSS/MAPbI,/PCBM/Ag Space-confined method 50 um 2215 0.75 27 440 2018 [98]

ITO/PTAA/MAPbI,/Cyo/BCP/Cu Space-confined method 20 um 2346 1076 835  21.09 2019 [95]

Au/MAPbI,/Cyo/BCP/AU Surface tension-assisted method 38 um 5.06 0.66 44 590 2019 [57]

[TO/PTAA/MAPbI,/Cq/BCP/Cu Low-temperature space-confined ~20 um 23.68 1.144 81 21.93 2020 [72]
method

[TO/PEDOT:PSS/MAPbI;/PCBM/BCP/Ag - Antisolvent vapor-assisted crystalliza- 300 nm 2260 1.08 82.5 20.1 2020 [51]
tion method

PET/ITO/SNO,/MAPby 5 ., SNy s,ls/Spiro-  Lithography-assisted Epitaxial-growth 2 um 24.0 1.05 795 2004 2020 [87]

OMeTAD/ Au/PDMS/Su 8 method

Au/MAPbI3/Ceo/BCP/AU Space-confined method - 2249 0.93 55.1 11.52 2020 [74]

[TO/PTAA/FA sMA, ,PbI5/Cy/BCP/Cu Space-confined method 15 pum 26.2 1.10 79 22.80 2021 [96]

[TO/PTAA:P3HT/MAPbI;/Cy/BCP/Cu Space-confined method 20 um 23.88 1.13 818 221 2022 [84]

[TO/PTAA/FA 5sMA 45Pbls/Ceo/BCP/Cu - Space-confined method 20 um 22.75 1062 762 1841 2022 [99]

[TO/PTAA/MAPDI;(100)/PCBM/Cyy/ Space-confined method 20-25um 238 1.04 78 19.3 2022 [79]

BCP/Cu

[TO/PTAA/MAPbI5(001)/PCBM/Cy/ Space-confined method 20-25um  20.1 0.98 814 16.0 2022 [79]

BCP/Cu

ITO/MeO-2PACZ/ FAsMA 4Pbl5/ Space-confined method ~20um 275 1.07 77 23.1 2023 [97]

PCBM/Cyo/BCP/Cu

[TO/PTAA/MAPDI,/3- Space-confined method 40 um 24.1 1.13 81.5 22.2 2023 [22]

mercaptopropyl(dimethoxy)methylsi-

lane (MDMS)/Cg/BCP/Cu

an efficient space-confined crystallization method to fab-
ricate high-performance narrow-band photodetectors
(Fig. 11a) [102]. It was demonstrated that the narrow-
band response was closely related to the light penetration
length and charge diffusion length over the entire spectral
range. As shown in Fig. 11b and c, increasing the applied
bias or decreasing the thickness can increase the carrier
drift length and consequently enhance the efficiency of
charge collection on the electrode, thereby improving
the performance of the photodetector. This filter-free
narrowband PVK photodetector is expected to play a
key role in imaging, machine vision, optical communica-
tion, and other fields. Yang et al. significantly improved
the crystal quality and reduced the thickness of SC thin
films by optimizing the preparation conditions for con-
fined growth [50]. The thickness of the SC film reached
several hundred nanometers (Fig. 11d). The MAPbBr,
SCTF photodetector achieved a high photoconductivity
gain and photosensitivity. The results showed that PVK
SCTFs have broad development prospects in the field of
optoelectronic devices.

Li et al. elucidated the key role of supersaturation in
the growth kinetics of lead-free halide PVK Cs3Bi,l,
SCTFs via in-situ observation [103]. Controlling the
supersaturation of the solution can reduce the nuclea-
tion density of inverse-temperature crystallization and
prolong the growth of SC films. A high-performance
photodetector was prepared by combining a Cs3Bi,l,
SCTF with a Si substrate (Fig. 11g). Finally, good lat-
tice matching and band alignment between the Si (111)
and Cs3Bi,l, (001) surfaces facilitated photogenerated
charge ionization and extraction, resulting in a signifi-
cant increase in the photosensitivity compared to that
of photodetectors based on other substrates. Yan et al.
introduced a simple solution epitaxial growth method
for preparing MAPbBr,; SCTFs with controllable thick-
ness and high quality on MAPbCI; SCs [104]. Notably,
a p-n heterojunction was formed on the heteroepitaxial
interface of the SC film, and transverse heterojunction
photodetectors were prepared by depositing Au as an
electrode. Owing to the internal electric field of the
heterojunction, heterojunction photodetectors exhibit
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Fig. 11 PVK SCTFs for photodetector devices. a Schematic of the device architecture (left) and the mechanism of operation of a narrow-band
photodetector (right). b Normalized EQE spectra of MAPbBr; SCTF photodetectors with different thicknesses under a bias of — 1 V. ¢ EQE spectra

