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Single-crystal halide perovskites:
Opportunities and challenges

Yusheng Lei,1,2 Yimu Chen,2 and Sheng Xu2,3,4,5,*
Progress and potential

Single-crystal halide perovskites

have received growing attention

due to their high carrier-transport

efficiency and excellent stability in

comparison with their

polycrystalline counterparts. This

review is timely, since it gives a

comprehensive overview of the

advances in single-crystal halide

perovskite, including their unique

physical properties, controllable

crystal growth, and, most

importantly, device applications.

In the end, we share our

perspectives on the remaining

challenges and potential solutions

for driving this emerging field

forward. This review will provide

food for thought to researchers in

the field and a jump-start to

beginners who want to join this

exciting field.
SUMMARY

Single-crystal halide perovskites have demonstrated excellent opto-
electronic properties and promising device application potentials,
thanks to their remarkable carrier dynamics, solution processing pro-
cedures, and outstanding stabilities. The latest progress and future
perspectives of single-crystal halide perovskites are reviewed herein.
The basic properties and fundamental studies of single-crystal halide
perovskites arefirst discussed.We then introduce thegrowthmethods
for these materials and summarize their recent developments. We
further present the single-crystal halide perovskite devices among
their major application fields. Finally, we discuss current challenges
and provide some suggestions for their further development. We
hope thispaper canhelp readersunderstand the status and future chal-
lenges for single-crystal halide perovskites.

INTRODUCTION

As a class of emerging semiconductors, halide perovskites hold significant potentials for

multiple fields.However, currenthalideperovskiteelectronicdevicesareheavily focused

on polycrystalline thin films, primarily due to the simplicity of depositing polycrystals.1,2

Despite their successful use cases in various devices, polycrystalline halide perovskite

thin films facemany challenges that greatly impede their further research, development,

and commercialization of those devices. A high density of structural defects is typically

present in the polycrystalline thin films, including point defects (e.g., vacancies, intersti-

tials, and substitutional antisites), impurities, dislocations,grainboundaries, and residual

precipitates (e.g., PbI2 cluster and metallic Pb from the fast antisolvent deposition pro-

cess).3 Those defects result in non-radiative carrier loss,4 material degradation,5 device

hysteresis,6 and many other detrimental effects.7,8 Single-crystal halide perovskites,

on the contrary, exhibit a largely suppressed density of those structural defects due

to the ordered lattice arrangement. This structural superiority bestows the single-

crystal halide perovskites with several attractive benefits, which has garnered growing

attention in the field.8–12 In this review, we summarize the advances that have been

made to date in developing single-crystal halide perovskites, with a focus on their prop-

erty merits, growth methods, and use cases. Finally, we share our thoughts on several

outstanding challenges, inviting more researchers to contribute to this exciting field.

BASIC PROPERTIES OF HALIDE PEROVSKITES

Compared with conventional semiconductors, halide perovskites show structural as

well as compositional versatility, which confers fascinating semiconductive proper-

ties for a wide range of applications.

The structure and composition of halide perovskites

Perovskite was first discovered by German mineralogist Gustav Rose in Russian’s

Ural Mountains in 1839.13 Perovskites share the same ABX3 crystal structure. In
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halide perovskites, A is a general cation that can be organic or inorganic, B is a

metallic cation, and X is a halide anion.14 Specifically, common A-site cations include

Cs+,15 Rb+,16 K+,17 methylammonium (MA+),18 formamidinium (FA+),19 dimethylam-

monium (DMA+),20 ethylammonium (EA+),21 guanidinium (GUA+),22 tetramethylam-

monium (TMA+),23 tetrabutylammonium (TBA+),24 and phenylethylammonium

(PEA+);25,26 Common B-site metallic cations include Pb2+,27 Mg2+,28 Ca2+,29

Ba2+,29 Mn2+,30 Fe2+,31 Ni2+,32 Cu2+,33 Zn2+,34 Cd2+,35 Ge2+,36 Sn2+,37 Eu2+,38

Tm2+,39 and Yb2+;40 Common X-site anions are Cl�,41 Br�,42 I�,43 formate

(HCOO�),44 and BH4
�.45 Depending on the effective radii of the A-site cations, B-

site cations, and X-site anions, the crystal lattice of halide perovskites ranges from

a highly symmetric cubic structure to a less-symmetric tetragonal or orthorhombic

structure (Figure 1A).46 In general, the backbone of these pseudocubic structures

consists of the corner-sharing [BX6] octahedra, with A-site cations occupying the

12-fold coordination sites formed in the middle of eight [BX6] octahedra.
47

A tolerance factor is usually used to evaluate whether a pseudocubic perovskite

structure can be maintained:51

t =
rA + rXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðrB + rXÞ

p ;

where t is the tolerance factor, rA is the effective radius of the A-site general cation, rB
is the effective radius of the B-site metallic cation, and rX is the effective radius of the

X-site halide anion. Empirically, a halide perovskite structure with a calculated t

ranging from 0.8 to 1 is considered to be stable with cubic symmetry (Fig-

ure 1B).15,46,48 If the size of A is relatively small (e.g., for MA+ cations with a radius

of 217 pm15), then t would be small, and a tetragonal or orthorhombic structure

will be formed. On the other side, if the size of A is too large (e.g., for TBA+ cations

with a radius of 494 pm24), the perovskite will adopt a layered two-dimensional (2D)

or a linear one-dimensional (1D) structure such as the Ruddlesden-Popper phase,

the Dion-Jacobson phase, and the alternating-cation phase (Figure 1C).52 The size

of B cations (e.g., Pb2+ with a radius of 119 pm15 and Sn2+ with a radius of 110

pm15) usually will not have a big impact on t since they do not change much

compared with the size of A. The size of X anions can effectively affect the crystal

structure of halide perovskites. For example, MAPbI3 (I
� with a radius of 220 pm15)

adopts a tetragonal structure under room temperature whileMAPbBr3 andMAPbCl3
(Br�with a radius of 196 pm15 and Cl�with a radius of 181 pm15) adopt a cubic struc-

ture. Also, F�-based halide perovskites are rarely studied due to the small size of the

F� anion (129 pm in radius15), which results in a too-small tolerance factor to hold the

crystal lattice.53 Because of the high tunability in structures and compositions, the

halide perovskites show very versatile functionalities.54
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General merits of halide perovskites

Halide perovskites are intriguing semiconductors. It has been reported that the

valence band maximum of halide perovskites mainly consists of s orbitals of heavy

metal ions (e.g., Pb2+) and p orbitals of halide ions (e.g., I–).55 Therefore, substituting

the chemical composition can effectively alter the coupling of the orbitals and,

consequently, the electronic band structures of the perovskites, which enables a

broad range of applications.56–59 With different compositions, halide perovskites

show a tunable direct band gap between 1.2 eV and 3.1 eV (Figures 1D and 1E),60

which covers the entire visible spectrum.

Besides, halide perovskites demonstrate tunable exciton (bound electron-hole

pairs) binding energies (Eb) based on their compositions and dimensions. For the
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Figure 1. The tunable structure, composition, and band gap of halide perovskites

(A) Schematic lattices of 3D halide perovskites with different crystal structures.46 Different pseudocubic structures can be formed with different

compositions and external conditions. Copyright 2020, American Chemical Society.

(B) Relationship between the composition and the tolerance factor.48 In this plot, the tolerance factors of FAPbI3 (>1.0) and CsPbI3 (<0.8) fall outside of

the range of stability due to the cation size. Alloying FA+ and Cs+ cations can neutralize the tolerance factor into the range of stability. Copyright 2015,

American Chemical Society.

(C) Schematic lattices of 2D halide perovskites with different crystal structures.49 The most representative crystal structures are Ruddlesden-Popper,

Dion-Jacobson, and alternating-cation. Copyright 2020, Springer Nature.

(D) Optical images of MAPbX3 colloidal solutions with different halide compositions,50 demonstrating the tunable band gap by compositional

engineering. Copyright 2015, American Chemical Society.

(E) Photoluminescent spectra of the corresponding band-gap-tunable MAPbX3 colloidal solutions.
50 Copyright 2015, American Chemical Society.
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widely studied MAPbI3, Eb is reported to be �10 meV,61 which is much smaller than

the thermal energy at room temperature (�26 meV), indicating that the excitons can

easily overcome the Coulombic interaction by thermal fluctuation and become free

charge carriers.62 The free charge carriers can be readily separated and collected

upon excitation, which is suitable for photovoltaic and photodetection applications.

On the other side, reducing the dimensions of halide perovskites63 and changing the

composition by substituting the halide ions with others64 can effectively increase the

Eb to several hundreds of millielectron volts. A large Eb enables enhanced radiative

recombination of the charge carriers, which is advantageous for light-emitting

applications.
2268 Matter 4, 2266–2308, July 7, 2021
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Additionally, halide perovskites have shown superior carrier-transport properties.

High mobility (up to several hundreds of cm2$V�1$s�1, due to the relatively low elec-

tron/hole effective masses65) and long lifetime (up to several microseconds, due to

the relatively benign defect chemistry65,66) of charge carriers have been reported in

halide perovskites,65 contributing to the long charge carrier diffusion length (up to

tens of micrometers).47 It is worth mentioning that the carrier mobility of halide pe-

rovskites is found to be comparable with those of typical inorganic semiconductors

(e.g., GaAs).67 Fröhlich interaction, which is the intrinsic coupling between carriers

and phonons in polar semiconductors,68 relaxes the carriers’ initial kinetic energy

to the lattice and therefore limits the further increase of carrier mobility in halide pe-

rovskites.63 Nevertheless, these outstanding carrier-transport properties render

halide perovskites extremely suitable for applications like highly efficient photovol-

taic, low-limit photodetection, and many others.

Meanwhile, halide perovskites typically show a high absorption coefficient up to 105

cm�1 over the entire visible spectrum,69 due to the strong interband transition.70,71

This absorption coefficient is more than one order of magnitude higher than that of

Si.72 The high absorption coefficient enables a required absorber thickness of

<400 nm in photovoltaic devices, which is much thinner than those made of Si.73

Consequently, a reduced device thickness can not only reduce devices’ cost signif-

icantly, but also potentially suppress the charge carrier recombination and, accord-

ing to the Shockley-Queisser model,74 lead to a high open-circuit voltage (VOC) in

photovoltaics.

Last but not least, halide perovskites can be processed by low-temperature solution

methods.75 Unlike conventional semiconductors that typically required vacuum-

based deposition under high temperatures, the solution processability of halide

perovskites can be readily scaled up at a low cost. There is no need for any fancy

equipment, which allows quick and wide adoption of perovskite research worldwide.

