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Halide perovskite single crystal (HPSC) films have demonstrated extraordinary performance

in solar cells, photodetectors, and lighting applications, owing to the high carrier mobility,

long carrier diffusion length, tunable bandgap, and large light absorption coefficients of these

materials.  Here,  we  review  the  recent  development  of  the  major  HPSC  thin  films

systematically, including MAPbI3, α-FAPbI3, MAPbBr3, CsPbBr3,  with special emphasis on

different classes of fabrication methods and thin-film characteristics. Finally, the conclusion

and prospects in this field are discussed in detail. We anticipate that the HPSC thin films will

lead to a compelling future for the rising electronic applications.

1. Introduction

Semiconductor thin films comprised of single crystals exhibit exceptionally low trap density,

nearly perfect  translational  symmetry and high chemical  purity,  allowing them to play an

essential  role in the development of semiconductor  and microelectronic industries. [1,  2] For

example, silicon (Si) epitaxial films are grown on Si single crystals to fabricate transistors,
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which are the basic unit of the Si-based Central processing units (CPUs) , memory modules,

and many other  electronic  devices.[3,  4] The p-type doping of  GaN single-crystal  films on

aluminum oxide (Al2O3) substrate enables high brightness blue light-emitting diodes (LED)

and blue-light  laser  devices.[5,  6] Furthermore,  gallium arsenide  (GaAs),  indium phosphide

(InP)  and  other  single-crystal  semiconductor  films  are  model  materials  in  modern

microelectronic industries.[7, 8]

Beyond  these  canonical  systems,  there  is  high  demand  to  expand  these  methods  to

preparing  single  crystal thin  films  of  emerging  semiconductors such as  halide  perovskite

ABX3  materials  (e.g.,  MAPbX3,  FAPbX3 and  CsPbX3,  where  MA+ is  CH3NH3
+,  FA+ is

CH(NH2)2
+ and X- = Cl−, Br−, or I−.[9, 10] ABX3 generally describes the formula of the canonical

perovskite  unit  cell,  in  which A+ represents either  an organic cation,  such as MA+,  or  an

inorganic one, such as Cs+; B indicates a divalent metal cation, such as Pb2+ and Sn2+; and X−

stands  for  a  halogen  anion,  such  as  Cl−,  Br−,  or  I−.[11] Figure 1a  illustrates  the  three-

dimensional   halide  perovskite  crystal  structure.[12] Corner-sharing  metal  halide  BX6

octahedral form the framework of the cubic perovskite crystal structure. The A+ cation sits in

the  intersticial  spaces  of  this  metal  halide  framework,  with  hydrogen  bonding  possible

between A+ and X− ions.[13] Although variants of perovskite material  structures exist,  they

conform to limitations in the size, charge balance, shape and other factors to maintain the

stability even with distortion in the crystal structure. The degree of distortion is indicated by

Goldschmidt's tolerance factor t in Equation 1:

t=
r A+r X

√2(r B+r X ) (1)

where rA, rB, rX are the radii of A+, B+ and X−, respectively.[14]
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Figure  1. a)  ABX3 crystal  structure  of  halide  perovskites.  Violet  spheres  indicate  the
monovalent A+ cation standing in the octahedra space which is made up of B2+ cations in the
center and X- anions at the vertex, respectively.  Blue spheres depict B+ cations and green
spheres are X- halogen anions. b)  Band edge positions  of representative electron transport
layer (ETL) materials (blue), halide perovskite absorbers (yellow), and hole transport layer
(HTL) materials  (green), realizing their  potential  in solar cell  industries. Reproduced with
permission.[12] Copyright 2019, American Chemical Society.

Even  in  conventional  polycrystalline  thin  films  and  solids,  MAPbX3 features  the

advantages of appropriate bandgap (1.55-2.2 eV), exceptionally long carrier diffusion length,

[15] high mobility, high absorption, and easy preparation.,[16] driving many improvements in

perovskite  photovoltaic  devices  as  the  absorber  materials.[17,  18] The  canonical  halide

perovskite material, MAPbI3 was first applied by Kojima et al. as the light-absorbing layer in

dye-sensitized solar cells in 2009.[19] Functional halide perovskite materials have been applied
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to  solar  cells,  field-effect  transistors,[20,  21] LEDs,[22,  23] photodetectors,  and  photocatalytic

devices.[24, 25] The record power conversion efficiency of perovskite single-crystal films based

solar cells has reached 21.09%, which was obtained on 20-µm-thick single-crystal MAPbI3

perovskite [26] Doping MAPbI3 perovskite materials with alkali metals has been demonstrated

to further improve the optical and electronic tunability of these materials.[27, 28] Single-crystal

MAPbI3 produced through low-temperature crystallization has been used by Alsalloum et. al.

[29] to fabricate highly efficient inverted perovskite solar cells. Another candidate among the

chief halide perovskite materials, CsPbX3, also exhibits superior emitting properties[30, 31] and

is more stable than MAPbX3,[32] leading to applications in photodetectors and LED devices.[33,

34] For example, Li et.  al. demonstrated that controlling surface ligand density on CsPbBr3

perovskite quantum dots can lead to a 50-fold improvement external quantum efficiency in

light-emitting diodes incorporating the nanoparticles.[35]

In order to improve device performance and efficiency, the morphology of traditional

polycrystalline halide perovskite materials must be enhanced.[36] HPSC thin films, compared

with their  polycrystalline counterparts,  offer tunable dimensions,  enhanced uniformity and

stability,  minimum  grain  boundaries,  and  orientation-dependent  transport  behavior.[37,  38]

Unfortunately,  due  to  the  uncontrollable  nucleation  of  the  deposited  materials,  most

perovskite films produced thus far are polycrystalline with many small grains separated by

grain boundaries. The high density of surface traps at these grain boundaries is  one of  the

primary  reasons for  the  relatively  low  performance  of  perovskite  devices  based  on

polycrystalline films versus those based on single-crystal films. Perovskite single-crystal films

present a promising strategy to address these issues[39,  40] since the single crystals minimize

internal grain boundaries. [41, 42] In principle, converting HSPC thin film devices to use HPSC

films should reduce internal defects and carrier scattering.[43, 44] Developing robust methods for
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producing  such films  is  an  essential  prerequisite  for  fabricating  semiconductor  devices

suitable for industrial applications.[45]