of 0.4 mm-thick device under various biases. Reproduced with permission from Ref. [101]. Copyright 2017, Wiley-VCH. d Optical image (left) and
cross-sectional SEM image (right) of the MAPbBr; SCTF. e -V curves of a photodetector under dark and 250 nW illumination conditions. f Gain and
responsivity of the MAPbBr; SCTF photodetector. Reproduced with permission from Ref. [50]. Copyright 2018, Wiley-VCH. g Schematic of the device
architecture of the Si(111)-Cs3Bi,lq SCTF photodetector. h Optical image of the device. i Comparison of self-powered performances of different
photodetectors. j Rise and decay times estimated using the photoresponse to 355 nm laser pulse at 3V bias. Inset shows the enlarged curve.
Reproduced with permission from Ref. [103]. Copyright 2021, Wiley-VCH. k Photograph of the flexible photodetector. Inset shows a micrograph of
the device (scale bar is 100 um). I False-color SEM image of the device (scale bar is 3 pm). m /-V curves of the device as a function of the bending
radius. n /-t curves of the device exposed to pulsed light illumination before and after bending at a bias of 2 V. Reproduced with permission from

Ref. [106]. Copyright 2020, American Chemical Society

clear rectification behavior in imaging and X-ray detec-
tion without external power. They also exhibit a high
response rate, short response time, and high sensitiv-
ity. PVK SCTFs can be used to produce heterogeneous
photodetectors with excellent properties. Xu et al. used
a polymer dry transfer technique to transfer SCTFs to
MoS, to construct a vertical heterostructure and obtain
a high-performance, self-powered photodetector.

Liu et al. also investigated inch-level, flexible PVK
SCTF photodetectors [105]. Two-dimensional PVK
SCTFs with an area of more than 2500 mm? and a thick-
ness as low as 0.6 pum were prepared via induced periph-
eral crystallization. This ultrathin flexible SCTF has an
ultralow defect density, high uniformity, and long-term
stability. This provides a new approach for developing

PVK SCTFs for application in the field of flexible elec-
tronic devices. Jing et al. used mica sheets with atomi-
cally smooth surfaces and excellent wettability as growth
substrates [106]. PVK SCTF with a thickness of 20 nm
was prepared using two newly cracked mica sheets to
form a limited growth space. A photograph of the flexible
device is shown in Fig. 11k. By reducing the thickness
of the SCTF, the response rate of the flexible photode-
tector was significantly improved. This solution-based
synthesis process renders it possible to manufacture flex-
ible photodetectors at room temperature. Polarized light
detection is important in optical communication, optical
switches, polarization sensors, and optical radars. Zhang
et al. used a nondestructive solution epitaxial growth
method to prepare PVK SCTFs with structured surfaces
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[107]. These SCTFs exhibited photoelectric properties
related to the anisotropy caused by the patterned struc-
tures. The polarization-sensitive photodetector prepared
via this method showed a high polarized-light detection
sensitivity of ~2.2 and a high light detection response
and external quantum efficiency under linearly polarized
light at 532 nm. Li et al. developed a moiré PVK polar-
ized photodetector with in-situ encapsulation [108]. The
advantage of this photodetector is that the SC surface
has a double nanograting structure, which improves the
absorption of the incident light, resulting in the improved
responsiveness and polarization sensitivity of the device.
The PDMS encapsulation enhanced the water stability
and flexibility. In addition, low-cost, solution-treated,
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high-atomic-number PVK SCs radiation detectors have
extraordinary potential in the fields of biomedical sens-
ing and imaging, nondestructive testing of industrial
products, and safety inspection [104, 109, 110]. Many
PVK SCs radiation detectors with high sensitivity, high
resolution, and low radiation dose have been success-
fully prepared. However, the effective radiation can not
be efficiently absorbed by PVK SCTFs with thin thick-
ness. Therefore, to promote the development of PVK
SCTFs radiation detector, it is necessary to optimize the
equipment structure, suppress the surface recombination
caused by surface defects, and improve the operational
stability.
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Fig. 12 PVK SCTFs for light-emitting devices. a Schematic of the growth of MAPbBr; SCTFs. b Optical image and height profile of the MAPbBr
SCTF. ¢ Diagram of exciton—photon interaction in the DBR laser. d PL spectrum of the microcavity structure measured as a function of the pump
fluence. Inset shows the dark-field image of the lasing emission. Reproduced with permission from Ref. [115]. Copyright 2019, Elsevier. @ Schematic
of the nucleation process of CsPbBr; SCTFs on a c-plane sapphire substrate. f Optical images of CsPbBr; SCTFs. Inset shows the AFM image and
height profile of the CsPbBry SCTF. g Power-dependent PL of the CsPbBr; microdisk with increasing pump fluence (from 0.4 to 6 W cm™?). h
Pump-fluence-dependent PL intensity and FWHM of the CsPbBry microdisk. Inset shows the PL image of the microdisk below and above the
threshold (scale bar is 15 um). Reproduced with permission from Ref. [116]. Copyright 2020, American Chemical Society. i Schematic of the LIB
method and device architecture of LED. j L-V~J curve of the brightest device. k CE and EQE data of the brightest device as a function of voltage.