Different from other solution-processable semiconductors (e.g., quantum dots76

and organic materials77), high-quality halide perovskite single crystals can be easily

grown by several crystallization methods.
CURRENT STUDIES OF SINGLE-CRYSTAL HALIDE PEROVSKITES

Most of the devices reported to date are based on polycrystalline halide perovskite

thin films with compromised electronic and optoelectronic performance. Single-

crystal halide perovskites possess merits that warrant effective solutions to mitigate

these problems, such as carrier recombination, current-voltage hysteresis, and

instability.9–12
Carrier recombination

The recombination of free carriers directly determines the mean free time of the car-

riers in semiconductors. Structural defects lead to the formation of electronic traps

within the band gap, which can serve as centers for trapping free carriers.78 Trapped

carriers are likely to be detrapped from shallow trap states with sufficiently low acti-

vation energies or annihilated in deep trap states with large activation energies.3

The latter process is mainly attributed to the non-radiative recombination and is

detrimental to device performance.

Trap densities can be characterized by I-V characteristic curves (Figures 2A and

2B)4,79 and C-f measurements (Figures 2C and 2D).79–81 The results show that the

trap density is between 1015 and 1017 cm�3 for polycrystalline halide perovskite
Matter 4, 2266–2308, July 7, 2021 2269
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Figure 2. Carrier recombination in halide perovskites

(A and B) Identifying the carrier trap densities in (A) MAPbBr3 and (B) MAPbI3 single crystals by the space-charge-limit-current method.4 Results show that

the trap densities in these single crystals are on the order of 109–1010 cm�3. Copyright 2015, The American Association for the Advancement of Science.

(C) Trap density energy landscape in a polycrystalline halide perovskite thin film characterized by capacitance-frequency measurements.8 Results show

that the trap density in the polycrystalline thin film is on the order of 1017 cm�3. Note that symbols I, II, and III represent three kinds of trap centers with

different energies in the electronic band. Copyright 2020, The American Association for the Advancement of Science.

(D–F) (D) Spatial and energy mapping of the trap density in a polycrystalline halide perovskite solar cell characterized by the drive-level capacitance

profiling method.8 Results show that the interfacial traps play a major role. Copyright 2020, The American Association for the Advancement of Science.

Identifying the carrier lifetime in (E) MAPbBr3 and (F) MAPbI3 single crystals by time-resolved photoluminescent measurements.4 Results show that the

carrier lifetime can reach on the order of microseconds. Insets: the photoluminescence peaks used in the time-resolved photoluminescent

measurements. Copyright 2015, The American Association for the Advancement of Science.

(G) A confocal photoluminescence image of a polycrystalline MAPbI3 thin film.87 The red circle denotes the mapping at the grain center, while the yellow

triangle denotes the mapping at the grain boundary. Scale bar, 500 nm. Copyright 2017, American Chemical Society.

(H) A 2D scatterplot of photoluminescence intensity and average carrier lifetime at the grain center and the grain boundary.87 Results show that the

photoluminescent peak intensity in the grain centers with reduced non-radiative recombination is much stronger than that in the grain boundaries.

Copyright 2017, American Chemical Society.

(I) Representative time-resolved photoluminescent decay curves at the grain center and the grain boundary.87 Results show that the carrier lifetime in

the grain center is longer than that in the grain boundary. Copyright 2017, American Chemical Society.
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thin films72 and is around five to seven orders of magnitude lower for single crys-

tals.4,82 For electronic and optoelectronic devices whose performance is highly

related to the carrier diffusion length, such a greatly reduced trap density in single

crystals can lead to a suppressed non-radiative recombination of charge carriers

and thus augmented device performance. For example, trap-assisted non-radiative

carrier recombination based on polycrystalline halide perovskites is the main reason

for the reduced fill factor (FF) and voltage loss in solar cells.83 Lower densities of

structural defects and electronic traps in single crystals minimize the non-radiative

recombination of charge carriers, as proven by the much-elongated carrier lifetime

(Figures 2E and 2F)84,85 and higher photoluminescence quantum yield.86

Note that although increasing the grain size and passivating the grain boundaries in

polycrystalline halide perovskite thin films are commonly shown to reduce the non-radi-

ative recombination,88–90 the role of grain boundaries on the recombination of free

carriers is still underdebate.91Conventionally, grainboundaries are viewedas non-radi-

ative recombination centers due to the generated local heterogeneity (Figure 2G–2I).92

Recent studies showed that the grain boundaries in polycrystalline copper indium
2270 Matter 4, 2266–2308, July 7, 2021



ll
Review
gallium sulfide and copper zinc tin sulfide thin films were benign because the defects in

grain boundaries could induce electrostatic barriers and reduce the carrier recombina-

tion.93,94 Similarly, several studies reported benign properties of the grain boundaries

in halide perovskites.91,95 Due to their intrinsic complexity, more studies are needed to

reveal the role of grain boundaries in the carrier recombination in halide perovskites.

Carrier transport

Besides trapping the free carriers by forming deep electronic states in the band gap,

the point defects can also affect the carrier transport through the Coulomb-interac-

tion-induced defect scattering. The point defects can alter the acceleration vector of

the carriers.96 Due to the reduced point defect densities and the weakened carrier-

phonon coupling, single-crystal halide perovskites usually exhibit much-enhanced

carrier mobility.80,97,98 Meanwhile, the absence of grain boundaries eradicates the

possible scattering of the charge carriers, contributing to the excellent carrier dy-

namics in single-crystal halide perovskites.97,99,100

Carrier mobility can be experimentally characterized by multiple methods, including

the Hecht-equation electrical measurement (Figure 3A),101 the space-charge-limit-cur-

rent measurement,4,102 the time-of-flight measurement (Figures 3B and 3C),103,104 and

theHall effectmeasurement.82 Althoughelectrical characterizationmethods offermea-

surement simplicity (e.g., I-V curves), they can sometimes involve a high interfacial con-

tact resistance, leading to measurement errors.65 To solve this problem, contactless

optical characterization techniques have been reported, including the terahertz fre-

quency conductivitymeasurement (Figure 3D),105 the transientmicrowave conductivity

measurement (Figure 3E),106 and a customized three-dimensional (3D) optical diffu-

sion-quenching method (Figure 3F).107 Such measurements could significantly reduce

the contact resistance-induced errors and reveal accurate carrier mobility. Despite the

type of characterization methods used, single-crystal halide perovskites, in general,

showmuchhigher carriermobility than thepolycrystalline counterparts,60,65,108 holding

potentials in ultrafast electroluminescence,109 lasers,110 and photodetection.111

Ion migration

Due to the relatively low activation energy, ion migration is inevitable in halide pe-

rovskites. In particular, under biased operational conditions, ion migration takes

place mainly through point defects (e.g., vacancies and interstitials).112 The activa-

tion energies of mobile vacancies and interstitials for organic cations, metal cations,

and halide anions have been studied through first-principle calculations.3 Calcula-

tion results show that point defects in halide perovskites have relatively low activa-

tion energies, which can lead to a severe ionmigration under electric field during de-

vice operation.78,113 Besides, grain boundaries can serve as a channel for the mobile

ionic defects, leading to more severe ion migration under biased operational condi-

tions.46 Also, the accumulation of ions at perovskite/electrode interfaces results in

the electric-field screening effect, which can lead to current-voltage hysteresis dur-

ing electrical measurements.114 The hysteresis issue poses great difficulties to the

accurate measurement of the device performance.115 Moreover, the migration

and accumulation of mobile ions will rupture the halide perovskite lattices as well

as the adjacent hole/electron transporting layers.116 The ion migration will lead to

material compositional segregation and decomposition, which can damage the

long-term stability of halide perovskite devices.117 Therefore, it is crucial to suppress

the ion migration in halide perovskites.

In single-crystal halide perovskites, there are largely reduced densities of point de-

fects and impurities and an absence of grain boundaries.60,118 The ion-migration
Matter 4, 2266–2308, July 7, 2021 2271
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Figure 3. Carrier transport in halide perovskites

(A) Carrier mobility-lifetime product characterized by Hecht measurements.101 The hole mobility and the hole lifetime are calculated to be 52 cm2 V�1

s�1 and 296 ms, respectively. Inset: the relationship between the pulse amplitude and the applied voltage. Copyright 2020, Springer Nature.

(B) Transient photocurrent decay by time-of-flight measurements.4 The carrier transient time is extracted from the kink where the majority of carriers are

extracted, as marked by the black squares. Copyright 2015, The American Association for the Advancement of Science.

(C) Fitting of the calculated carrier transient time to determine the carrier mobility of single-crystal halide perovskites.4 The carrier mobility of this device

is calculated to be 115 cm2 V�1 s�1. Copyright 2015, The American Association for the Advancement of Science.

(D) Terahertz photoconductivity spectra of different polycrystalline halide perovskite devices.106 Copyright 2017, American Chemical Society.

(E) The spectra of the incident (black), transmitted (blue), and reflected (red) microwave pulses after interaction with the single-crystal halide perovskite

using transient microwave conductivity measurements.105 Copyright 2015, The Royal Society of Chemistry.

(F) The schematic concept of the diffusion-quenching model.107 Carriers are generated at the perovskite/substrate interface, diffuse, and then are

quenched before recombination. Copyright 2018, Springer Nature.
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activation energy in single-crystal halide perovskites (1.05 eV) is also significantly

higher than that in polycrystalline halide perovskites (0.27–0.50 eV) under dark con-

ditions (Figures 4A–4D).119 Although it is unlikely to fully eliminate ion migration, the

density of mobile ions can be significantly suppressed due to the enhanced material

crystallinity. A use case to manifest the suppressed ion migration is field-effect tran-

sistors (FETs). Halide perovskites are considered as an optimal material for FETs due

to their outstanding carrier-transport properties.120 However, very few groups have

achieved room-temperature halide perovskite FETs because the severe gate elec-

tric-field screening effect induced by ion migration can degrade the transconduc-

tance and compromise the FET performance.120,121 Single-crystal halide perovskites

with significantly suppressed ion migration are seen as a perfect candidate to

achieve room-temperature halide perovskite FETs.122,123 The suppressed ionmigra-

tion can considerably reduce the operational hysteresis. The realization of reliable

single-crystal FET at room temperature would be a milestone in the developmental

roadmap of halide perovskite electronics.

Instability

Another merit of single-crystal halide perovskites is their much-enhanced stability.

Currently, moisture and oxygen in the air are believed to be the major cause of de-

grading the halide perovskites.46 By interacting with the hygroscopic organic
2272 Matter 4, 2266–2308, July 7, 2021
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Figure 4. Ion migration and instability in halide perovskites

(A–D) (A) Schematics for measuring ion migration in halide perovskites.119 Conductivity of the device is measured under different temperatures.

Copyright 2016, The Royal Society of Chemistry. The temperature-dependent conductivity of (B) a polycrystalline thin film with small grains, (C) a

polycrystalline thin film with large grains, and (D) a single-crystal.119 Results show that the activation energy for ion migration decreases with increasing

the density of grain boundaries. Insets in (B) and (C) are scanning electron microscopy images of the polycrystalline thin films. The inset in (D) is an

optical image of a single crystal. Copyright 2016, The Royal Society of Chemistry.