However, the adoption of HPSC thin films has been limited due two factors.First, it is

difficult to reduce the thickness of the single-crystal bulk materials below 1 μm in a cost-

effective  way.[46] Thus,  most  high-quality  as-grown  single-crystal  thin  films  are  grown

epitaxially  on  conventional  semiconductor  materials,  although  further  development  of

alternate  routes  HSPC  films  are  needed.  Second,  despite  their  minimization  of  internal

defects, HPSCs can exhibit high recombination rates due to the high density of traps at their

surfaces, which comprise most of the volumes in thin films. This extreme recombination is

currently  a  major  obstacle  to  the  improvement  of  PCEs  of  HPSC-based  photovoltaic

applications.[47,  48] Simulations suggest that the defect density and extreme recombination at

the surfaces of single crystals influence charge transport properties more than the bulk defect

density.[49] Minimizing surface traps by tuning the growth and post-growth surface treatments

is instrumental in overcoming rapid recombination in HPSC films.[47] 

Here  we  review  the  recent  development  of  the  major fabrication  methods,  growth

mechanism and properties of popular HPSC films as well as their current challenges. Hybrid

organic-inorganic  and fully  inorganic  lead  halide  perovskites  thin  films,  are  discussed.  In

particular,  canonical  perovskite  thin films of MAPbI3,  MAPbBr3,  CsPbBr3 are highlighted

because they are widely investigated and utilized in a wide range of applications.[50, 51] Finally,

based on the current challenges existed in the field, we present an outlook for the further

advancement of HPSC thin films. 

2. Growth of ABX3 halide perovskite single-crystal films

ABX3  HPSC films must be produced using methods that can controllably grow highly

anisotropic  materials  with  nanoscale  thicknesses  while  mainting  crystalline  order  across

5



macroscale  lateral  dimensions.  To meet  these requirements,  substantial  progress  has  been

made in the growth  halide perovskite single crystal (HPSC) thin films.[52,  53] These growth

methods, targeted to specific characteristics and applications,[40, 54] mainly include (1) epitaxial

growth of HPSCs on crystalline substrates, and (2) lateral growth of HPSC films on arbitrary

substrates. 

2.1 Epitaxial growth of HPSCs. 

One of the most common methods for producing HPSCs is to grow them epitaxially on

another single crystal substrate, such that the lattice of the substrate acts as a template for

maintaining the order of the HPSC film. This approach has been used to grow champion

HPSC thin films of, e.g., MAPbI3, CsPbBr3, and α-FAPbI3.[55, 56] The technique has been used

to advance film fabrication methods, enhance properties of HSPCs, and develop applications

in photoelectronic devices.[57, 58]

At the current stage, one critical challenge facing the growth of HPSC films is to identify

compatible  substrates whose lattices are matched to the crystal  structure of the perovskite

material, as required for epitaxial growth.[ 59] The lattice mismatch (ε) between the film and the

substrate can be calculated using Equation 2:[60]

ε=
d film−dsubstrate

dsubstrate
×100 %

(2)

Here, dfilm denotes the interplanar spacing of the thin film and the dsubstrate denotes that of the

substrate.  An   of   4% usually results in incompatibility between the film and substrate.

Other factors, such as the different chemical potential or interfacial energy between the films

and the substrates, can also promote or suppress single crystal thin film growth.[61]

Another challenge with growing HPSC thin films epitaxially for devices is the fact that

HPSCs must be grown on substrates that are not single crystalline.[62] In perovskite-based

devices,  the intrinsic perovskite semiconductor  is sandwiched between electron- and hole-
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transporting layers (ETLs and HTLs, respectively). The ETL and HTL are essential to the

function of these devices  to reduce the recombination  of  the free charge  carriers,[63,  64] as

illustrated by the band diagram in Figure 1b.[ 65] However, the ETL and HTL materials are not

perovskites  or  even  not  single  crystalline, on  which  surface  single-crystal  thin  films  are

supposed to  be prepared.[66] Although some research  groupshave  transferred single crystal

halogen perovskite films from as-grown substrates to the surface of ETLs, the transfer process

has  limited the  film  area.,  and  it  is  also  not  suitable  for  single-crystal  films  of  tens  of

nanometres thickness.[67,  68] Even with extensive studies,  it  is  still  difficult  to grow single-

crystal MAPbX3 and CsPbBr3 films on either ETL or HTL since most ETL or HTL materials

are polycrystalline and their crystal lattices do not match with HPSC thin films.[69,  70] Thus,

light-emitting  devices  based  on  CsPbBr3 composite  are  currently  restricted  to  the

polycrystalline form,[71] as its HPSC thin films are found to be very difficult to be integrated

into devices. The high-quality fabrication of HPSC ultra-thin films on arbitrary substrates is

an open challenge currently under active investigation,  [72, 73] since single crystal thin films do

not naturally grow on arbitrary substrates without proper lattice matching. 

Figure 2 shows the general schematic of the epitaxial growth (Figure. 2a, b, c). Epitaxy is

generally divided into two major types, homoepitaxy and heteroepitaxy.[74] Materials scientists

have exploited many fabrication methods for epitaxial halide perovskite thin films growth,

which varies from individual structure, properties and the application conditions of thin films

and substrates, as well as the lattice mismatch between them.[75] As a result, to select a proper

epitaxial thin film growth technology, researchers should take into account thermodynamics,

kinetics,  surface  energies,  materials  scalability,  samples  reproducibility,  stability  and

commercial  applications.[76,  77] These typical  epitaxial  growth methods,  such as  the vapor-

phase epitaxy, liquid-phase epitaxy, molecular-beam and solid-phase epitaxy, as well as other

kinds of thin-film fabrication methods, guarantee the quality of single-crystal thin films. [78, 79]
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Using epitaxial growth, the flexibility  of the device design of perovskite materials is greatly

improved, so is the tunability of layer thickness, and also the device performance in regards to

electronic properties Below we discuss several epitaxy strategies that have been employed to

approach the high-quality HPSC thin films in the following.

Figure 2. a,b,c) Schematic diagram of the epitaxial film growth on a matching single crystal
substrate.  d,e) Schematic diagram of the self-assembly of single-crystal  slice on a smooth
substrate. 

2.1.1  Solution-phase growth on lattice-matched substrates.  To identify  lattice-matched

substrates  for  organic-inorganic hybrid HPSC thin films,  Chen et  al.  prepared a series of

halide perovskite  substrates  of MAPbClxBr3-x to engineer  epitaxial  single-crystal  α-FAPbI3

thin films (Figure 3a).[80] Substrate customization is achieved by tailoring the composition,

thereby tuning the lattice parameters until the ideal mismatch is found.The main parameters of

a typical example are shown in  Table 1. The designed lattice mismatch between film and

substrate can precisely control the film’s strain. The lattice parameter of strain-free (001) α-

FAPbI3 and (001) MAPbClxBr3-x substrate are 6.35 Å and 5.83-5.95 Å, respectively. α-FAPbI3
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film  is  able  to  epitaxially  grow  on  the  substrates  with  the  Cl- fraction  ranging  from  0