| CIE diagram of the brightest device. m CE versus the luminance curve of the device. Inset shows the EL image of the device. Reproduced with

permission from Ref. [119]. Copyright 2022, American Chemical Society



Zhang et al. Nano Convergence (2023) 10:23

4.3 PVK SCTF light-emitting devices

PVK SC materials have a high refractive index, high opti-
cal gain, tunable wavelength, and high PLQY, rendering
them promising for fabricating light-emitting devices
[111-114]. Li et al. reported an inverse solvent-assisted
space-confined growth method (Fig. 12a) [115]. A single-
mode vertical-cavity surface-emitting laser (VCSEL) was
fabricated by integrating a large-area and high-quality
MAPbBr; SCTF with a distributed Bragg mirror (DBR)
and a Ag mirror (Fig. 12c). Under the action of two-pho-
ton pumping, a strong coupling of exciton-polarization
excitons was observed, and an intense laser was emitted
with the enhancement of pumping. This VCSEL exhib-
its a low threshold, high quality (Q) factor, and small
divergence angle. PVK SCTFs have broad development
prospects in the fields of coherent light sources and mul-
tifunctional integrated photoelectric devices. Zhong
et al. demonstrated a large-area CsPbBr; SC film pre-
pared on a sapphire substrate (Fig. 12e) [116]. The SCTF
exhibited well-amplified spontaneous radiation proper-
ties. A microdisk array was fabricated via focused ion-
beam etching, and a single-mode laser was constructed
(Fig. 12g). Similarly, Liu et al. prepared PVK SCTFs with
controllable thickness via the confined solution growth
method [117]. A distributed feedback (DFB) laser was
fabricated using the focused ion beam method based on
surface-patterned SCTFs. The performance and stability
of this type of laser are higher than those of polycrystal-
line thin films because SCTFs are resistant to ion beam
etching. PVK SCs have the advantages of a long car-
rier diffusion length, no grain boundary scattering, and
atomic-level surface flatness, which are conducive to
realizing room-temperature continuous lasers and elec-
trically pumped lasers.

Lai et al. reported a PVK micro-SC LED with a sim-
ple metal-insulator—semiconductor structure [118]. The
purpose of introducing an insulating layer is to fill the
gaps between the crystals to avoid leakage. This type of
LED based on PVK microcrystals showed high bright-
ness. However, after a long operation time, the device
broke down, and no radiation from the excited states was
observed. In situ microscopic observation showed that
the device temperature increased, and the material was

Table 2 PVK SCTFs LEDs and their performance
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degraded at a high current density. The severe Joule heat-
ing effect under large injection conditions is the main
issue to be resolved in the realization of an electronically
pumped PVK microcrystal laser. Zhang et al. reported
a simple process for preparing a liquid-insulated bridge
(LIB) for high-performance PVK SCTF LEDs (Fig. 12i),
achieving ultrahigh brightness and a long half-life [119].
In detail, the preparation involves covering one edge of
the SC film with a polymethyl methacrylate (PMMA)
solution via the scraping coating method and then depos-
iting the injected layer and electrode material. The reli-
able interlayer contact caused by the PMMA insulation
aids the mitigation of the difficulties in constructing
PVK-based microcrystal LEDs and significantly improves
the device performance. This low-cost and simple pro-
cess avoids the damage to PVK materials caused by
organic solvents and ultraviolet light during the photo-
lithography process, emphasizing the application poten-
tial of PVK materials in the field of luminescence. In
order to solve the limitation of ion migration and Auger
recombination on the performance of PVK SCTFs LEDs,
Xiao et al. fabricated MA, gFA,PbBr; SCTFs LEDs with
smooth surface, high crystallinity, and low trap density
using mixed cations and adding excess organoammo-
nium halides and polyvidone to the precursor [120]. PVK
SCTFs LEDs with a thickness of 1.5 pm exhibit a high
luminance of 86,000 cd m~2 and a peak external quan-
tum efciency of 11.2%. The extrapolated Tj lifetime for
PVK SCTFs LEDs reached a value of 12,500 h at an ini-
tial luminance of 100 cdm™? owing to suppressed ion
migration. This research will prove useful in expanding
our understanding of how to increase the lifetime of PVK
SCTFs LEDs for practical applications. A summary of the
reported PVK SCTFs LEDs is presented in Table 2.

4.4 PVK SCTF artificial synapse and field-effect transistor

PVK SCTFs have also been used to prepare other opto-
electronic devices. Tian et al. reported resistance stor-
age based on 2D Rudderstein—Popper phase mixed lead
bromide 2D PVK SC materials [121]. Ultrathin 2D PVK
materials with good ion migration and diffusion were
obtained via a simple physical stripping method. As a type
of artificial synaptic device, this 2D PVK SCTF exhibits a

Device architecture Prepared method Thickness EL (nm) Peak EQE (%) L., Tso Stability Refs.
(cdm=2)
[TO/MAPbBr,/TPBi/LiF/Al  Space-confined method 1 um 548 nm 112 86,000 12,500 h at an initial luminance of ~ [119]
100 cd m~2. (Extrapolated)
[TO/Poly(N-vinylcarba- Space-confined method 1.5 um 548 nm 3.0 136,100 88.2 min at an initial luminance of ~ [120]
zole)/MAPbBr5/TPBI/ ~1100cd m™2.