(E) Schematic degradation mechanism of polycrystalline halide perovskite thin films.124 Moisture penetrates through the grain boundary and

decomposes the entire grain. Copyright 2017, The Royal Society of Chemistry.

(F) Operational stability of a vertical-type solar cell based on single-crystal and polycrystalline halide perovskite thin films.11 Results show that the single-

crystal device has a much-enhanced operational stability compared with the polycrystalline. Copyright 2020, Springer Nature.

(G) Enhanced device operational stability in a planar-type solar cell based on single-crystal halide perovskite wafers.125 Power conversion efficiency

degradation can hardly be observed in the 200-h stability test. Insets: optical images of the entire solar cell (left) and a magnified view of the device

structure (right). Copyright 2020, Springer Nature.
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cations, water molecules can dissociate the interaction between the organic cation

and the inorganic lead halide framework and decompose the perovskites. Oxygen

molecules can also react with the organic cations in a similar way. Grain boundaries

can serve as the channel (i.e., a fast transport highway) for moisture and oxygen

penetration and gradually decompose the entire material (Figure 4E).124 Without

proper encapsulation, polycrystalline halide perovskites can decompose in several

days under ambient conditions. By eliminating the grain boundaries,126 and there-

fore the channel for moisture and oxygen penetration, single-crystal halide perov-

skites exhibit long-term stability under ambient conditions.124

Halide perovskites will also self-decompose. When heated, grain boundaries serve

as the channel for the volatilization of organic cations, resulting in the decomposition

of halide perovskites. According to thermogravimetric analysis, the single-crystal

halide perovskite exhibits enhanced thermal stability compared with the polycrystal-

line counterpart due to the absence of grain boundaries in the single crystal.41,127

Single-crystal halide perovskites with the same chemical composition as the poly-

crystalline usually show a higher decomposition temperature.11 The enhanced ther-

mal stability is critical for photovoltaics, especially those with focused light sources

whereby the intense illumination will give rise to localized heating of the photoactive

layers.

Single-crystal halide perovskites also show superiority in operational stability (Fig-

ures 4F and 4G).11,125 Non-radiative carrier recombination induced by defects
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usually releases heat. Therefore, extensive non-radiative carrier recombination can

potentially cause a severe rise in the device temperature and accelerate the material

decomposition. This problem is critical in light-emitting diodes (LEDs), resulting in a

notoriously short lifetime of the devices.128 For example, it is reported that the

lifetime of perovskite LEDs could be extended by reducing the Joule heat by passiv-

ating the traps with additives in FAPbI3 precursors.129 Single-crystal halide perov-

skites with low defect density can suppress the non-radiative recombination, leading

to long-term operational stability, especially for LEDs with a shorter emitting wave-

length that operate under a higher bias voltage and tend to generate a larger

amount of heat. This enhanced thermal stability of single-crystal halide perovskites

can potentially help realize long-term stable blue LEDs.

Facet, strain, and superlattice engineering

Epitaxial growth has been widely used in the semiconductor industry.130,131 Through

the epitaxial technique, high-quality single-crystal halide perovskite nano-/micro-

structures with different crystallographic facets and orientations,132–134 lattice

strain,135,136 and superlattice structures137,138 have been grown, enabling many

new avenues of fundamental studies and device applications.

By adopting halide perovskite bulk crystals with different chemical compositions and

crystallographic orientations as the substrate, an epitaxial layer can be grown with

various crystallographic orientations.9,82,139,140 Besides, adding capping agents to

the growth solution can change the surface energy of individual lattice planes during

the nucleation and thus tailor the exposed facets of the final single crystals (Fig-

ure 5A).141,142 Enclosed by different facets, halide perovskite single crystals tend to

exhibit varying properties. For example, different facets grown by using different

capping agents can be either p or n type because of the dissimilar dominant point de-

fects on these facets:143 the (100) facet with I� vacancies of the MAPbI3 single-crystal is

found to be n type while the (112) facet with MA+ and Pb2+ vacancies turns out to be p

type. For another example, the optoelectronic performance of halide perovskites

shows facet dependence.142 Photocurrent measurements from different facets of sin-

gle-crystal MAPbI3 show that the (100) facet has a better photoresponse because of

the reduceddefectdensity on the (100) facet.142 Facet engineeringcanhaveaprofound

impact on the performance of single-crystal halide perovskite devices.

Lattice strain can modify the electronic band structure of the epitaxial layer to

enhance the existing functionality or even create new functionalities.12,144,150 In

polycrystalline perovskites, it is challenging to generate controllable and long-last-

ing strain due to the weak physical attachment of the polycrystalline to the substrate.

Additionally, those grain boundaries in polycrystalline thin films can also facilitate

the phase change because of the unbalanced strain between grains.151,152 By

epitaxial growth, the controllable and stable strain has been achieved in single-crys-

tal halide perovskites by inducing lattice mismatch with the substrate.12,144,153 Inter-

facial van der Waals forces have been exploited to tune the optical properties of

halide perovskites due to the low moduli of halide perovskites.144 Due to the rela-

tively weak interfacial interactions, however, van der Waals epitaxy cannot achieve

substantial strain in the halide perovskites.144 Recently, large magnitudes of strain

(2.4%) have been realized with strong interfacial chemical bonds. The lattice

mismatch between the epitaxial layer and the substrate can be used as a continu-

ously tunable knob to deform and create strain in the epitaxial lattice, which can

consequently change the properties and functionalities of the materials.154

Compressive strain is found to narrow the band gap and enhance the hole mobility

in halide perovskites (Figures 5B and 5C).12,153 In addition, compressive strain can
2274 Matter 4, 2266–2308, July 7, 2021
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Figure 5. Facet, strain, superlattice, and ferroelectricity engineering in halide perovskites

(A) Facet engineering of halide perovskite single crystals by controlling the capping agent concentration.142 Red, the (100) facet; blue, the (112) facet;

orange, the (110) facet; and green, the (002) facet. Copyright 2017, American Chemical Society.

(B) Strain-dependent photoluminescent spectra of the epitaxial FAPbI3, demonstrating that the strain can effectively tune the band gap and thus optical

properties of halide perovskites.12 Copyright 2020, Springer Nature.

(C) Thickness-dependent photoluminescent spectra of a CsPbBr3 crystal grown by the van der Waals epitaxy.144 The change in the thickness-dependent

band gap is smaller compared with that of the freestanding one, demonstrating the weak interfacial interaction of the van der Waals epitaxy. The color

contrast of the optical images of the CsPbBr3 crystals on the left indicates their relative thicknesses. Copyright 2019, American Physical Society.

(D) Optical (left panels) and photoluminescent (right panels) images of periodically heterostructured halide perovskites.10 Different colors on the right

panels reveal the planar heterostructure with different band gaps. Scale bars, 3 mm. Copyright 2020, Springer Nature.

(E) Comparison of the linear (first harmonic) and quadratic (second harmonic) piezoelectric force microscopy response of MAPbI3.
145 Results show that

MAPbI3 exhibits both linear and quadratic responses, indicating that MAPbI3 might be ferroelectric. Copyright 2016, The Royal Society of Chemistry.

(F–H) (F) Polarized optical images of aMAPbI3 under freestanding and tensile strain.146 The stripe pattern changes under the tensile strain, which is the signature of

ferroelasticity. Scale bar, 100 mm. Copyright 2020, Springer Nature. Amplitude mapping of (G) a polycrystalline145 and (H) a single-crystal147 MAPbI3 thin film by

piezoelectric forcemicroscopy. The comparison shows the pattern in the single crystal ismore regularly aligned than that of the polycrystalline, due to the absence

of grain boundaries, point defects, and impurities in the single crystal. Scale bars, 500 nm (G) and 2 mm (H). Copyright 2018, Springer Nature.

(I) Dynamic 2H-NMR spectra of a single-crystal halide perovskite.148 Results reveal the dynamic reorientation of the organic cation MA+ under

illumination by probing the local chemistry of H atoms. Copyright 2020, Elsevier.

(J) A linear absorption spectrum of a single-crystal halide perovskite microwire. Inset: the schematic measurement setup.149 Different photoluminescent

spectra can be obtained by changing the distance between the laser and detector. Copyright 2018, American Chemical Society.

(K) Photoluminescent spectra of a single-crystal halide perovskite microwire with different excitation distances from the detector (from 0 mm to 125 mm),

demonstrating the reabsorption process in halide perovskites.149 Inset: photoluminescent intensity with different excitation distances from 0 mm to

125 mm. Copyright 2018, American Chemical Society.
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structurally stabilize the phase of those metastable halide perovskites by anchoring

the lattices of the epitaxial layer to those of the substrate,12,155–157 which thus effec-

tively broadens the library of halide perovskites for building stable devices.
Matter 4, 2266–2308, July 7, 2021 2275



ll
Review
Periodic alternation of the growth of two or more semiconductors with a controllable

thickness (typically a few atomic layers) forms a superlattice or a multiple quantum

well. Due to the quantum confinement and the coupling of adjacent electron wave

functions, such structures can exhibit much-enhanced electronic properties, such

as high quantum yield in lasers,158 and even show new functionalities, such as super-

conductivity,159 which are absent in their individual forms. Therefore, it is of great in-

terest to achieve superlattice in halide perovskites, which can be potentially valuable

for various applications. Recently, the periodically heterostructured growth of two

halide perovskites with sub-100-nm thickness for each layer has been reported (Fig-

ure 5D).10 The periodic heterostructure obviously enhanced the fluorescence inten-

sity and shifted the emission wavelength because of the energy transfer between

different layers of halide perovskites. Further developments in reducing the thick-

ness of each layer to several atomic layers may help enhance the quantum confine-

ment effect.160
Studies of intrinsic properties: Ferroelectricity and others

Defects in polycrystals would confound the measurements of physical properties of

the material per se. Due to the much-reduced structural heterogeneities and disor-

ders, single-crystal halide perovskites are considered to be better for studying the

intrinsic properties of halide perovskites.

The existence of ferroelectricity in halide perovskites is still under hot debate (Fig-

ures 5E and 5F).146,161–166 In general, ferroelectricity is identified by the existence

of ferroelectric domain structures and the switching of polarization in the domains

with electrical polling.167 One of the debates in ferroelectricity measurements of

halide perovskite states that the electrical polling triggers ion migration, leading

to artificial switching rather than ferroelectric switching of polarization.72,168 Other

debating aspects suggest that the polling process may inject extra carriers into

the halide perovskites, leading to an artificial dipole switching,72 and the contribu-

tion of polar organic cations to the ferroelectricity of halide perovskites remains

unclear.169,170 While the high crystallinity does not create ferroelectricity in single-

crystal halide perovskites, it can play an important role in determining the existence

of ferroelectricity. The single crystal is free from grain boundaries and has a much-

reduced impurity density, which leads to a more homogeneous and more accurately

identified ferroelectric domain structure than the polycrystalline (Figures 5G and

5H).171 Additionally, single-crystal halide perovskites can significantly suppress ion

migration due to the lower point defect density and thus reduce the artifacts during

electrical polling, which helps examine the existence of ferroelectricity.