(MAPbBr3)  to  50% (MAPbCl1.50Br1.50,  lattice  parameter  of  5.83  Å),  where  α-FAPbI3 was

subjected to the maximum tolerance compressive strain of 2.4% for thermodynamical steady

epitaxial  growth. Instead of van der Waals interactions,  the lattice-mismatch promotes the

strong chemical bonds, which constrains the epitaxial lattice to the substrate and restricts the

lattice from the phase transition. In addition, the epitaxial film under compressive strain also

neutralizes the effect of the internal tensile strain that induced the phase transtion. The two

reasons  are  the  key  to  α-FAPbI3  phase  stabilization  and subsequent  the  environmental

stability  against  temperature  and pressure  variation.  The  strain  promoted  the  growth  and

stability  of  the  α-FAPbI3 crystal  structure,  reduced  the  bandgap,  increased  hole  mobility

enhanced the stability. This conclusion was supported not only by experimental techniques

but also by the theoretical calculations, indicating the epitaxial single-crystal perovskite thin

film is a promising candidate in photodetector devices. Such strain engineering can be used to

enhance  device  performance.  For  example,  photoconductor  structured  photodetectors  of

Au/α-FAPbI3/indium tin oxide with −1.2% strain were reported to exhibit dark current (at −1

V) and photocurrent  approximately  15% and 180% greater  than  those of  their  strain-free

counterparts. These enhancements are attributed to the higher defect density in the strained

device and the higher carrier mobility as well as better alignment of valence-band maximum

to the Fermi level of the Au electrode in the strained photodetector device

2.1.2 Epitaxial growth on intermediate layers. Besides the efforts made to epitaxial growth

of HPSC films to improve the working efficiency,  interlayer  insertion is  introduced as an

auxiliary way for the device performance enhancement.[81] MoS2 is fabricated between the

hole-transport  poly[bis(4-phenyl)  (2,4,6-trimethylphenyl)amine]  (PTAA) and MAPbI3 film.

The addition  of  MoS2 flakes  contributes  to  not  only  the  perovskite  thin  films  orientation

preference, due to the lattice matching between the thin films and interlayer contact surface,
9



but also the enhancement  of stability  and photoelectronic properties,  such as photovoltaic

power conversion efficiency, owing to the improvement of both the thin film crystalline and

the interface  hole extraction  and transfer  rate.  The spin coating method was used for the

interlayer growth.[82] 

Antisolvent  treatment  method,  one of the most effective strategies  for large-scale and

high-quality  perovskite  film  preparation,  as  been  used  to  crystallize  MAPbI3 on  MoS2

interlayers.   [83] An antisolvent was used to reduce the solubility of MAPbI3 to facilitate the

crystallization,  and  as  a  result,  the  epitaxial  perovskite  thin  films  were  developed after

annealing (process is shown in Figure 3b and the related parameters are summarized in Table

1).[  84] It is worth noting that post-treatment of the HPSC thin films can effectively reduce

surface traps that lower the efficiency of the devices.[85] Although the lattice symmetries of

hexagonal MoS2 and tetragonal MAPbI3 are different, the surface of MoS2, which is free of

dangling  bonds,  can  accelerate  Van  der  Waals  epitaxial  growth  of  MAPbI3 thin  film by

facilitating  atom  migration.[86] As  a  result,  the  lateral  direction  grain  size  growth  is

accelerated.  MAPbI3 thin film epitaxial  growth takes  place  as the interplanar  distances  of

MAPbI3 (008) plane and MoS2 (110) plane are both 1.58 Å. The lattice mismatch between the

film and the substrate is reduced to the minimum (~0%) due to the relation of d(002) MAPbI3 = 4 

d(110)  MoS2 = 6.32 Å.  The application  of  MAPbI3 and  MoS2 heterojunction-based solar  cell

devices was investigated over a series of different devices with different MoS2 average grain

sizes. A PCE of 20.55%, close to the record efficiency of HPSC thin film solar cells, was

reported for the champion device with 500 nm MoS2 flakes. The carrier transport efficiency

facilitated by both MoS2 modification and MAPbI3 orientation was used to rationalize the

enhancement of the properties. Additionally, the time-resolved photoluminescence, external

quantum efficiency and other properties also demonstrated the advantage of devices fabricated

with MoS2 flakes.
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2.1.3  Exfoliation  and  transfer  of  epitaxial  films.  MAPbX3-based  HPSC films  have

promising outlook in wearable and implantable photovoltaic and electronic devices, thanks to

the  benefits  of  the  encapsulating  and  packing  techniques,  such as  poly(dimethylsiloxane)

(PDMS)  encapsulation.[87-91] However,  considering  the  volatile  and  vulnerable  organic

components in the brittle inorganic framework in organic-inorganic hybrid halide perovskites,

[92] high flexibility and high performance are not easy to be obtained concurrently.  Various

approaches to flexible HPSC are designed and adopted, to exfoliate films from hard substrates

so that they can be transferred to flexible ones or remain as freestanding films. Lei et al.

reported  a  solution-based  lithography-assisted  epitaxial-growth-and-transfer  method  for

preparing flexible MAPbI3,[43] whose properties are shown in Table 1. As shown in Figure 3c,

the single-crystal perovskite substrates in the growth mould were merged into the  MAPbI3-

based solution. Small crystals nucleated, filled and grew out of the pattern openings, merged

into a continuous thin film. Afterward, the film was lifted and rotated in-plane to break the

connection with the substrate. TEM was used to confirm that the crystal lattices of epitaxially

grown MAPbI3 films were the same as those of single-crystal MAPbI3 substrate due to the

high-quality  homoepitaxy. Devices with 2 μm thick MAPbI3 absorber exhibited the highest

light  absorption.  The  device  current  density  improved  with  the  thickness  of  MAPbI3

increasing until 2 μm and impaired with the thickness continuously rising because of the light

absorption saturation with the carrier collection efficiency limitation. The fill factor (FF) and

the open-circuit voltage (VOC) decreased with increasing thickness due to the weaker build-in

field in thicker films induced stronger interfacial charge accumulation. The high short-circuit

current density (JSC) in MAPb0.5Sn0.5I3 and bandgap-graded MAPb0.5+xSn0.5−xI3 resulted from

the  bandgap  and  the  exciton  binding  energy  decreasing  when  tin  was  alloyed  with

lead.Furthermore, each device unit was able to be interconnected by the metallic bridge to

form  a  flexible  island-bridge  array,  reaching  the  working  area  of  6.25  cm2.  Neither  the
11



flexibility nor the high performance of the devices is decreased. For example, the bandgap-

graded MAPb0.5+xSn0.5−xI3-based solar cells exhibit an average efficiency of 18.77%.