LiF/Al
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substantially low operating current and power consump-
tion, reaching the level of a biological synapse. This also
demonstrates the application potential of the PVK SCTF
in the field of neuromorphic circuits and systems. The
mechanical method leads to an uncontrolled thickness
of the thin film and probably breaks the materials. Gong
et al. introduced a seed crystal-induced domain-limited
growth method for preparing an MAPbBr,; SCTF with
a controlled thickness and transverse size, low surface
roughness, low defect state density, and high crystal qual-
ity [122]. Subsequently, transverse-structure artificial
synapses were fabricated based on the SCTF to achieve
a series of synaptic functions aimed at controlling the
channel distance and reducing the working current and
energy consumption. Their study provided new insights
into the development of artificial synapses in neuromor-
phic bioelectronics. Yu et al. demonstrated a spatially
constrained inverse-temperature crystallization strategy
for the synthesis of micron-thin PVK SCs [123]. The PVK
SCTF was integrated into bipolar transistors, affording
field-effect mobilities of 4.7 and 1.5 cm®> V="' s~ ! in p- and
n-channel devices, respectively, at room temperature.
This type of transistor also had high switching ratios of
10*-10° and a low opening voltage. Their study further
extended the applications of PVK SCTFs.

5 Summary and perspectives

PVK SCTFs with optimized thickness, no grain bounda-
ries, and high crystallinity show significant application
potential in the fields of solar cells, photodetectors, light-
emitting devices, and other photoelectronic devices.
However, the future development of PVK SCTFs is lim-
ited by several challenges. First, more research is needed
to explore the growth of multicomponent PVK SCTFs.
Mixed cationic PVK components can effectively extend
the light absorption range of PVK [124-126]. Doping
appropriate metal ions into PVKs to release the lattice
strain or replace defect sites is an effective method to
reduce defects and improve the stability of PVK SCTFs.
However, differences in component solubility lead to
different crystallization thermodynamics and kinetics,
resulting in the formation of PVK or non-PVK phases in
the solution. The synthesis of PVK SCs with high qual-
ity and an adjustable composition is challenging owing to
phase separation in complex solution systems. Second,
manufacturing ultrathin and large-area PVK SCTFs for
scalable and commercial production remains an unre-
solved issue [127]. Thus far, no industrial equipment
has been shown to fabricate an SCTF with a high aspect
ratio by effectively and simultaneously controlling the
lateral-dimension size and thickness. Additionally, the
production of high-quality and large-area PVK SCTFs
on different substrates and transport layers remains
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challenging, which limits the possibility of integrating
PVK SCTF devices with other semiconductor devices
[128]. Furthermore, the application of PVK SCTFs in
integrated circuits is a significant challenge. Therefore,
PVK SCTFs should receive the same degree of attention
as polycrystalline PVK films. Considering the superior
photoelectric performance and stability of PVK SCs com-
pared to their polycrystalline counterparts, the progress
in research on SCTFs devices is expected to exceed that
of polycrystalline film devices. A low-cost and large-area
manufacturing strategy is essential for realizing the prac-
tical application of PVK SC photoelectric devices. Third,
PVK SCTFs have significantly more surface defects than
polycrystalline films, which leads to carrier recombi-
nation on the crystal surface in the former. An energy
level mismatch is also observed at the surface interface
between the transport layer and PVK SC. Furthermore,
the direct contact between the metal electrode and the
PVK SC would result in a short circuit. The properties
of PVK thin-film devices are also affected by the ani-
sotropy of the crystal structure, crystal orientation, and
the degree of lattice matching with the growth surface
[129-131]. Poor lattice matching leads to higher stress
during crystal growth, resulting in more surface and bulk
defects. The development of optimized surface engineer-
ing methods will significantly promote the use of efficient
and stable PVK SCTF photoelectric devices as excellent
alternatives to semiconductor devices in future.

Acknowledgements
Not applicable.

Author contributions

YL and MJK supervised this project. ZZ wrote the original draft manuscript.
WK, MJK and YL reviewed and edited the manuscript. All authors read and
approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation of China
(Grant No. 61874167), the National Research Foundation of Korea (NRF) Grant
funded by the Korea government (MSIT) (NRF-2021R1A2C2094794, NRF-
2022M3J1A1064315, and NRF-2022RTA5A1033719).

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 18 March 2023 Accepted: 8 May 2023
Published online: 22 May 2023

References
1. T.M.Brenner, D.A. Egger, L. Kronik, G. Hodes, D. Cahen, Nat. Rev. Mater. 1,
15007 (2016)



Zhang et al. Nano Convergence

20.