Besides ferroelectricity, single crystals are conducive to studying the carrier-phonon

coupling in halide perovskites, which helps understand the intrinsic limit of carrier

dynamics and their photophysical properties.172,173 The reduced point defects

and absence of grain boundaries in the single-crystal halide perovskites minimize

the scattering of free carriers and lead to more accurate measurements of these

intrinsic properties.173 Similarly, solid-state nuclear magnetic resonance probes

the local chemical environment of atoms, which carries vast structural information

of the material (Figure 5I).174 In polycrystalline halide perovskites, atoms around

the structural defects will suffer from severe local heterogeneous strain, which con-

founds the signals measured by the nuclear magnetic resonance. In single-crystal

halide perovskites, the lack of such local heterogeneities leads to much-reduced

measurement complexity.148 Additionally, photon recycling/reabsorption plays an

important role in the VOC of perovskite solar cells and the efficiency of general
2276 Matter 4, 2266–2308, July 7, 2021
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optoelectronic devices.42 Single crystals are free from scattering by grain bound-

aries and may directly facilitate the photon recycling process (Figures 5J and 5K).175

CURRENT GROWTH METHODS FOR SINGLE-CRYSTAL HALIDE
PEROVSKITES

Researchers have established various kinds of procedures to grow single crystals of

hybrid and even all-inorganic halide perovskites. While those procedures are

different from each other, the key concept is the same, namely, crystallization

from a well-controlled precursor environment. Because of the especially strong tem-

perature-dependent solubility of perovskites in various solvents, solution-based

crystallization is the most widely adopted method.

Bulk crystals

Bulk crystals of halide perovskites usually are not suitable for building devices,

mainly because their large sizes strongly influence the internal carrier extractions

and result in strong carrier recombination. Nonetheless, high-quality bulk crystals

are great for fundamental studies of structural,12 mechanical,176,177 semiconduc-

tive,85,122 and ferroelectric178,179 properties of halide perovskites. Many methods

have been reported to grow bulk crystal halide perovskites of high quality, large

size, and high throughput.

The Bridgman method

By this method, large single-crystal halide perovskites are grown inside sealed am-

poules.180,181 Powdered materials and seeds are filled inside a quartz ampoule un-

der an inert or vacuum environment (Figure 6A). The crucible filled with the precursor

powder is thenmoved to the hot zone of the furnace and kept as such. After the pow-

der melts, the quartz ampoule is moved with a certain velocity toward the cold zone

of the furnace. Crystals start to nucleate at the crucible tip at specific temperatures.

The crystallization facade then starts to propagate through the melted powder. Usu-

ally organic compounds have high vapor pressure and are chemically unstable at

their melting point, so the Bridgman method is not suitable for hybrid halide perov-

skite and can only grow all-inorganic halide perovskite single crystals, such as the

solid-state reaction processed CsPbBr3
182,183 and lead-free CsSnI3 by mixing CsI

and SnI2.
184

Slow evaporation

Slow evaporation is well known as the simplest method to obtain single crystals. In

a mixed precursor solution, the solvent naturally evaporates, typically under

controlled heating, until crystallization takes place (Figure 6B). A saturated solution

is required to grow the crystals; otherwise, the crystallization process will not happen

or be delayed until the solution is saturated upon solvent evaporation. Despite its

simplicity, this method is less attempted because of the long-time required. Single

crystals of BA2PbX4 (BA is benzyl ammonium) have been grown by this method.185

The use of mixed solvents (dimethylformamide and dimethylsulfoxide) can not

only increase the solubility of the precursors but also accelerate the evaporation

rate of low-vapor pressure dimethylformamide and reduce the time required.

Inverse temperature crystallization

The inverse temperature crystallization (ITC) method is based on an unusual retro-

grade solubility regime whereby the solubility decreases in a specific organic solvent

or solvents when the temperature increases (Figure 6C).85 As the temperature rises,

the solution gradually reaches supersaturation. The nucleation appears at some

point, followed by crystal growth. Choosing the appropriate solvent is the key to
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Figure 6. Growth methods for halide perovskite bulk crystals

(A) A schematic setup for growing crystals by the Bridgeman method. Powders and seeds are filled

in a quartz ampoule and moved to a hot furnace until melting, after which the quartz ampoule is

moved with a certain velocity toward the cold zone of the furnace until crystallization.

(B) A schematic setup for growing crystals using the slow evaporation method. In a saturated

precursor solution, the solvent naturally evaporates under heating to drive crystallization and

growth.

(C) A schematic setup for growing crystals using the ITCmethod and optical images of the as-grown

crystals at different stages. As the temperature increases, the solution gradually reaches

supersaturation, followed by nucleation and crystal growth.85 Copyright 2015, Springer Nature.
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growing high-quality halide perovskite single-crystals. In 3D perovskites, crystalliza-

tion can easily happen because of the strong relation between temperatures and

perovskite solubility in several specific solvents41 (e.g., dimethylformamide for

MAPbBr3,
186 dimethylsulfoxide for MAPbCl3,

187 and g-butyrolactone for MAPbI3
85),

which allows them to grow into a large single crystal rather than many small crystals.

In addition to the hybrid halide perovskites, it is also possible to grow all-inorganic

single-crystal halide perovskites with this method, such as CsPbBr3 using dimethyl-

sulfoxide as the solvent under ambient conditions.188 However, the ITC method is

not very suitable for 2D perovskites, whose solubility in common solvents is too

high to form crystals rather than amorphous colloids.

Modifying steps of the ITC method, very-large-sized single-crystal halide perov-

skites can be grown. First, the growth precursor is dissolved in a suitable solution

and subjected to high temperatures overnight. The precursors’ solubility gradually

decreases, which leads to a homogeneous nucleation process, forming multiple

small crystals (1–2 mm in size). Second, a seed crystal with good morphology and

high integrity is chosen and positioned inside a freshly prepared saturated precursor
2278 Matter 4, 2266–2308, July 7, 2021
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solution. This solution is then subsequently subjected to heating. The seed crystal

will promote heterogeneous nucleation, yielding a larger crystal (�7 mm in size),41

which can be used as a seed crystal for another round of growth. An iterative process

can yield crystals as large as 1,000 cm3.189
Micro-/nanocrystals

Nanostructured halide perovskites have been deemed desirable candidates for

some electronic and optoelectronic applications,190,191 especially in light-emitting

devices,192–194 due to their unique quantum confinement effect, which can result

in superb electrical and photophysical properties beyond those of their bulk

counterparts.

Micro-/nanoplates

To date, both vapor-phase and solution-phase methods have been used to synthe-

size halide perovskite micro-/nanoplates, with the former being more widely adop-

ted.195–197 MAPbX3 (X = Br�, Cl�, and I�) micro-/nanoplatelets were firstly fabricated

by a vapor-phase conversion from halide platelets to corresponding perovskite

platelets.194 However, impurities and defects were easily formed using this method

because of the insufficient conversion process. To solve this problem, a more effi-

cient vapor-phase method was reported by using dual precursor sources simulta-

neously in the reaction system (Figure 7A).197 The as-prepared platelets approached

sub-10 nm in thickness and several micrometers in lateral dimensions, with excellent

crystal qualities, suggesting that the vapor-phase method is very efficient for the

preparation of perovskite micro-/nanostructures.

Micro-/nanoplates of MAPbBr3
201 and CsPbBr3

198 could be synthesized in solution

by using a colloidal approach (Figure 7B). From the reported solution-phase

methods, low reaction temperature and extra introduced solvents (e.g., acetone)

play key roles in the shape control. It was empirically found that only acetone could

efficiently trigger the nucleation of platelets of many Br-based halide perov-

skites,198,201 while other solvents facilitated nanocrystal nucleation and growth. It

is likely that acetone can slowly destabilize the complexes of Cs+ and Pb2+ with

various molecules in solution and therefore set the trigger for the nucleation of

the platelets, which is not observed in other polar solvents such as isopropanol or

ethanol.198 The addition of ethanol, for example, led to the quick formation of large

nanoparticles (20–40 nm in size), most likely due to the excessive destabilization of

the initial metal complexes.198

Micro-/nanowires

Micro-/nanowires feature a higher degree of anisotropy, which provides a high-

speed channel for the directional transport and propagation of photons and charge

carriers. By taking advantage of such unique characteristics, micro-/nanowires with

intriguing electrical and photophysical properties have been demonstrated, attract-

ing interests for fundamental studies and various applications.

Similarly, halide perovskite micro-/nanowires can be synthesized by both vapor-

phase and solution-phase methods. The first solution-growth strategy to prepare

MAPbI3 micro-/nanowires was reported in 2015 (Figure 7C).199 Lead acetate thin

film was firstly deposited on a glass substrate and then exposed to an organic

MAI precursor solution. Unlike the widely used inorganic PbI2 precursor, the lead ac-

etate precursor prefers to form micro-/nanowires rather than the typical cubes. The

same method can be applied to other halide perovskites such as MAPbBr3 and

MAPbCl3 by replacing the corresponding organic precursors. By using the lead
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Figure 7. Growth methods for halide perovskite micro-/nanocrystal

(A) Optical images of the single-crystal MAPbBr3 micro-/nanoplates grown by a vapor-phase method.197 Copyright 2015, American Chemical Society.

(B) Transmission electron microscopy images of the single-crystal CsPbBr3 micro-/nanoplates grown by a solution-phase method.198 Copyright 2016,

American Chemical Society.

(C) Optical and scanning electron microscopy images of the single-crystal MAPbI3 micro-/nanowires grown by a solution-phase method. Lead acetate

precursor is found to be the key factor for forming micro-/nanowires. A high aspect ratio (length up to 20 mm and width of several hundred nanometers)

can be realized.199 Copyright 2015, Springer Nature.

(D) Optical images of the CsPbBr3 micro-/nanowires grown by a vapor-phase method on mica (left) and sapphire (right) substrates. The growth is

considered to be governed by the van der Waals force.139 Copyright 2017, American Chemical Society.