Figure  3. Epitaxial  growth  of  organic-inorganic  hybrid  HPSC thin  films,  such  as  (MA,
FA)PbX3. (a) The  heterojunction  design  schematic  of α-FAPbI3 grown  on  a  series  of
MAPbClxBr3-x (0.00≤ x ≤1.50) substrates. Reproduced with permission.[80] Copyright 2020,
Nature. (b) The MAPbI3 perovskite growth process including spin-coating with anti-solvent,
thermal annealing and heteroepitaxy on (110) MoS2 substrate. Reproduced with permission.[18]

Copyright  2019, John Wiley and Sons. (c) The fabrication flow diagrams of  MAPbI3-based
(MAPb0.5+xSn0.5−xI3)  single-crystal  thin  film,  including  solution-based  epitaxial  growth,
expanding, merging and transferring steps. Reproduced with permission.[54] Copyright  2020,
Nature.

2.1.4 Epitaxial spin coating method. . To assemble perovskite-based devices, the sandwich

structure of ETL/halide perovskite/HTL is typically necessary.[57, 93] As a result, most single-

crystalline perovskites grown on non-transport layers, such as SrTiO3 substrates, inevitably

suffer from the challenge of exfoliating and transferring, which requires a precise operation.
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To avoid the defects produced in this process, the alternative method, the direct fabrication of

the perovskite  single crystals  on transport  layers  has  been utilized.[94] The properties  of  a

typical example are listed in Table 1. A series of (100) CsPbBr3 arrays were in situ grown on

cubic phase (100) ZnO ETLs by the spin-coating method. The large lattice mismatch causes

CsPbBr3 to  form μm-scale single-crystal  arrays instead of the large-area continuous films.

Although there is more space for the evolution from single-crystal arrays to thin films, the

experiment  design  and  method  lead  the  way  in  the  one-step  method  for  single  crystal

perovskites-based semiconductor compatible devices.[95]

Similar work by Kelso and their coworkers introduced the epitaxial CsPbBr3 spin coating

method.[52] The process and the mechanism were analyzed in  Figure 4a. After the material

solution was dropped on the (100) SrTiO3 spinning substrate,  the boundary layer  and the

ordered  adlayer  formed.  Nucleation  occurred  as  the  spinning  and  heating  faciliated

evaporation of and supersaturation of the solution. The accompanying concentration reduction

at the interface  of solid  and liquid caused the concentration gradient  which results  in the

diffusion layer  component of molecular  or ion.  The structure of spin-coated CsPbBr3 was

illustrated by the interface model, which is shown in Figure 4b. A +5.57% lattice mismatch

between CsPbBr3  (100) [011] || SrTiO3  (100) [001] was achieved by 45o in-plane rotation of

CsPbBr3. The lattice mismatch is relatively large (>4%) so that the continuous film area is

limited. The corresponding X-ray pole characterization also confirmed the single-crystal out-

of-plane and in-plane orientations relative to SrTiO3 substrates. SEM image of (100) SrTiO3

substrate grown CsPhBr3 is shown in Figure 4c. The diamond-like island of CsPbBr3 has the

potential to become dense films with more depositing times or additives to adjust its chemical

interfacial energy.[96,  97] This simple and economical  spin coating method is should inspire

further development of epitaxial halide perovskite thin films. 

2.1.5 Vapor-phase expitaxy. 
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Inorganic perovskites have lower solubility and more complex phase diagram, resulting

in a more challenged solution growth.  Vapor-phase epitaxial  (VPE) growth is  a powerful

technique, which has advantages in controlling morphology, reducing defects and monolithic

device integration.For example, CsPbBr3 have been deposited via VPE by adjusting the lattice

mismatch by calculating lattice constants. Figure 4d shows a representative chemical vapor

deposition tube-in-tube setup, in which CsPbBr3 ingots are used as the source for depositing

epitaxial  films  on  a  SrTiO3 (100)  substrate.  Different  temperatures  and  operation  times

produced  different  CsPbBr3 morphologies.  Compared  to  discrete  CsPbBr3 nanoplates,

continuous CsPbBr3 films required higher temperature to promote the diffusion of adatoms

and  accelerate  the  preferred  epitaxial  crystallite  nucleation.  CsPbBr3 materials  were

heteroepitaxially  fabricated  on  multifunctional  oxide  perovskite  SrTiO3 (100)  substrate  in

vapor-phase epitaxial growth method.[98] Although SrTiO3 and CsPbBr3 share the same cubic

crystal structure, the lattice constants of SrTiO3 (3.91 Å) and CsPbBr3 (5.83 Å) have large

mismatch. Serendipitously, however, a low mismatch of 0.47% occurs between two unit cells

of CsPbBr3 and three-unit cells of SrTiO3, where 150% times the lattice constant of SrTiO3

conforms to 100% that of CsPbBr3 in both CsPbBr3 (100) [100] || SrTiO3 (100) [100] and

CsPbBr3 (100) [010] || SrTiO3 (100) [010] directions. As shown in Figure 4e, the overlap area

illustrated by the light yellow consists of the unit cells of 2   2 CsPbBr3 (100) or 3   3

SrTiO3 (100). Because of the Volmer-Weber island formation heteroepitaxial growth mode,

CsPbBr3 forms rectangular islands in all sizes where the large surface energy and the SrTiO3

surface wetting layer absence may dominate the morphology. The minority thick nanoplates

exhibited  concave  surfaces,  following  the  layer-by-layer  inverted  wedding  cake

homoepitaxial growth mechanism. Here, the nucleation of the new atomic layers occurred at

the edge, fabricating inward and then being trapped in virtue of the interlayer mass transport.
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Figure 4. Epitaxial growth of all-inorganic HPSC CsPbBr3 thin films. (a) The diagram of spin
coating process and mechanism of epitaxial thin films fabrication. (b) The interface model of
CsPbBr3 (100) [011] and SrTiO3 (100) [001], showing the lattice mismatch of +5.57%. The
green spheres indicate Cs atoms and the purple spheres represent Ti atoms. (c) The SEM data
of  CsPbBr3 on  SrTiO3 (100)  substrate. Reproduced  with  permission.[60] Copyright  2019,
American Association  for the Advancement of Science. (d) The tube-in-tube vapor  phase
equipment for CsPbBr3 single-crystal thin films and nanoplates epitaxial growth on  SrTiO3

substrates. (e) The structure illustration of incommensurate lattice match structure between 2
unit  cells  of  CsPbBr3 (100) and 3 unit  cells  of SrTiO3 (100).  (f)  The SEM image of  the
CsPbBr3 single-crystal thin films smooth surface with few concave textures. Reproduced with
permission.[98] Copyright  2017,  American  Chemical  Society,  from  the  link
https://pubs.acs.org/doi/abs/10.1021/jacs.7b07506, and further  permissions  related  to  the
material excerpted should be directed to the ACS.
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Higher  reaction  temperature  and  shorter  process  time  were  needed  to  obtain  the

continuous CsPbBr3 thin films. Randomly irregular nanostructures formation was avoided due

to the broken of Volmer-Weber mode that accelerates the adatoms diffusion and the increase

of nucleation density. The smooth surface of large-scale CsPbBr3 single crystal thin film is

shown in  Figure 4f, and the small concave textures were consistent with the layer-by-layer

homoepitaxial  growth mode during the CsPbBr3 thick nanoplates  growth. The device was

configurated as Au/CsPbBr3/Au. 1012 cm-3 defect density, 104 cm s-1 surface recombination

velocity and the slow charge carrier recombination rate were observed. The method of facile

vapor-phase  heteroepitaxial  halide  single-crystal  thin  films  growth  on  perovskite  oxide

substrates reported in this work is typical and possesses the applicable universality to some

extent. As a result,  we have reasonable grounds to believe that more and more promising

heteroepitaxial  growth  involved  halide  and  oxide  perovskites  would  be  achieved  in  the

coming future in optoelectronic devices.[98]