21
22.

23.
24.

25.
26.
27.

28.
29.
30.
31

32

33.
34.
35.
36.
37.
38.

39.
40.

41.
42.

43.
44,

45.
46.
47.
48.

49.

(2023) 10:23

E.M. Hutter, M.C. Gelvez-Rueda, A. Osherov, V. Bulovic, FC. Grozema, S.D.
Stranks, T.J. Savenije, Nat. Mater. 16, 115 (2017)

N.J. Jeon, JH. Noh, Y.C. Kim, W.S.Yang, S. Ryy, S.I. Seok, Nat. Mater. 13,
897 (2014)

Y. Fu, F. Meng, M.B. Rowley, B.J. Thompson, M.J. Shearer, D. Ma, R.J. Ham-
ers, J.C.Wright, S. Jin, J. Am. Chem. Soc. 137, 5810 (2015)

Y. Zhou, O.S. Game, S. Pang, N.P. Padture, J. Phys. Chem. Lett. 6, 4827
(2015)

TY. Hsieh, CK. Huang, T.S. Su, C.Y. Hong, T.C. Wei, ACS Appl. Mater. Inter-
faces. 9, 8623 (2017)

J.Huang, Y. Yuan, Y. Shao, Y. Yan, Nat. Rev. Mater. 2, 17042 (2017)

W. Qi et al, ACS Appl. Mater. Interfaces. 13, 34053 (2021)

Y. Li, J. Li, W. Qi, S. Jiao, H. Ling, K. Sohail, X. Li, X. Zhang, ACS Appl. Mater.
Interfaces. 14, 36602 (2022)

A.A. Zhumekenov et al,, ACS Energy Lett. 1,32 (2016)

E. Alarousu et al,, J. Phys. Chem. Lett. 8, 4386 (2017)

X.Gong et al, Nat. Commun. 10, 1591 (2019)

D. Shi et al,, Science. 347,519 (2015)

Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao, J. Huang, Science.
347,967 (2015)

Y. Liu et al,, Adv. Mater. 27, 5176 (2015)

Y.Dang, Y. Liu, Y. Sun, D. Yuan, X. Liu, W. Lu, G. Liu, H. Xia, X. Tao, CrystEng-
Comm 17,665 (2015)

L. Chenetal, J. Am. Chem. Soc. 141, 1665 (2019)

Y.C. Shao et al, Energy Environ. Sci. 9, 1752 (2016)

Q.Wang, B. Chen, Y. Liu, Y.H. Deng, Y. Bai, QF. Dong, J.S. Huang, Energy
Environ. Sci. 10,516 (2017)

B. Murali, H.K. Kolli, J. Yin, R. Ketavath, O.M. Bakr, O.F. Mohammed, ACS
Materials Lett. 2, 184 (2020)

Y. Li, L. Ding, Sci. Bull. 66, 214 (2021)

X.Guo et al,, Adv. Funct. Mater. (2023). https://doi.org/10.1002/adfm.
202213995

Z.Nietal, Science. 367, 1352 (2020)

Y.Yang, MJ. Yang, D.T. Moore, Y. Yan, EM. Miller, K. Zhu, M.C. Beard, Nat.
Energy. 2, 16207 (2017)

B.Turedi, V. Yeddu, X. Zheng, D.Y. Kim, O.M. Bakr, M.I. Saidaminov, ACS
Energy Lett. 6, 631 (2021)

JJ. Zhao, YH. Deng, H.T. Wei, X.P. Zheng, ZH. Yu, Y.C. Shao, J.E. Shield, J.S.
Huang, Sci. Adv. 3, eaao5616 (2017)

D.Kim, JH.Yun, M.Q. Lyu, J. Kim, S. Lim, J.S. Yun, L.Z. Wang, J. Seidel, J.
Phys. Chem. C 123, 14144 (2019)

Y.Chen et al,, Nature. 577, 209 (2020)

M.Y.Kuo et al, J. Am. Chem. Soc. 143, 4969 (2021)

PK. Nayak et al,, Nat. Commun. 7, 13303 (2016)

H. Hu, M. Singh, X. Wan, J. Tang, C-W. Chu, G. Li, J. Mater. Chem. A 8,
1578 (2020)

QJ. Gao, JH. Qi, K. Chen, MH. Xia, Y. Hu, A.Y. Mei, HW. Han, Adv. Mater.
34,2200720 (2022)

M. Jung, S.G. Ji, G. Kim, S.I. Seok, Chem. Soc. Rev. 48, 2011 (2019)

A.R. Pascoe et al,, Sci. China Mater. 60, 617 (2017)

Z.Llian et al, Sci. Rep. 5, 16563 (2015)

L. Ma et al,, Nat. Commun. 12, 2023 (2021)

Y.Chen et al, Angew Chem. Int. Ed. 60, 2629 (2021)

F.Chen, C. Li, C. Shang, K. Wang, Q. Huang, Q. Zhao, H. Zhu, J. Ding,
Small. 18, 2203565 (2022)