(E) Optical and transmission electron microscopy images of the perovskite quantum dots grown by the hot injection method. By tuning the precursor

component, quantum dots of a series of band gaps can be obtained.200 Copyright 2015, American Chemical Society.
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acetate as the inorganic precursor, the as-grown micro-/nanowires can exhibit supe-

rior crystal qualities with a high aspect ratio (length up to 20 mm and width of several

hundreds of nanometers).199 Later, by using the PbCl2 precursor with a different anti-

solvent diffusion-induced crystallization strategy, the as-crystallized MAPbCl3 pe-

rovskites, which should be cubes in principle, were found to bemicro-/nanowires.202

Even though the mechanism of morphology change is still not clear, the kinds of
2280 Matter 4, 2266–2308, July 7, 2021
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antisolvents were found to be related to the micro-/nanowire morphologies, with

toluene resulting in the highest aspect ratio (length �45 mm and width �500 nm).202

The vapor-phase methods are more often reported for synthesizing all-inorganic

halide perovskite micro-/nanowires. The growth mechanism is generally considered

to be the van der Waals force.153,203 On mica and sapphire substrates, CsPbBr3 mi-

cro-/nanowireswereeasily grown via a vapor-phaseprocess (Figure 7D).134,139,204,205

Regardless of the substrate and the precursor source, a long reaction time and a high

reaction pressure were found to be critical for forming the micro-/nanowire

structures.

Quantum dots

With a controllable size and uniform size distribution, halide perovskite quantum

dots exhibit tunable quantum confinement effects, which allow for efficient color

emissions. There have been numerous reports on the synthesis of halide perovskite

quantum dots,200,206–208 with a key common concept, namely, hot injection.

Typical hot injection synthesis involves heating the required precursors to a certain

temperature under gas protection and quickly injecting the hot precursors into

another solution. Via a quick ionic metathesis reaction, quantum dots can be ob-

tained (Figure 7E).200 In this method, the nucleation stage happens directly after

the injection, and the growth stage starts afterward. The separation between the

two stages allows the achievement of narrow size distribution of the quantum

dots.209 The operating temperature and the injection time play important roles in

controlling the size of the obtained quantum dots.210 The high reaction temperature

also enables better control over the shape and phase purity of the quantum dots,

which may be due to the instant crystallization process without a growth window.211

Both hybrid and all-inorganic perovskite quantum dots can be obtained with this

method.200

However, a low emission quantum yield of those as-obtained quantum dots is

commonly observed, which is considered to be due to the unstable, uncoordinated

surface atoms.212 By choosing different organic ligands and solvents in the precursor

solutions,207,208,213–215 which can passivate the defect and prohibit the non-radiative

carrier recombination of the quantum dots, the emission quantum yield of halide

perovskite has been improved from the original �20%206 to now �95%.216,217
Thin films

Bulk crystals (typically >1 mm in thickness) suffer from inefficient extraction of charge

carriers in electronics, whose carrier diffusion length (typically 5–10 mm218,219) is far

below their crystal dimensions. Neither are nanostructures ideal for fabricating de-

vices. The interface between the nanostructures can impede the transport of free

carriers over a long range, in a way similar to the grain boundaries in the polycrystal-

line materials. Therefore, single-crystal thin films with proper thicknesses are ideal

for extracting charge carriers. Additionally, thin films are compatible with processes

for device integration, which typically requires multilayered stacking of different

functional materials.

Slicing

After the halide perovskite bulky crystals are grown, they can be sliced into thin wa-

fers (Figure 8A).220 With this method, single-crystal wafers of FAPbI3 and MAPbI3
with sizes of more than 20 mm and thicknesses as low as 100 mm have been achieved

using a diamond wire. An additional wet etching step by dissolving the FAPbI3 and
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Figure 8. Fabrication methods for single-crystal halide perovskite thin films

(A) A schematic setup and optical images of the single-crystal wafers made by the slicing method. Bulk single crystals are sliced by diamond wires into

pieces of thin single-crystal wafers.220 Copyright 2016, John Wiley and Sons.

(B) A schematic setup and an optical image of the space-confinement method. A geometrically defined dynamic flow reaction system is used to grow

single-crystal thin films. A peristaltic pump provides constant transport of fresh solutions for continuous crystal growth.222 Copyright 2016, John Wiley

and Sons.

(C) Schematics and an optical image of the modified space-confinement method. Two flat substrates vertically clip together are immersed in the

precursor solution. Changing the clipping force can effectively tune the film thickness. MAPbBr3 single crystals of a thickness of 13 nm can be

obtained.223 Copyright 2016, American Chemical Society.

(D) Schematics of the modified space-confinement method, and optical and scanning electron microscopy images of the as-grown single crystals. A

hydrophobic interface of the clapping substrate can effectively reduce the wettability of the substrates and lead to favored precursor transportation. A

millimeter-sized thin single crystal with �20 mm thickness can be obtained.224 Copyright 2017, Springer Nature.

(E) A schematic setup and optical images of the surface-tension-controlled ITC method. The large intermolecular distances in the surface layer due to

surface-tension effects decrease the molecular interaction energies, which can be translated into a faster lateral growth rate along the solution surface

than that along the thickness direction into the solution bulk.225 Copyright 2017, American Chemical Society.
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MAPbI3 crystals in g-butyrolactone can further reduce the thickness to �15 mm.221

However, mechanical slicing of those thin, brittle crystals normally causes fractures

inside, which also can serve as trap states to impede charge transport and thus

irreversibly degrade both mechanical and electrical properties of the as-fabricated

thin films. Additionally, because of the unbalanced solubility in the solvents, the

etching rates for the organic and inorganic components are different. Consequently,

wet etching may also largely increase the surface trap density by forming various

reactive defects in the partially etched perovskite structures.

Space confinement

Combining the ITC method and a geometrically defined dynamic flow reaction sys-

tem can grow single-crystal thin films.222 A peristaltic pump provides mass transport

of fresh solution for continuous crystal growth. The resultant single-crystal MAPbI3
thin films can possess a relatively large size of up to 1 cm, and the thickness can

be controlled to be as thin as 150 mm (Figure 8B). The film thickness can be further

controlled by two flat substrates clipped together that are vertically immersed into

the perovskite-precursor solution (Figure 8C).223 The gap size of the two substrates

can be tuned by changing the clipping force, and hence the film thickness of the re-

sultingMAPbBr3 can be adjusted to be as thin as 13 nm. Using this method, different

types of single-crystal halide perovskite thin films have been grown successfully on

various substrates, including quartz, indium tin oxide (ITO), Si, and polyethylene

terephthalate.

Unfortunately, the sizes of the single-crystal thin films grown with the clipped tem-

plates are too small (typically only hundreds of micrometers in footprint) to be effec-

tively applied in devices. A further improvement of the clipped template method has

been demonstrated with a hydrophobic interface facilitated diffusion strategy.224

The growth substrates were coated with a hydrophobic hole-transport material

poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA), which can effectively

reduce the wettability of the substrates and lead to favored precursor transportation

(Figure 8D).224 As a consequence, millimeter-sized single-crystal halide perovskite

(MAPbI3 and MAPbBr3) thin films with thicknesses of tens of micrometers have

been achieved.

A surface tension-controlled ITC strategy was also developed to achieve preferential

growth in the lateral direction at the solution surface.225 The intermolecular dis-

tances in the surface layer are larger due to surface-tension effects, which decreases

the corresponding molecular interaction energies. The resultant growth barrier at

the surface layer is lower than that in the bulk solution, which can lead to a faster
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Figure 9. More fabrication methods for single-crystal halide perovskite thin films

(A) A schematic setup of the roll-printing method and scanning electron microscopy images of the as-grown thin films. Inch-scale single-crystal MAPbI3
thin-film stripes can be obtained.226 Copyright 2017, Springer Nature.

(B) Schematics of the stamping method and an optical image of the as-grown thin film. An array of perovskite seeds is grown and stamped to a substrate,

which undergoes the space-confined solvent evaporation-induced crystallization process. Arrayed single-crystal thin films with sizes of millimeters and

thicknesses of nanometers to micrometers can be obtained.227 Copyright 2018, American Association for the Advancement of Science.

(C) Optical and scanning electron microscopy images of the single-crystal CsPbBr3 and CsSnBr3 thin films grown on single-crystal alkali halides

substrates by a vapor-phase epitaxial method. The obtained single-crystal halide perovskite thin films exhibit adjustable thicknesses from 200 nm to

7 mm and sizes up to 1 cm 3 1 cm.228 Copyright 2017, John Wiley and Sons.

(D) Optical images of the single-crystal thin films grown by the solution-based lithography-assisted epitaxial method. Individual epitaxial crystals can

merge together to form a single-crystal thin film due to their identical crystal orientation.229 Copyright 2020, Springer Nature.
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Figure 9. Continued

(E) Optical and scanning electron microscopy images of strained single-crystal thin films grown by the solution-based epitaxial method. Single-crystal

a-FAPbI3 thin films can be grown on a series of lattice-mismatched halide perovskite substrates (top). Scale bars, 4 mm. A suitable embedded strain

level will enhance the hole mobility without causing high densities of defects in the epitaxial layers.12 Copyright 2020, Springer Nature.
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lateral growth rate along the solution surface than that along the thickness direction

into the solution bulk (Figure 8E). Using this strategy, various single-crystal halide

perovskite thin films (including MAPbBr3, MAPbI3, and MASnBr3) with areas up to

1 cm2 and thicknesses of 5–20 mm have been grown at the solvent surface.

Roll-printing

Compared with the discrete single crystals with limited areas that are commonly grown

via spatially confined solution methods, producing continuous uniform wafer-scale sin-

gle-crystal halide perovskite thin films is highly desired but challenging. A facile roll-

printing techniquewasdeveloped to fabricate inch-scale single-crystalMAPbI3 thinfilms

(Figure 9A).226 In this solvent evaporation-induced crystallization process, a customized

channel-patterned rolling mold was used to transfer the perovskite ink solution onto a

preheated substrate, leading to immediate evaporation of the solvent and, thus, instant

crystallization of halide perovskites. The geometrical confinement of the mold can

restrict the crystal growth in the thickness direction to the submicrometer scale. The

instant crystallization under a controlled temperature plays an important role in control-

ling thegrowth behavior so that the precursor would contribute to thegrowth of already

formed seed crystals, rather than forming new seed crystals and yielding random poly-

crystalline structures.

Stamping

Seededgrowth by solvent evaporation is slow, but an array of seededgrowth in parallel

can increase the growth throughput. The stamping method is based on combining the

seededgrowthwith spaceconfinement.Anarrayof perovskite seedswas stampedonto

a substrate, which underwent the space-confined solvent evaporation-induced crystal-

lization process (Figure 9B).227 To prepare the stamped seed array, perovskite inks are

printed onto a temporary substrate, and ordered perovskite seeds are then formed as

the ink droplets evaporate. The seed stamp is then transferred to a target substratewith

a saturated precursor solution inside. The stamped seed array promotes heteroge-

neous nucleation and significantly inhibits random homogeneous nucleation. As the

solvent gradually evaporates at room temperature, single-crystal thin films with

patterned geometries can grow on the seeds that are uniformly distributed across

the entire substrate. The result is the scalable growth of single-crystal halide perovskite

thin-filmarrays, with eachpiecebeingmillimeters in size and controllable thicknesses of

from hundreds of nanometers to >10 mm. This method has been demonstrated to be

suitable for MAPbBr3, MAPbCl3, MAPbI3, CsPbBr3, and BA2PbBr4.