2.2. Lateral growth of HPSC films

Unlike epitaxial growth, which requires lattice-matched growth on crystlaline substrates,

HPSCs can be grown on arbitrary substrates using a second class of HPSC fabrication known

as lateral growth. Lateral growth of HPSC films usually occurs through nucleation at many

different  sites  on  the  substrate,  where  each  of  the  newly  grown nuclei  grow laterally  in

parallel.  Although  the  film may  become  polycrystalline  over  a  larger  area,  there  can  be

regions of micro-, milli- or even centimeter-scale single-crystal films stemming from growth

on one nucleus. Owing to the relatively loose substrate selection rules of HPSC films lateral

growth,  it  is  favorable  to  the  development  of  various  on-chip  fabricate  perovskite

applications, including flexible devices making use of HPSC film/PET, perovskite solar cells
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in the structure of HPSC film/ITO, electronic devices with HPSC film/Si, and optical devices

applying HPSC film/quartz structure.

2.2.1 Geometrically-restricted lateral growth. 

Seeking  to  work  around  the  strict  lattice  matching  required  by  epitaxial  growth  on

horizontal  substrates,  scientists  have  developed  alternate  methods  for  HPSC film  growth

based on confining the growth of single-crystal thin films in the vertical direction between two

parallel  substrates,  thereby  promoting  lateral  growth  of  single  crystals.[99,  89] The  specific

details  are  introduced  in  the  corresponding  examples  and  shown  in  Table  1.[99,  100] For

example,  the  space-limited  inverse  temperature  crystallization  method  was  employed  to

fabricate  MAPbBr3 crystal  film  between  fluorine-doped  tin  oxide  (FTO)  glass  and

polytetrafluoroethylene  (PTFE)  substrates,  where  the  inserted  U-shape  PTFE  substrates

regulate MAPbBr3 film thickness (Figure 5a).[89] Crystal growth using this method is initially

disordered. Subsequently, the (100) crystallographic direction dominates,  resulting in large

(100)-oriented crystals. This result can be explained by the (100) exposed face obtained in the

XRD  pattern  of  MAPbBr3 powder  and  crystal  film.  With  the  temperature  gradient,  the

injected MAPbBr3 precursor solution was synthesized in situ to produce the films with areas

as large as 120 cm2. Narrowband photodetectors fabricated using the resulting materials offer

broad linear  response over incident  light  power densities  from 10−4 to  102 mW cm-2 with

wavelength selectivity of 61.3 dB, 3 dB cutoff frequency of ≈110 kHz, and high narrow

response under the low bias of -1 V. Similarly, Zhao et al. demonstrated the fabrication of

MAPbI3 perovskite  solar  cells  (Figure 5b)  by  dipping  two  parallel  FTO/TiO2 substrates

vertically  into  a  heated  MAPbI3 precursor  solution.[89] Due  to  capillary  pressure  and  the

temperature  gradient,  solutions  were  wicked  in  between  the  substrates  and  subsequently

reacted to form single-crystalline MAPbI3 films. The thickness of each film was controlled by

the gap between the two substrates, produced by a 50-200 µm thick Teflon spacer. The [001]
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vertical direction of MAPbI3 dominated during the growth process.  The relevant solar cell

devices  were fabricated  a  FTO/TiO2/MAPbI3/Spiro-OmeTAD/Ag architecture,  where  TiO2

and  Spiro-OmeTAD  served  as  the  ETL  and  HTL,  respectively.  The  charge  extraction

efficiency at TiO2/MAPbI3 interface was high,  the MAPbI3 single crystal  thin films’ optic

band  gap  was  small  and  the  carrier  lifetime  was  long.  Devices  were  measured  to  have

maximum short circuit  current density  JSC of 24.40 mA cm-2. The on-substrate fabrication

method was also used by Chen et al. .[100] to grow MAPbBr3 MAPbI3, MAPbCl3 thin films that

can  exhibit  visual  inspection  thickness-dependent  colors.  Various  substrates,  such  as  the

silicon, flexible polyethylene terephthalate (PET), mica, ITO and FTO, can be applied without

lattice matching to the thin films. Fabrication was realized according to top-seeded solution-

growth,  with the temperature gradient inducing sufficient convection in the solution. The thin

film device was observed to have trap density ntrap ~ 4.8 × 1010 cm-3, carrier mobility m ~15.7

cm2 V-1 s-1 and carrier lifetime τr ~84 μs.[100] 

A similar  HPSC thin  film fabrication  process  of  cast  capping was employed to  grow

MAPbBr3 and applied to LED devices. The single crystal was formed after casting perovskite

precursor solution on a ITO-patterned glass substrate and was then capped by another ITO-

coated substrate. A LED device based on ITO/MAPbBr3/ITO sandwich structure emitted pure

green luminescence with a full width at half a maximum of 20 nm at operating voltages as

low as 2 V. The electroluminescence blinking behavior of this device may provide insight into

the recombination processes that depend on carrier traps and defects in HPSC light-emitting

applications. [101]

To  form  large-scale  HPSC  MAPbI3 thin  films,  a  fabrication  mould  can  be  applied,

property details shown in Table 1.[102] The patterned rolling mould is implemented to roll-print

the  perovskite  ink  solution  onto  substrates,  during  which  the  solvent  evaporates

accompanying  the  feeding  solution  crystallization  by  heating  the  substrate  to  form  the
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unidirectional  lateral  growth  within  the  geometrical  confinement.  The  flexible

poly(dimethylsiloxane)  (PDMS) mould was prepared with periodical  channels  and narrow

spaces to wrap on a metal roller. When it rolled on SiO2 substrate, the MAPbI3  precursor

solution mounted in the ink supplier was printed (Figure 5c) in the tetragonal crystal structure