Q.Wang, D. Bai, Z. Jin, S. Liu, RSC Adv. 8, 14848 (2018)

T.Zhang, M. Yang, E.E. Benson, Z. Li, J. van de Lagemaat, J.M. Luther, Y.
Yan, K. Zhu, Y. Zhao, Chem. Commun. 51, 7820 (2015)

Y.C. Liu et al,, Adv. Mater. 30, 1707314 (2018)

J.M. Kadro, K. Nonomura, D. Gachet, M. Graetzel, A. Hagfeldt, Sci. Rep. 5,
11654 (2015)

G. Maculan et al,, J. Phys. Chem. Lett. 6, 3781 (2015)

M.I. Saidaminov, A.L. Abdelhady, G. Maculan, O.M. Bakr, Chem. Com-
mun. 51, 17658 (2015)

Y.C. Liu, JK. Sun, Z.Yang, D.Yang, X.D. Ren, H. Xu, Z.P. Yang, S.Z. Liu, Adv.
Opt. Mater. 4, 1829 (2016)

Y.C. Liu et al,, Sci. China Chem. 60, 1367 (2017)

Y-X.Chen et al,, J. Am. Chem. Soc. 138, 16196 (2016)

Y.Liu, Y. Zhang, Z.Yang, D. Yang, X. Ren, L. Pang, S. Liu, Adv. Mater. 28,
9204 (2016)

Z.Chen et al, Nat. Commun. 8, 1890 (2017)

50.
51
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.

62.
63.

64.

65.

66.

67.
68.

69.
70.
71.
72.
73.
74.
75.
76.

77.
78.

79.

80.

82.
83.

84.
85.

86.
87.
88.
89.
90.

9t
92.

93.
94.

95.

Page 21 of 22

Z.Yang et al, Adv. Mater. 30, 1704333 (2018)

W.C. Kong et al,, Adv. Energy Mater. 10, 2000453 (2020)

X.B.Tang et al,, Adv. Sci. 9, 2104788 (2022)

L. Li et al, Adv. Mater. 34, 2108396 (2022)

L. Lee, J. Baek, KS. Park, Y-E. Lee, N.K. Shrestha, M.M. Sung, Nat. Com-
mun. 8, 15882 (2017)

Z.Gu, Z. Huang, C. Li, M. Li, Y. Song, Sci. Adv. 4, eaat2390 (2018)

A.A. Zhumekenov et al,, ACS Energy Lett. 2, 1782 (2017)

Y. Liu, Q. Dong, Y. Fang, Y. Lin, Y. Deng, J. Huang, Adv. Funct. Mater. 29,
1807707 (2019)

K. Wang, C.C.Wu, D. Yang, Y. Jiang, S. Priya, ACS Nano. 12,4919 (2018)
J.Chenetal, J. Am. Chem. Soc. 139, 13525 (2017)

Y.Wang, X. Sun, Z. Chen, Y.-Y. Sun, S. Zhang, T.-M. Lu, E. Wertz, J. Shi, Adv.
Mater. 29, 1702643 (2017)

Y.Wang, F.Yang, X. Li, F. Ru, P. Liu, L. Wang, W. i, J. Xia, X. Meng, Adv.
Funct. Mater. 29, 1904913 (2019)

Y. Zhou et al,, Adv. Funct. Mater. 31,2101058 (2021)

B.Wu, H.T. Nguyen, Z.L. Ku, G. Han, D. Giovanni, N. Mathews, H.J. Fan, T.C.
Sum, Adv. Energy Mater. 6, 1600551 (2016)

B. Murali, E. Yengel, C. Yang, W. Peng, E. Alarousu, O.M. Bakr, O.F. Moham-
med, ACS Energy Lett. 2, 846 (2017)

J.Ding, Z.P.Lian, Y. Li, S.F.Wang, QF.Yan, J. Phys. Chem. Lett. 9, 4221
(2018)

B.Chen, PN. Rudd, S.Yang, Y. Yuan, J. Huang, Chem. Soc. Rev. 48, 3842
(2019)

F.Gao, Y. Zhao, X. Zhang, J. You, Adv. Energy Mater. 10, 1902650 (2020)
H.D. Jin, E. Debroye, M. Keshavarz, 1.G. Scheblykin, M.B.J. Roeffaers, J.
Hofkens, J.A. Steele, Mater. Horiz. 7, 397 (2020)

J. Xue, R.Wang, Y. Yang, Nat. Rev. Mater. 5, 809 (2020)

K.Wang, D.Yang, C.Wu, J. Shapter, S. Priya, Joule. 3,311 (2019)

B. Murali et al, Acs Energy Lett. 1, 1119 (2016)

AY. Alsalloum et al.,, ACS Energy Lett. 5,657 (2020)

JY. Zhou, H.H. Fang, H. Wang, R. Meng, H.Q. Zhou, M.A. Loi, Y. Zhang,
ACS Appl. Mater. Interfaces. 10, 35580 (2018)