Vapor-phase epitaxy

Vapor-phase epitaxy has been demonstrated as a powerful technique to grow high-

quality single-crystal halide perovskite thin films. However, because of the high

growth temperature, the lattice constant and thermal expansion coefficient of the

halide perovskite should be matched with those of the substrate, which limits the

choice of substrates and halide perovskites to be grown. Monocrystalline alkali ha-

lides have been used as the substrate for the growth of all-inorganic single-crystal

halide perovskite thin films (e.g., CsPbBr3 and CsSnBr3) due to their similar material

chemistries and lattice constants (Figure 9C).228 The obtained single-crystal halide

perovskite thin films exhibited smooth surfaces with a uniform and adjustable thick-

ness from 200 nm to 7 mm and a size up to 1 cm 3 1 cm. Similarly, single-crystal

CsPbBr3 thin films with a controllable micrometer-scale thickness and an area of
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0.5 cm 3 1 cm have been grown on the (100) facet of SrTiO3 substrates through the

vapor-phase epitaxial method.230 Despite the distinct differences in the lattice con-

stants between the SrTiO3 substrate and CsPbBr3, two unit cells of CsPbBr3 can be

aligned with three unit cells of SrTiO3 with a very low lattice mismatch.230 During

the growth, the high reaction temperature accelerates atomic diffusion, which effi-

ciently increases the nucleation density and further facilitates the growth of thin films.

Even under optimized conditions, vapor-phase epitaxial growth still does not have

good growth coverage on the substrate, leading to a low growth throughput.

Also, the structural phase is prone to change during the process of cooling from

the high growth temperature, resulting in uncontrollable lattice relaxation or break-

down of the epitaxial relationship, which increases the dislocation concentration in

the as-grown crystals. To control the dislocation concentration and also study the

related carrier dynamics in perovskites, a remote epitaxy approach using polar sub-

strates coated with a layer of graphene has been demonstrated.203 With graphene

as a buffer layer, CsPbBr3 can be grown on the graphene/CaF2 substrate. The

weak film-substrate coupling in remote epitaxy largely suppresses the nucleation

of new crystals and promotes growth on existing crystals, yielding large-sized crystal

domains. The as-grown thin film has low-density dislocations because of the low

interfacial energy mediated by the graphene buffer layer. However, considering

the totally different lattice structure between CsPbBr3 and graphene, it is also

possible that the CsPbBr3 crystals might have nucleated on the CaF2 substrate

through the pinholes of the graphene. Nevertheless, compared with conventional

ionic epitaxy, the remote epitaxy suppresses the generation of dislocations and

related carrier recombination, which largely enhances the carrier lifetime.

Solution-based epitaxy

Solution-based epitaxy allows the formation of stable interfacial chemical bonds for

controllable and uniform epitaxial growth.231 Compared with vapor-phase epitaxy,

solution-based epitaxy can have a much higher growth coverage because of the uni-

form contact between the substrate and the growth precursor. Halide perovskite

bulk crystals can be used as the substrate. By tailoring the composition of the bulk

crystals, the growth can be either homoepitaxy11,82 or heteroepitaxy.12

A solution-based lithography-assisted epitaxial growth method has been reported to

fabricate single-crystal thin films of general halide perovskites (Figure 9D).11,82 A gen-

eral halide perovskite bulk crystal was used as the substrate. To prevent the halide pe-

rovskites fromdecomposing in solution (e.g., developers andetchants), a hermetic layer

of parylene-C polymer was used to seal the bulk crystal substrate. After a patterned

mask was formed on the parylene-C the substrate surface was exposed by dry-etching

theparylene-C.Using the combined epitaxial growth andmicrofabrication, the crystal’s

growth behavior, including thickness (as thin as 600 nm), area (as large as 5.5 cm 3

5.5 cm), morphology (thin films, rods, and cubes), orientation (along <001>, <110>,

and <111>), and composition (e.g., by alloying different cations and anions) could be

controlled. In particular, by continuously changing the growth precursor’s composition,

the compositionof the single-crystal thin film couldbe continuously changed, forminga

gradient composition and thus a graded band gap along the thickness direction of the

thin film. The graded band gap is valuable for charge carrier separation and collection,

similar to the function of a built-in potential at the interface of p-n junctions.

By adopting a similar growth process, strain was embedded inside the epitaxial thin

film when the compositions of the thin film and the bulk crystal substrate were

different (Figure 9E).12 By carefully designing the level of lattice mismatch, a series
2286 Matter 4, 2266–2308, July 7, 2021
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Figure 10. Single-crystal halide perovskite solar cells

(A) J-V curves of a 1-mm-thick single-crystal MAPbBr3 solar cell. The low efficiency is considered to be from the wide band gap of the absorber and the

absence of the hole-transport layer.261 Copyright 2016, John Wiley and Sons.

(B) Quantum efficiency measurements of a 1-mm-thick single-crystal MAPbBr3 solar cell. The high internal quantum efficiency suggests very efficient

intrinsic carrier transport in the single-crystal absorber, but the low external quantum efficiency indicates that a more optimized structural design is

needed.261 Copyright 2016, John Wiley and Sons.

(C) J-V curves of a 16-mm-thick single-crystal MAPbBr3 solar cell. The efficiency is obviously improved by forming a better-aligned energy band structure

with an electron transport layer and a hole-transport layer.262 Copyright 2017, The Royal Society of Chemistry.

(D) Superb stability of a single-crystal MAPbBr3 solar cell.
262 Copyright 2017, The Royal Society of Chemistry.

(E) J-V curve of a 15-mm-thick single-crystal MAPbI3 solar cell. Replacing MAPbBr3 with MAPbI3 provides a more suitable absorption range to improve

the solar cell efficiency.263 Copyright 2017, Elsevier.

ll
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Figure 10. Continued

(F) J-V curves of 15-mm-thick single-crystal MAPbI3 solar cells with different structures. Changing the device structure cannot further improve the

efficiency, indicating that the absorber thickness may be the bottleneck.264 Copyright 2018, John Wiley and Sons.

(G) J-V curves of single-crystal MAPbI3 solar cells. Decreasing the absorber thickness results in better device efficiencies. A remarkable 17.8% efficiency

is achieved with a 10-mm-thick absorber. The decreased absorber thickness is critical for efficient charge extraction and minimal carrier

recombination.224 Copyright 2017, Springer Nature.

(H) J-V curves (left) of an optimized 10-mm-thick single-crystal MAPbI3 solar cell (right). Record efficiency of 21.1% for single-crystal halide perovskite

solar cells is achieved.265 Copyright 2019, American Chemical Society.
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of lattice strain, as large as 2.4%, can be effectively coded into the halide perovskite

thin films. The embedded compressive strain was shown to not only change the crys-

tal structure but also reduce the effective mass and thus increase the hole mobility in

FAPbI3. Additionally, the compressive strain was unexpectedly able to stabilize

certain metastable halide perovskites (e.g., the photoactive a-FAPbI3 that would

otherwise phase change to the photoinactive d-FAPbI3) and extend its lifetime

from 24 h to almost a year. This controllable strain engineering in perovskites may

open up new directions for high-performance semiconducting electronics.

SINGLE-CRYSTAL HALIDE PEROVSKITE DEVICES

Halide perovskites have demonstrated exciting potential in multiple fields, including

solar cells,18,19,27,232–234 photodetectors,101,109,229,235–238 LEDs,129,239–241 la-

sers,58,242–246 and many others.246–252 Besides the excellent electrical properties,

single crystals show much-enhanced device stability compared with their polycrys-

talline counterparts. Because of their well-aligned lattice structures,11,12 the

single-crystals are not as vulnerable as the polycrystalline thin films to the common

stability risk factors, such as phase change,253–255 annealing-induced lattice expan-

sion,256 and rapid cation decomposition.257

Solar cells

Halide perovskites have been intensively applied for developing photovoltaics dur-

ing the past few years. However, the current record efficiency for perovskite solar

cells is still far from their theoretical Shockley-Queisser limit (e.g., �30.5% for a sin-

gle-junction cell based on MAPbI3). Additionally, the poor stability becomes the

realistic limitation for future improvements as well as commercializing perovskite so-

lar cells. Polycrystalline thin-film halide perovskite solar cells, with currently the most

efficient structure,232 have been proved to suffer from high defect levels, massive

grain boundaries, and rapid ion migrations,119,258 which are the major problems

for the short device lifetime. In contrast, single-crystal halide perovskites are free

from grain boundaries, showing not only low defect levels79 and suppressed ion mi-

grations11,119 but also dramatically enhanced optoelectronic properties, which are

promising for improving device performance and stability.

Compared with the widely studied polycrystalline halide perovskite solar cells, reports

on their single-crystal counterparts are very few.Oneof themajor challenges is the typi-

cally large thickness of the single-crystal halide perovskite absorber, which is orders of

magnitude thicker than the polycrystalline thin films (500–900 nm).232,259 The large

thickness of the single-crystal absorbers results in a weak built-in field, a high carrier

recombination rate, and therefore a poor charge-extraction efficiency. It is critical to

improve the fabrication protocols and reduce the single-crystal film thickness.260

Single-crystal MAPbBr3 has been used as an absorber for solar cells, with a power

conversion efficiency (PCE) of 6.53% (Figure 10A).261 The measured high internal

quantum efficiency suggests very efficient intrinsic carrier transport in the single-

crystal absorber (Figure 10B). However, the external quantum efficiency drops
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Figure 11. Scalable and band gap engineering in single-crystal halide perovskite solar cells

(A) J-V curves of a 50-mm-thick single-crystal MAPbI3 solar cell. This solar cell is based on a�120 mm

3 120 mm wafer.267 Copyright 2017, Springer Nature.

(B) J-V curves of a 200-nm-thick single-crystal MAPbI3 solar cell. This wafer-scale solar cell is

fabricated by the roll-printing method with a lateral device structure.226 Copyright 2017, Springer

Nature.

(C) J-V curves of laterally structured single-crystal MAPbI3 solar cells with optimized surface

conditions. The MAI (left) and the MAI-free (right) treatments are investigated. The MAI-treated

devices exhibit better PCE over different light intensities, suggesting that the surface of the single-

crystal MAPbI3 can be passivated by the MAI.125 Copyright 2020, Springer Nature.

(D) Band-gap engineering of the single-crystal absorber. A 24.5-mm-thick mixed single-crystal

(FAPbI3)0.85(MAPbBr3)0.15 can achieve better energy alignments and device performance (left).
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Figure 11. Continued

The J-V curve from the best device (right), showing a PCE of 12.18%. The inset is an optical image of

(FAPbI3)0.85(MAPbBr3)0.15 thin single crystals.269 Copyright 2018, John Wiley and Sons.