(Figure 5d).  The  seed  crystals  grew  initially  along  the  [110]  direction  in  the  instant

crystallization process. Misaligned growth was prevented by lateral geometrical confinemen,t

and the growth on nuclei only occured in one open direction along the substrate until one

crystal dominated the channel space. Vertical growth was restricted by kinetic control as well

as geometrical confinement. Finally, the single-crystal structure of the film is confirmed by

XRD scan at the fixed 2θ angle of (002) plane,  where the tetragonal  perovskite four-fold

symmetry  is  proved via  the four  sharp peaks.  It  indicates  that  the  [001]  direction  finally

dominates in film laterally growing in the channels of the mould. The area of the patterned

thin film can reach 3 × 3 inches. A single-crystal MAPbI3 model device was fabricated with

200  nm thickness  and  two  100-μm-gap  Au  electrodes  deposited  on  the  surface.  A  hole

mobility  of  45.64  cm2 V-1s-1 was  obtained  under  3  V,  reaching  the  bulk  single  crystal

perovskite  level.  The  MAPbI3 based  lateral  solar  cells  were  characterized  in  a

Au/MAPbI3/PCBM/Ag configuration . The short-circuit current density was 18.33 mA cm-2,

the open-circuit voltage was 0.801 V, the fill factor was 0.329 and the best active-area PCE

was 4.83%, confirming the high performance relative to other lateral perovskite solar cells

Vertically restricted lateral growth methods pave a way for the further exploration of high-

performance single-crystal thin films, different from horizontal epitaxial fabrication. 
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Figure 5. Solution-based geometrically-restriction lateral growth. (a) The sandwich structure
for  MAPbBr3 crystal  films  growth  under  the  temperature  gradient,  the  thickness  being
controlled by that of U-style PTFE thin membrane. Reproduced with permission.[44] Copyright
2017,  John  Wiley  and  Sons. (b)  The  schematic  of  single-crystalline  MAPbI3 growth  on
vertical  FTO/TiO2 and  glass  substrates  with  the  temperature  gradient. Reproduced  with
permission.[89] Copyright 2017, Elsevier on behalf of Science in China Press (China). (c) The
schematic  of  geometrically  confined lateral  crystal  growth.  The single-crystal  thin  film is
roller-printed by the roller mould with the thin film solution ink supplier, resulting in rapid
crystal growth in the rolling direction. (d) The printed single-crystal MAPbI3 perovskite thin
films crystal structure, the yellow sphere denoting the CH3NH3

+, red sphere being Pb2+, and
violet sphere referring to I-.  Reproduced under terms of the CC-BY license.[102] Copyright
2017, Lynn Lee et al., published by [Springer Nature].

2.2.2 Solution-phase lateral growth with external stimuli

Preparing the hybrid perovskite crystals in solution is one of the widely used ways to

grow  single  crystals,[103,  104] among  which  the  external  stimulus  of  adjusting  the  solution

saturation plays an important role. To achieve single-crystal thin films, a specially designed

solution-based method was exploited using cavitation-triggered asymmetrical crystallization

(CTAC),  in  which  a  short  ultrasonic  pulse  (≈ 1  s)  is  introduced  to  promote  MAPbBr3

nucleation  (Ultrasonic stimulation in  Table 1).[105] The prepared  MAPbBr3 semitransparent
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homogeneous films are free of grain boundaries (Figure 6a). To fabricate the films, equimolar

MABr and PbBr2 perovskite precursor solution was sealed in a dish with a 0.5 mm diameter

hole, which was put into a larger dish with dichloromethane antisolvent. A short ultrasonic

pulse  was  actuated  in  the  ultrasonic  bath  when  the  perovskite  solution  reached  a  low

supersaturation in order to provide the energy for heterogeneous nucleation by means of rapid

local  cooling.  The  local  pressure  and  accumulating  energy  in  a  cavitation  process  were

increased. Thus the cavitation bubbles asymmetric around the substrate, resulting in the initial

stage preferential lateral crystallization through the jet shooting to the substrate  (Figure 6b

and 6c).[105] Varying the precursor concentrations was used to tune film thicknesses from one

to several tens of micrometers. High-resolution X-ray diffraction (XRD) further confirmed a

fourfold symmetry in (110) diffraction, explaining the film‘s (001)-oriented cubic symmetry

in twin-free single crystals. Many substrates can be used to anchor the perovskite films in this

method, e.g., FTO-coated glass. A photovoltaic device based on a glass/FTO/TiO2/MAPbBr3/

Au structure was fabricated, with MAPbBr3 thin film as the light absorber layer and TiO2 (or

Au) film as  the  ETL (or  HTL).  Optoelectronic  devices  based  on  MAPbBr3 HPSC films

exhibited stability advantages over analagous polycrystalline devices, since grain boundaries

served as moisture infiltration and corrosion sites in polycrystalline films. 

Lateral growth with external stimuli is also used to grow freestanding single-crystal thin

films, for example, CsPbBr3 thin films with lateral size as large as nearly centimeters were

reported.[106] In  order  to  achieve  highly  anisotropic  single-crystal  thin  films,  precursor

concentration,  reaction  temperature,  and  surfactant  are  the  rival  parameters.  The  growth

strategy combined with the chemical vapor deposition and chemical solution process is called

external stimulied lateral growth, with the typical example details in Table 1. As shown in

Figure 6d, the glass dish containing dissolved PbBr2, CsBr and the acid was placed in the

sealed bottle with the mixed anti-solvents . The freestanding and flexible thin-film shown in
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Figure 6e was on the scale of several  millimeters,  displaying transparent  yellowish color.

Confirmed  by  both  experimental  data  and  first  principles  density  functional  theory

calculations, the ligand of the surfactant plays an important role in effectively modifying the

film surface energy, resulting in the large ratio between the film lateral size and the thickness.

Surfactant content increase thickens the vertical size and thins the lateral size of the films. The

surface  energy  and  temperature  influence  the  CsPbBr3 single-crystal  film  growth  rate,

according to the crystal growth kinetics Equation 3: 

ψ=A exp [−( E A−E s )/(k BT )] (3)

Where  denotes the growth rate, EA is the crystal growth activation energy and ES is surface

free  energy.  The  kB is  the  Boltzmann  constant  and  T is  the  reaction  temperature.  (110)

orientation in CsPbBr3 HPSC thin film is confirmed by the data analysis of XRD, electron

backscatter  diffraction  (EBSD)  and  high-resolution  transmission  electron  microscope

(HRTEM). The film is with a 2.31 eV bandgap, corresponding to the film’s uniform bright

green luminescence. All of the films’ uniform optical properties, high crystallinity and bound

exciton  in  vertical  direction  contribute  to  the  excellent  photoluminescence.  The  carrier

mobility ranged from 7 to 45 cm2 V−1 s−1 and the trap density is from 5 × 1010 to 5 × 1012 cm-3

at the different thickness locations on the same CsPbBr3 HPSC thin film. Analyzed from the

data, the photoluminescence lifetime increased while the trap density decreased with the film

thickness increasing. The uniform optical property of the film is demonstrated by the tight

distribution of photoluminescence lifetime at different regions.[106] The large-scale CsPbBr3

single-crystal thin films have potential in high-performance photoelectric applications.