Y.L. Song, W.H. Bi, AR.Wang, XT. Liu, Y.F. Kang, Q.F. Dong, Nat. Commun.
11, 274 (2020)

L.R. Chen, H.Wang, W.Q. Zhang, FH. Li, Z.Y.Wang, X.Y. Wang, Y.C. Shao,
J.D. Shao, ACS Appl. Mater. Interfaces. 14, 10917 (2022)

ZY.Zuo, JX.Ding, Y. Zhao, S.J. Du, YF. Li, X.Y. Zhan, H.Z. Cui, J. Phys.
Chem. Lett. 8,684 (2017)

M.H. Jao, CF. Lu, PY.Tai, WF. Su, Cryst. Growth Des. 17, 5945 (2017)
JX.Ding, L. Jing, XH. Cheng, Y. Zhao, S.J. Du, X.Y. Zhan, H.Z. Cui, J. Phys.
Chem. Lett. 9,216 (2018)

C.Yang, J.Yin, H. Li, K. Aimasabi, L. Gutierrez-Arzaluz, I. Gereige, J.-L.
Bredas, O.M. Bakr, O.F. Mohammed, ACS Energy Lett. 7, 1544 (2022)
C.Ma, M.-C. Kang, S--H. Lee, S.J. Kwon, H-W. Cha, C-W.Yang, N.-G. Park,
Joule. 6, 2626 (2022)

C. Ma, FT. Eickemeyer, S.-H. Lee, D.-H. Kang, S.J. Kwon, M. Gratzel, N.-G.
Park, Science. 379, 173 (2023)

M. Stolterfoht et al,, Nat. Energy. 3, 847 (2018)

Y. Huang, Y. Zhang, J. Sun, X. Wang, J. Sun, Q. Chen, C. Pan, H. Zhou, Adv.
Mater. Interfaces 5, 1800224 (2018)

N. Li et al,, Adv. Energy Mater. 12, 2103241 (2022)

X.Cheng, S.Yang, B.Q. Cao, X.T.Tao, ZL. Chen, Adv. Funct. Mater. 30,
1905021 (2020)

M.A. Haque, J. Troughton, D. Baran, Adv. Energy Mater. 10, 1902762
(2020)

YS. Lei et al,, Nature. 583, 790 (2020)

Z.Q. Xu et al, Adv. Mater. Interfaces 9, 2200912 (2022)

A. Capitaine, B. Sciacca, Adv. Mater. 33, 2102588 (2021)

J. Park, Y.E. Bak, L. Lee, H. Choi, M.A. Khan, M.M. Sung, Chemsuschem. 13,
1882 (2020)

J.J. Zhao et al,, Sci. Bull. 62, 1173 (2017)

QF. Dong, JF.Song, Y.J. Fang, Y.C. Shao, S. Ducharme, J.S. Huang, Adv.
Mater. 28, 2816 (2016)

W. Peng et al., Adv. Mater. 28, 3383 (2016)

H.-S. Rao, B-X. Chen, X.-D.Wang, D.-B. Kuang, C-Y. Su, Chem. Commun.
53,5163 (2017)

ZL.Chen, B.Turedi, AY. Alsalloum, C. Yang, X.P. Zheng, I. Gereige, A.
AlSaggaf, O.F. Mohammed, O.M. Bakr, ACS Energy Lett. 4, 1258 (2019)