(E) J-V curves of single-crystal MAPbI3 solar cells (left) and related external quantum efficiencies

(right) with different absorber thicknesses. The FF, VOC, and JSC are found to be highly related to

the thin-film thickness, where an optimized thickness is �2 mm.11. Copyright 2020, Springer Nature.
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demonstrably compared with its internal quantum efficiency, suggesting that a more

optimized structural design is needed for carrier extraction and collection. Later, the

efficiency of single-crystal MAPbBr3 solar cells was improved to 7.11% by optimizing

both the electron and the hole-transport layers to form a better-aligned energy band

structure (Figure 10C).262 Additionally, the single-crystal MAPbBr3 solar cells ex-

hibited much better stability than the polycrystalline counterpart under one-sun illu-

mination and could maintain 93% of their initial PCE after aging in dry air without

encapsulation for 1,000 h (Figure 10D).262 However, compared with the polycrystal-

line solar cell, the improvement in the efficiency of single-crystal solar cells was rather

limited even with optimized electron and hole-transport layers, indicating that the

device layout and structural design should not be the bottleneck for high efficiency.

The overall mediocre efficiency of the single-crystal MAPbBr3 solar cells was consid-

ered to arise from the narrow absorption range of MAPbBr3.

Replacing MAPbBr3 with a halide perovskite of a more suitable absorption range

promised to improve the single-crystal solar cell efficiency. MAPbI3 has a smaller

band gap of �1.7 eV and can serve as a better absorber than the MAPbBr3 of

�2.3 eV. Single-crystal MAPbI3 solar cells with an FTO/TiO2/MAPbI3/2,2ʹ,7,7ʹ-tetra-

kis(N,N-di-p-methoxyphenylamine)-9,9ʹspirobifluorene (Spiro-OMeTAD)/Ag struc-

ture achieved a PCE of 8.78% with an absorber thickness of �15 mm (Figure 10E).263

The low FF and VOC) in the current density-voltage curve were the major problems in

limiting the PCE,263 even with different electron and hole-transport layers (Fig-

ure 10F).264 The major reasons for these relatively low FF and VOC in single-crystal

MAPbI3 solar cells were still considered to be the relatively thick absorber224 and

the resulting strong interfacial carrier accumulation.266

By further decreasing the absorber thickness to 10 mm, the single-crystal MAPbI3 solar

cells with an ITO/PTAA/MAPbI3/PCBM/C60/bathocuproine/Cu structure demon-

stratedamuch-improvedefficiencyof 17.8% (Figure 10G).224 Sucha stepwiseefficiency

improvement was attributed to the decreased absorber thickness, whereby efficient

charge extraction and minimal carrier recombination led to the relatively high FF and

VOC. Later, an optimized experimental procedure realized a high PCE of 21.1% with

the same device structure.265 The best device based on a 10-mm-thick single-crystal

MAPbI3 reached an ultrahigh FF of 83.5% (Figure 10H), indicating extremely efficient

internal carrier-transport dynamics and a very strong built-in field. Compared with the

efficient polycrystalline halide perovskite solar cells whose absorber thickness is around

500–800nm,moredetailed studiesareneeded tounderstand the thickness-dependent

carrier dynamics in single-crystal solar cells to further improve the PCE.

For the aforementioned MAPbI3 solar cells, all of the single crystals were grown using

the space-confinement method and had relatively small areas. MAPbI3 solar cells

with large areas were fabricated using diced 50-mm-thick large wafers. The resulting

PCE was �4% with a device structure of Au/ITO/Spiro-OMeTAD/MAPbI3/PCBM/LiF/

Ag/Au (Figure 11A).267 The thick absorber and, thus, low FFwere still themajor reasons

for the relatively poor PCE. To control the thickness of large-area single-crystal halide

perovskite thin films, a roll-to-roll printing method was demonstrated for making

wafer-scale single-crystal MAPbI3 with designed patterns, whose thickness could be
2290 Matter 4, 2266–2308, July 7, 2021
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down to �200 nm (Figure 11B).226 However, because this method had strict require-

ments regarding the substrate roughness andwas operated under a high temperature,

the as-fabricated single-crystal thin films could only be integrated into solar cells in a

lateral structure without a hole-transport layer, which limited the PCE to only 4.83%.

Recently, the PCE of laterally structured single-crystal MAPbI3 solar cells was improved

to�11%by introducing a surface precursor treatment process (Figure 11C).125 Howev-

er, the lack of a hole-transport layer still remains unsolved, which was also a major chal-

lenge for other laterally structured solar cells.268

To achieve a high efficiency, the band gap of the halide perovskite needs to be engi-

neered to be close to �1.4 eV, which can absorb the most solar energy according to

the Shockley-Queisser limit.74 Therefore, the band gap of MAPbI3 is still too large to

be ideal. In polycrystalline perovskite solar cells, narrow-band-gap a-FAPbI3 is used

to replace the MAPbI3 for a higher PCE. However, pure a-FAPbI3 is not stable at

room temperature. To achieve a single-crystal absorber with suitable band gap and

structural stability, an effective way is to alloy different kinds of cations/atoms to form

a mixed halide perovskite.16,232 A mixed single-crystal (FAPbI3)0.85(MAPbBr3)0.15 solar

cell with an ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag structure was reported with

the highest PCE of 12.18% and an absorber thickness of 24.5 mm (Figure 11D).269

Even though a more efficient band structure could be formed, the relatively low FF

and VOC still revealed that either the crystal was too thick or there was too much inter-

layer carrier recombination.

Using the solution-based lithography-assisted epitaxial growth method as

mentioned above, thin (from 600 nm to tens of micrometers), large-area

(�25 cm2), and composition-tunable single-crystal halide perovskite films were

demonstrated.11 The as-fabricated flexible single-crystal MAPbxSn1�xI3 solar cells,

with an ITO/SnO2/MAPbxSn1�xI3/Spiro-OMeTAD/Au structure, exhibited an

average of 17%–19% PCE and much-enhanced stabilities. The FF, VOC, and short-

circuit density (JSC) were found to be highly related to the perovskite film thickness,

suggesting that a comprehensive and detailed understanding of these aspects may

further improve the device performance (Figure 11E).

Photodetectors

The valuable optical and charge-transport properties of halide perovskites have

enabled their wide deployment as photodetectors, whose performance (e.g., re-

sponsivity,270 response speed,111,227,270 and detectivity270,271) have been largely

improved over the years in polycrystalline halide perovskite thin films. Single-crystal

halide perovskite thin films hold promise to further improve the photodetector

performance.

Unlike solar cells, whose complicated design in structures and layout can signifi-

cantly affect the device performance, photodetectors are relatively more straightfor-

ward. Existing single-crystal halide perovskite photodetectors can be classified into

two structural types: the planar type, where the two electrodes are assembled on the

same surface of the absorber, and the vertical type, where the perovskite layer needs

to be sandwiched between two electrodes.

Planar-type photodetectors, because of their ease of fabrication, are most

commonly reported. As shown in Figure 12A, a single-crystal MAPbI3 photodetector

array was fabricated in a planar structure, whose photocurrent response wasz350-

fold higher than that of the polycrystalline thin films.222 Moreover, the fabrication of

large photodetector arrays on single-crystal halide perovskite wafers is compatible
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Figure 12. Single-crystal halide perovskite photodetectors and light-emitting diodes

(A) A planar structured single-crystal MAPbI3 photodetector array. The photocurrent response is much higher (z350 times) than that of the

polycrystalline thin films.222 Copyright 2016, John Wiley and Sons.

(B) A large photodetector array on a single-crystal MAPbI3 wafer for imaging.227 Copyright 2018, American Association for the Advancement of Science.

(C) A single-crystal MAPbBr3 LED fabricated by depositing halide perovskite microplatelets onto an ITO-glass substrate without any transport layers.

The device shows a driving voltage as low as 1.8 V (left). Illuminating at 5,000 cd$m�2 with high brightness and color purity can last continuously for 54 h

under a liquid-nitrogen temperature, showing the single crystals’ stability (right).272 Copyright 2017, American Chemical Society.

(D) A single-crystal MAPbBr3 LED without any transport layers operated from 2 to 4 V. Blinked emission at the crystal edges at a subsecond time interval

is observed, possibly due to low electrical injection caused by the sub-band-gap states and the non-radiative carrier traps.273 Scale bars, 200 mm.

Copyright 2018, IOP publishing.

(E) A transport-layer-free 2D layered (CH3NH3)2MnCl4 single-crystal LED exhibits red luminescence with a quantum efficiency of 2.4%. The lack of

transport layers prevents further improving the device performance.274 Copyright 2019, The Royal Society of Chemistry.

(F) The first single-crystal halide perovskite LED array with an integrated hole transport layer, showing largely improved external quantum efficiency to

�7.1% (left). An optical image of the MAPbBr3 array under operation is shown on the right.82 Copyright 2018, John Wiley and Sons.
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with the mass productions of integrated circuits. Similar results based on large-area

single-crystal halide perovskite wafers have also been demonstrated for imaging

(Figure 12B).227 Additionally, flexible planar-type photodetectors based on low-

dimensional single-crystal phenylethylamine lead iodide (PEA)2PbI4 have been

demonstrated.270 The single-crystal (PEA)2PbI4 exhibited low defect density, supe-

rior uniformity, and long-term stability, which resulted in a series of flexible
2292 Matter 4, 2266–2308, July 7, 2021
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photosensors with a very high external quantum efficiency of 26,530%, responsivity

of 98.17 A$W�1, and detectivity of 1.62 3 1015 cm$Hz1/2$W�1 (Jones).

For the vertical-type photodetector, similar to the solar cells, the crystal thickness has a

crucial influence on the device performance. A vertical-type photodetector with a small

thickness should exhibit better performance than its planar-type counterpart because

of the better structural design for charge collection and the larger active region. Note

that for high-energy radiations (e.g., X-ray and g-ray),275 a vertical-type perovskite

detector with a large thickness is more efficient than a small thickness because thick

crystals aremore prone to fully absorb those high-energy photons. The fabrication con-

dition for vertical-type photodetectors is very similar to that of solar cells, whose key

challenge is to form the single-crystal thin film and integrate it with the other functional

layers in thedevice. Thebulk crystalphotodetectorswith a thicknesson themillimeter or

submillimeter scale have always shown low responsivity due to substantial charge

recombination.271 Using ultrathin single-crystal MAPbBr3 as the absorbers was proved

to dramatically improve the photodetector performance.73,271,276,277

By integrating appropriate carrier-transport layers in the vertical device structure,

photodiode-based photodetectors have been demonstrated.12,278 Compared

with the photoconductor-based photodetectors that only need two electrodes,

the photodiode-based photodetectors with carrier-transport layers do not need

an external power source. Without careful optimization of each layer and their inter-

faces, the photodiode-based photodetectors normally have very low external quan-

tum efficiency (less than 1%278–280) if no current amplification or photomultiplication

are applied.281–283 The photodiode-based photodetectors can be operated at rela-

tively low voltages and exhibit much faster response owing to their rather small thick-

ness of the photoactive layers and, therefore, better carrier transport across these

layers. Additionally, strain engineering has been found to further decrease the car-

rier effective mass and enhance the carrier mobility, which leads to an even faster

response in the photodiode-type photodetectors.12 Similarly to the solar cells,

further improving the vertical-type photodetectors requires a more sophisticated

structural and interfacial design of the devices.