As  another  example  of  external  stimulied  lateral  growth,  single-crystal  MAPbBr3

microplatelets were grown on ITO/glass substrates placed in MAPbBr3/Dimethylformamide

(DMF) precursor solution in a Teflon beaker, which was sealed in a glass beaker containing
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Dichloromethane (DCM) for 24 hours at room temperature.[106] A simple ITO/MAPbBr3/Au

LED device was fabricated without any ETL or HTL, Here, ion migration was used to form

the p-i-n junction. The deve emitted 2.3 eV photons under 1.8 V for 54 hours at ~5000 cd m -2

without  degradation.  Moreover,  whispering-gallery-mode  cavities  and  exciton-exciton

interaction  have  been  demonstrated  in  the  same  device,  highlighting  the  potential  of

electrically driven HPSC laser diodes. [107]

Figure 6. Solution-based external stimulus lateral growth. (a) The image of the  MAPbBr3

single crystal thin film, demonstrating the large scale of the film. (b) The film fabrication
process.  The collapse of the cavitation bubble near the substrate, which is asymmetric and
causes a high-speed jet toward the substrate, resulting in the initial stage preferential lateral
crystallization  origin.  (c)  Zoom  image  of  the  bubble  acting  on  the  substrate  and  film.
Reproduced with permission.[105] Copyright  2016, John Wiley and Sons. (d) The modified
antisolvent  diffusion process for CsPbBr3 single-crystal  film synthesis  in solution.  (e) The
photography of yellowish CsPbBr3 single-crystal film in solution, showing the transparency
and flexibility. Reproduced with permission.[106] Copyright 2020, John Wiley and Sons.
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Table 1. Summary of representative epitaxial and oriented HPSC thin films 

Material Method Substrate
Thin film

status Lateral size
Thick
ness
[μm]

μc)

[cm2 s-1 v-1]
Lifetime

[ns]

Ntrap
d)

[×1011

cm−3]
Device

Ref
.

Epitaxial methods

α-FAPbI3 Solution-
phase

MAPbClxBr3−x  Single
crystal

>12 μm ×
12 μm

0.50 ~100 - 5.30 Photodetect
or

[80]

MAPbI3 Intermed.
layer 

MoS2 flakes Preferred
orientatio

n

90 nm; 
250 nm; 
500 nm

0.40 - 22.43 - Photovoltaic [22]

MAPbI3
MAPb0.5Sn0.5I
3

Exfoliation MAPbI3 Single
crystal

5.50 × 5.50
cm

0.06
-100 

~40 ~600 2.20 Photodetect
or

[54]

CsPbBr3 Spin
Coating 

c-ZnO Single
crystal 

10 × 
3 μm

- - 3.64;
20.90

- - [94]

CsPbBr3 Spin
Coating 

Au/Si Epitaxial <10 μm - - - - - [60]

CsPbBr3 Vapor-
phase 

SrTiO3 Single
crystal

5 × 
10 mm

1-7 518 10 15 Photodetect
or

[98]

Lateral growth methods

MAPbI3 Geometric
restriction

FTO/TiO2 Single
crystal

>several
hundred μm

50
-200

- 206 - Photovoltaic [89]

MAPbBr3 Geometric
restriction

FTO Single
crystal

Area ~120
cm2

1 40.7 0.88 Photodetect
or

[99]

MAPbBr3 
MAPbI3 
MAPbCl3

Geometric
restriction

PET/glass Single
crystal

Up to mm 1 15.7 84000 0.48 - [100]

MAPbBr3
Geometric
restriction

ITO-
patterned

glass

single
crystal

- - (20 nm
fwhm)

(2 V
operating

)
- LED [101]

MAPbI3 Geometric
restriction

SiO2 Single
crystal 

30 × 77.20
mm

0.02-
1

45.64 - - Photovoltaic [102]

MAPbBr3 External
stimulus

Si;
ITO-coated

glass;
FTO-coated

glass;
Sputter-
coated
metal 

Single
crystal

Area ~0.20
cm2

1-90 - - ~1 Photovoltaic [105]

CsPbBr3 External
stimulus

Freestandin
g

Single
crystal

~1 cm 0.09
-0.85

7 to 45 12.60
-21

0.50
-50 

- [106]

MAPbBr3
External
stimulus  ITO/glass

Single
crystal 20-100 μm 10

 (emiting
2.3 eV

photons)

(turn-on
voltage
of 1.8 V)

LED [107]

a)Epitax., Epitaxial  Method;  b)Later.,  Lateral  Method; c)μ, carrier  mobility; d)Ntrap for  trap
density.

3. Conclusion and Perspective

HPSC thin films occupy an important position in optoelectronic applications owing to their

remarkable properties of tunable bandgap,  long carrier diffusion length, low recombination
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rates.  Herein, various remarkable works  related to the growth methods,  materials properties

and device applications of HPSC thin films are reviewed. Several typical growth methods are

introduced, providing examples of the fabrication of halide perovskite thin films targeted to

various goal-oriented characteristics and the specific applications. Furthermore, this review

has  summarized  the  recent  advancements  of  properties  and  applications  of  photovoltaic

devices, photodetectors and light-emitting devices. Although  these devices exhibit not only

high stability against various degradation factors but also excellent properties. Research  on

HPSCs is  still  in  its  early  stages., particularly,  with  the  concerns  about  the  extreme

recombination at the surface of the single crystals. We highlight the challenges that need to be

overcome  to  realize  high  performance  HPSC devices  and  provide  outlook  on  the  future

development of these unique materials. 

(1) The extreme  recombination in  HPSC thin  films  or  at  the  surface  of  the  single

crystals limits their otherwise excellent photovoltaic performance. More research is needed to

understand the in-depth mechanism and then investigated to  reduce surface recombination

rates. Compared with bulk perovskite polycrystalline crystals, HPSCs and their thin films are

affected  more  by  non-radiative  recombination  induced  by  surface  defects  or  traps  that

decrease the carrier mobilities. Therefore, to fully exploit HPSC thin films and enhance their

properties  in  photovoltaic  devices,  pertinent  strategies  to  understand  and  control  surface

defects  are urgently  needed.  The optimization  of  HPSC quality  improvement  can  include

optimizing growth processes and surface passivation techniques to minimize defects. These

approaches may include fine or automated control over reaction conditions (e.g., temperature

profiles), solvent engineering, [25] post-treatment of thin films, [85] the use of additives during

growth, and engineering bandgaps in alloys or heterostructures.[108] Although some research

has been performed in these areas, new routes to reducing recombination are waiting to be

found.
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(2) Interface engineering will be another indispensable strategy to unlock the potential

optoelectronic  performance of  the  HPCS thin films based devices.  To reduce the adverse

impact  of  the  lattice  strain  that  exists  at  perovskite/substrate  interfaces  due  to  lattice

mismatching, such as the interfacial recombination and electric contact problems, the use of

intermediate or buffer layer employment should continue to be employed. More specifically,

new  interlayer  materials  and  their  combinations  with  substrates  should  be  explored.  In

addition,  issues  between  other  interfaces,  such  as  the  perovskite/charge  layer  and

charge/substrate layer should also be investigated more comprehensively. 