https://doi.org/10.1002/adfm.202213995
https://doi.org/10.1002/adfm.202213995

Zhang et al. Nano Convergence (2023) 10:23 Page 22 of 22

96. AY. Alsalloum, B. Turedi, K. Almasabi, X.P. Zheng, R. Naphade, S.D.
Stranks, O.F. Mohammed, O.M. Bakr, Energy Environ. Sci. 14, 2263 (2021)
97. K. Almasabi et al,, ACS Energy Lett. 8,950 (2023)
98. H.-L.Yue, H-H. Sung, F-C. Chen, Adv. Electron. Mater. 4, 1700655 (2018)
99. S.D. Xie et al, ACS Materials Lett. (2022). https://doi.org/10.1021/acsma
terialslett.2c00317
100. YJ.Fang, QF. Dong, Y.C. Shao, Y.B. Yuan, J.S. Huang, Nat. Photon. 9, 679
(2015)
101. CX.Bao, ZL. Chen,Y.J. Fang, HT. Wei, YH. Deng, X. Xiao, L.L. Li, J.S.
Huang, Adv. Mater. 29, 1703209 (2017)
102. H.S.Rao, W.G. Li, BX. Chen, D.B. Kuang, C.Y. Su, Adv. Mater. 29, 1602639
(2017)
103. Z.Q.Li, X.Y. Liu, C.L. Zuo, W. Yang, X S. Fang, Adv. Mater. 33, 2103010
(2021)
104. J.Yan, F. Gao, Y.Z. Tian, Y. Li, W.Q. Gong, S.P. Wang, H. Zhu, L. Li, Adv. Opt.
Mater. 10, 2200449 (2022)
105. Y.C. Liuetal, Nat. Commun. 9, 5302 (2018)
106. H.Jingetal, Nano Lett. 20, 7144 (2020)
107. JS. Zhang, JJ. Zhao, Y.F. Zhou, Y.F. Wang, K.S. Blankenagel, X.C. Wang, M.
Tabassum, L. Su, Adv. Opt. Mater. 9, 2100524 (2021)
108. S-X.Li,H. Xia, T-Y. Liu, H. Zhu, J-C. Feng, Y. An, X-L. Zhang, H.-B. Sun,
Adv. Mater. 35, 2207771 (2023)
109. P Zhang et al, Adv. Mater. 34, 2106562 (2022)
110. J.Jiang et al, Nat. Photon. 16, 575 (2022)
111. D.C.Yang, C. Xie, J.H. Sun, H. Zhu, X.H. Xu, P. You, S.P. Lau, F. Yan, SF. Yy,
Adv. Opt. Mater. 4, 1053 (2016)
112. M.M. Chen, X. Shan, T. Geske, J.Q. Li, Z.B. Yu, ACS Nano. 11,6312 (2017)
113. Y.Leietal, Adv. Mater. 30, 1705992 (2018)
114. S.Li,H. Ding, H. Cai, H. Zhao, Y. Zhao, J. Yang, Y. Jin, N. Pan, X. Wang, J.
Phys. Chem. Lett. 11, 8275 (2020)
115, XH. Li, WW. Liy, Y.L. Song, H. Long, K. Wang, B. Wang, PX. Lu, Nano
Energy. 68, 104334 (2020)
116. Y.G.Zhong et al,, ACS Nano. 14, 15605 (2020)
117. G.D.Liy, ST Jia, J. Wang, Y.F. Li, H. Yang, S.F. Wang, QH. Gong, Nano Lett.
21,8650 (2021)
118. J.Laietal, J. Phys. Chem. Lett. 13, 2963 (2022)
119. HY.Zhang, TX.Yu, CQ Wang, RF. Jia, AAA. Pirzado, D. Wu, X.J. Zhang,
X.H.Zhang, J.S. Jie, ACS Nano. 16, 6394 (2022)
120. W.Chen et al, Nat. Photon. (2023). https://doi.org/10.1038/
$41566-023-01167-3
121. H.Tian, LF. Zhao, X.F. Wang, Y.W. Yeh, N. Yao, B.P. Rand, T.L. Ren, ACS
Nano. 11, 12247 (2017)
122. J.D.Gong et al, Adv. Funct. Mater. 30, 2005413 (2020)
123. W.Yuetal, Nat. Commun. 9, 5354 (2018)
124. Y.Zhang, Y. Liu, S. Liu, Adv. Funct. Mater. 33, 2210335 (2022)
125. LQ Xie, L. Chen, ZA.Nan, HX. Lin, T. Wang, D.P. Zhan, J.W. Yan, BW. Mao,
Z.Q.Tian, J. Am. Chem. Soc. 139, 3320 (2017)
126. Y.C. Liu et al, Adv. Mater. 33, 2006010 (2021)
127. Y.Rong, Y. Hu, A. Mei, H. Tan, M.I. Saidaminov, S.I. Seok, M.D. McGehee,
E.H. Sargent, H. Han, Science. 361, eaat8235 (2018)
128. YS. Lei, Y.M. Chen, S. Xu, Matter. 4, 2266 (2021)
129. B.Li, T.Shen, S.Yun, Mater. Horiz. 10, 13 (2022)
130. V.Leietal, Nature. 608,317 (2022)
131, C.Ma, M. Grétzel, N.-G. Park, ACS Energy Lett. 7, 3120 (2022)

Publisher’s Note _ S Submit your manuscript to a SpringerOpen®
Sprmger Nature remains neutral W\tlh regard to jurisdictional claims in pub- journal and benefit from:
lished maps and institutional affiliations.

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1021/acsmaterialslett.2c00317
https://doi.org/10.1021/acsmaterialslett.2c00317
https://doi.org/10.1038/s41566-023-01167-3
https://doi.org/10.1038/s41566-023-01167-3

	Perovskite single-crystal thin films: preparation, surface engineering, and application
	Abstract 
	1 Introduction
	2 Preparation of PVK SCTFs
	2.1 Nucleation and growth of SCTFs
	2.2 Top-down method
	2.3 Space-confined growth method
	2.4 Surface tension-assisted growth method
	2.5 Vapor deposition growth method

	3 Surface engineering of PVK SCTFs
	3.1 Surface passivation
	3.2 Surface orientation
	3.3 Interface modification

	4 Applications of PVK SCTFs
	4.1 PVK SCTF solar cells
	4.2 PVK SCTF photodetectors
	4.3 PVK SCTF light-emitting devices
	4.4 PVK SCTF artificial synapse and field-effect transistor

	5 Summary and perspectives
	Acknowledgements
	References