(3) HPSC thin-film dimensions affect  properties  such  as  flexibility  and high-density

integration,  which  are  critical  parameters  for  emerging  applications  such  as  wearable

electronics. Thus, it is a priority to overcome the challenge of preparing high-quality large-

scale 2-dimensional thin films that require large in-plane lateral length or width and small

thickness of less than 100 nm along the out-of-plane longitudinal height 

(4) Preparation  of  HPSCs  on  compatible  ETL  or  HTL  surfaces is  essential  for

fabricating ultra-thin ETL/perovskite/HTL devices, and the design of new device architectures

with advanced properties are needed. Most transfer methods irreversibly damage the films, so

it is important to investigate alternate methods, such as the one-step growth of thin films on

targeted substrates or even with patterned electrodes, with more compacted attachment and

fewer defects. MAPbI3-based devices would benefit from these methods due to the current

absence of electron transport layer and hole transport layers for single-crystal thin films for

this material. 

(5) Heterojunctions  in  HSPC  devices. A  broader  array  of  HPSC devices  could  be

realized  if  methods  to  dope HPSCs and form heterojunctions  of  such materials  could  be

developed.  For  example,  P-I-N  single  crystal  diodes  could be  promising  based  on

ETL/perovskite/HTL devices, where P-type semiconductors substitutes for the current ETLs
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and N-type semiconductors take the role of the HTLs.  Furthermore,  fabrication of the PN

junctions  by  directly  doping  N-type  and  P-type  perovskite  single  crystal  thin  film

semiconductors would a formative milestone, given that the entire Si-based semiconductor

industry is based on fabrication of heterojunctions via doping .[109] 

(6) Improvement in PCE performance is always one of the most decisive criteria for

the state of the art devices. Lowering defect densities and higher carrier mobilities are critical

for  making  progress  in  this  regard.  Improvements  in  growth processing  methods  will  be

necessary  for  achieving  these  device  performance  gains,  with  the  goal  of  exceeding  the

certified PCE of the commercial silicon solar cells currently in service. Further investigation

into  coupling  of  optoelectronic,  ferroelectric,  and  piezoelectric  characteristics  with

mechanical flexibility properties will be of particular value the thin film applications.[110]

(7) Expanding applications. In addition to currently investigated optoelectric devices,

expanding  HPSC film applications  to  data  storage,  energy  harvesters,  catalysis,  etc.  is  a

necessity and will be achieved by leveraging the unique ferroelectric properties of HPSCs and

their  other unique properties.  Moreover,  multi-functional  devices,  e.g.,  those that combine

energy generation, management, and storage may increase the application of HPSC materials.

Connecting the energy management devices,  such as the capacitors,  with the photovoltaic

cells  (generation)  as well  as  other  optoelectronics  can spur  high energy conservation  and

efficiency.

(8) Stability  improvements,  including  thin  film robustness,  temperature  stability  and

chemical durability, are required for further development ofindustrial HPSC applications. The

phase or crystal orientation stability of MAPbX3 has been found to significantly vary with

changes in ambient temperature.[111] Compositional engineering of HPSC thin films is required

to improve the stability of MA+ and other perovskites.[38, 108] Adding rigid π-conjugated organic

ligands has been demonstrated to stabilize the movement of the ions and prevent the chemical
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bonds  from  easily  breaking.  Further  research  is  required  to  develop  a  wider  range  of

approaches for specificallystabilizing HPSC films.[112] 

(9) Coupling experimental research along with modeling and simulation. HPSC films

will ideally allow perovskite-based devices to approach theoretical limits, which is the goal of

most  application-oriented  research.  These  goals  can  be  achieved,  and  the  limits  can

potentially be exceeded, by coupling experimental campaigns to modeling and simulations,

e.g., by elucidating epitaxial  growth mechanisms, refining design rules for lattice mismatch,

and investigating fundamental devices physics. Machine learning [113-115] and high-throughput

physical modeling of perovskites  [116] can also be combined with  traditional and automated

experimentation to guide and accelerate the discovery of new routes to synthesizing HPSC

thin  films,  new  HPSC  materials,  and  increase  understanding  of  structure-function

relationships in these materials. [117-121]

(10) Industrial scale-up is another goal for HPSC thin films to achieve during strategies

development and challenges overcoming. In this process, many factors should be considered,

including the feasibility of high-quality volume production and high product percent of pass.

To  reduce  cost  and  increase  sustainability,  fabrication  processes  with  fewer  steps,  less

complex workflows, and mild growth conditions should be developed. 

(11) Development of sustainable materials. With the further development of HPSC thin

film-based devices,  the  composition  of  HPSCs will  become a more  critical  concern.  The

development of perovskites free of lead and other toxic ions will be critical for widespread

application  of  HPSC-based  materials.  In  particular,  techniques  developed  for  growing,

stabilizing,  and treating  HPSCs will  need to  be  extended  to  alternate  and  more  complex

perovskite materials, such as double perovskites. [122]

Despite  the  challenges  presented  by  HPSCs,  researchers  are  forging  ahead  on  the

development of these promising materials. While the growth of perovskite single crystals with
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such  anisotropic  and  extended  dimensions  may  have  seemed  unattainable  in  the  past,

persistent  research  has  lead  to  substantial  progress,  increased  understanding,  and

serendipitous  discoveries.  We  hope  that  the  achievements  reviewed  here  and  the  future

perspective  provided  inspires  more  comprehensive  and  extended  studies.  Given  the

breathtaking progress in perovskite research, breakthroughs in HPSC thin film research and

applications are on the horizon.
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Halide perovskite single crystal (HPSC) films attract wide attention due to the extraordinary
performance such as high carrier mobility, long carrier diffusion length, and tunable bandgap.
The  representative  fabrication  methods and  characteristics,  as  well  as  the  applications  of
typical  HPSC  thin  films,  including  MAPbI3,  α-FAPbI3,  MAPbBr3,  CsPbBr3,  etc., are
systematically reviewed. The prospects are also discussed at the end. 
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