Light-emitting diodes

Halide perovskites in the polycrystalline form have exhibited strong potential as an

ideal emitting material with high external quantum efficiency, weak Auger recombi-

nation, and high color purity.272 Therefore, their high-quality single-crystal counter-

parts with a long carrier lifetime and the absence of grain boundaries are highly

expected to exhibit more stable and efficient electroluminescence.

The first single-crystal MAPbBr3 microplatelet-based LED was reported with a sim-

ple structure of ITO/MAPbBr3/Au without any electron or hole-transport layers.272

The single-crystal LEDs were fabricated by depositing microplatelets onto an

ITO-glass substrate, and emitted at 2.3 eV with a low onset bias of 1.8 V. Note

that the optical emission energy in electron volts is even higher than the bias

voltage, probably due to a barrier-free injection of the free charge carriers,272

but the exact mechanism remains unclear. By quenching ionic migrations at a

liquid-nitrogen temperature, the LED could sustain a continuous operation for

54 h at 5,000 cd$m�2 without degradation of brightness or shift of the emission

wavelength (Figure 12C), showing that the single-crystal halide perovskites can

be potentially applied in LEDs with high brightness and color purity. However,

the device size (�100 mm 3 100 mm) was too small for practical applications,

and no electron or hole-transport layers could be integrated, largely limiting the
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Figure 13. Single-crystal halide perovskite lasers

(A) The first demonstrated optically pumped laser based on single-crystal nanoplates of MAPbI3 on various substrates (left). An optical image and

schematics reveal the lasing mechanism (right). The thickness and edge lengths are 150 nm and 32 mm, respectively.194 Copyright 2014, American

Chemical Society.

(B) An optically pumped single-crystal MAPbBr3 square microdisk laser, showing a low threshold (3.6 G 0.5 mJ$cm�2) and a high Q factor (z430).288

Copyright 2015, John Wiley and Sons.

(C) An optically pumped single-crystal MAPbI3 nanowire-based laser, showing a super-low threshold (220 nJ$cm�2) and super-high Q factor (z3600).199

Scale bars, 10 mm. Copyright 2015, Springer Nature.

(D) An optically pumped single-crystal CsPbBr3 nanowire-based laser, with continuous excitation and emission demonstrated for the first time, which is

considered to be due to the excellent thermal stability of all-inorganic perovskites.289 Scale bars, 2 mm. Copyright 2016, National Academy of Sciences.

(E) Triplet management by modifying the components of 2D halide perovskites. The triplet energy cannot be transferred from P2F8 (PEABr-based

perovskite, top) to PEA, but can be transferred from N2F8 (NMABr-based perovskite, bottom) to PEA. The long-lived triplet excitons in the perovskite

layer can impede the population inversion during amplified spontaneous emission.242 Copyright 2020, Springer Nature.
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Figure 13. Continued

(F) Optically pumped lasing based on N2F8 quasi-2D halide perovskite can be stable for 3,000 h in the air at room temperature by triplet management.

The oxygen-sensitive triplet excitons in P2F8 cannot be passivated under an inert N2 atmosphere, which can transform into long-lived singlet–triplet

excitons and reduce the number of photons.242 Copyright 2020, Springer Nature.
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LED’s efficiency. With a similar device configuration (ITO/MAPbBr3/ITO),273 the

LED at 2 V showed a green luminescence with narrow full width at half maximum

of �20 nm, indicating intrinsic high color purity in single-crystal LED devices (Fig-

ure 12D). The emission at the crystal edges blinked at a subsecond time interval,

possibly due to the low electrical injection caused by the sub-band-gap states and

the non-radiative carrier traps. Therefore, incorporating functional charge-trans-

port layers is necessary for passivating the sub-band-gap shallow traps, lowering

the interfacial barriers, and providing better charge-injection efficiency. Addition-

ally, 2D layered Pb-free (CH3NH3)2MnCl4 single-crystal LEDs, with a similar device

structure where the two electrodes directly contacted the halide perovskite, were

demonstrated to exhibit red-light luminescence with a quantum efficiency of 2.4%

(Figure 12E).274 The lack of functional carrier-transport layers prevents further

improvement of the device performance.

A lithography-based microfabrication process was invented to integrate functional

carrier-transport layers in single-crystal halide perovskite LEDs.82 The process

used halide perovskite bulk crystal as the substrate to homoepitaxially grow the

microscale single-crystal arrays. Similar to the solution-based epitaxial growth

method using a parylene-C protecting layer as discussed above, the different layers

of functional materials (e.g., carrier-transport layers and electrodes) were coated and

patterned using standard microfabrication, after which the parylene-C was selec-

tively etched. Washing in unsaturated growth solution removed any debris of the

halide perovskite from overetching of the parylene-C. The exposed fresh surface

of single-crystal halide perovskites was used to homoepitaxially grow the single-

crystal microcrystal array with designed geometry, orientation, and size on top of

the patterned functional layers. After depositing a top electrode on the microcrystal

array, a micro-LED array was demonstrated with an ITO/MAPbBr3/PEDOT:PSS/Au

structure and a relatively high external quantum efficiency of 7.1% (Figure 12F).

This approach can potentially be applied to other materials in the halide perovskite

family to fabricate patterned single-crystal LEDs with diverse emission

characteristics.
Lasers

Hybrid halide perovskites exhibit high optical gain as a result of low defect den-

sities,284 slow Auger recombination rate, high absorption coefficient, long carrier

diffusion length, and high photoluminescence quantum yield,194,199,284–287 which

are all advantageous for lasing applications. An optically pumped laser based

on single-crystal nanoplates of MAPbI3 was firstly demonstrated (Figure 13A).194

Emissions at �780 nm were observed with a high-quality (Q) factor (z650) and

a low threshold (37 mJ$cm�2). The overall results indicated that these high-quality

single-crystal nanoplates were strong candidates for lasers. Later, single-crystal

square microdisks of MAPbBr3 were prepared for optically pumped lasing (Fig-

ure 13B).288 The microdisk (2.0 mm 3 2.0 mm 3 0.6 mm) contained a built-in micro-

resonator of the whispering gallery mode and showed lasing emissions at

557.5 nm with a high Q factor (z430) at a low threshold of 3.6 G 0.5 mJ$cm�2. Sin-

gle-crystal halide perovskite nanowire-based optically pumped laser was also re-

ported (Figure 13C).199 The super-low threshold (220 nJ$cm�2) and super-high Q

factor (z3,600) strongly indicated that the solution-processed perovskite
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nanowires were very promising candidates for the development of electrically

pumped light sources.

Other than these, many micro-/nanostructured single-crystal halide perovskites of

different morphologies were used for optically pumped lasing.199,285–287 Even

though researchers have realized different Q factors and low threshold values, there

are still no clear clues as to whether morphologies of the crystals are related to the

lasing quality. Additionally, more systematic studies on the design and fabrication of

the cavity with precise control of the crystal quality/size/morphology are needed to

improve the laser performance.

All of these lasing actions can only be realized under pulsed excitations. Continuous

excitation and emission are still challenging because continuous excitation and

emission may cause heat-induced degradation of the halide perovskite materials.

To overcome this challenge, all-inorganic halide perovskite CsPbBr3 nanowires

were exploited to build the continuously optically pumped laser (Figure 13D).289

Because of the excellent stability of the CsPbBr3, lasing actions with a low threshold

of 5 mJ$cm�2 and a high Q factor of 1,009 were achieved under continuous excita-

tion for 1 h at room temperature, which represents a major advance toward prac-

tical applications.

Even though continuous lasing has been demonstrated, its mechanism remains

largely unclear. Recently, the mechanism of continuous lasing in halide perovskites

was investigated (Figure 13E).242 The abrupt termination of lasing under optical

pumping was attributed to the long-lived triplet excitons in the perovskite layer,

which considerably impeded the population inversion during amplified sponta-

neous emission. By applying triplet management strategies to modify the perovskite

components, optically pumped stable lasing in the air at room temperature based

on quasi-2D halide perovskites was realized without obvious performance degrada-

tion (Figure 13F). These results may pave the way for realizing electrically pumped

lasers in the future.

Field-effect transistors

Due to the superb carrier-transport properties, single-crystal halide perovskites are

excellent candidates for FETs. The presence of grain boundaries, interfacial contam-

ination, and abundant point defects in polycrystalline halide perovskites can

severely hinder field-effect carrier mobility and device operation. FETs based on

polycrystalline halide perovskites show electron mobilities typically from 0.5 to

2 cm2$V�1$s�1.192,290–294 This modest performance has been linked to significant

lateral tunnel junctions,122 i.e., the barrier between the source and drain the carriers

have to pass. Additionally, the near-surface composition, structure, morphology,

and electronic properties of the FET will be affected by the incomplete precursor

conversion (e.g., partly converted PbI2, MAI, and Pb cluster by-products that are

not semiconductors)295,296 and the hydration issue of the perovskite crystal inter-

faces and grain boundaries,122 which can further exacerbate such problems.

Single-crystal halide perovskites can potentially improve the FET performance. To

date, there are only a few reports on using single-crystal halide perovskites to fabri-

cate FETs.122,297 An improvement in performance has been obtained using single-

crystal halide perovskites at room temperature, with field-effect mobilities up to

4.7 and 1.5 cm2$V�1$s�1 in the N and P channels, respectively. Those problems

induced by defects and impurities in polycrystals were significantly minimized in sin-

gle crystals, which thus lead to improved field-effect mobilities.
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Artificial synapses

Inspired by the powerful signal-processing capabilities of the human brain,298

research related to neuromorphic computing for the implementation of learning

and memory behaviors has received growing attention recently.299,300

Althoughmuch effort has been spent on the structure and function of the brain at the

molecular level, the conventional computing systems based on silicon complemen-

tary metal-oxide-semiconductor transistors and von Neumann architectures have

two insurmountable challenges: (1) the end of Moore’s law restricting the feature

size of the chip; (2) physical separation of the memory and the central processing

units, known as the ‘‘von Neumann bottleneck,’’ causing high costs in energy and

speed.301,302 Driven by the requirements of artificial intelligence in the era of big

data, it is urgent to discover new computational devices with small device sizes,

low energy consumption, and high computation speed.

Recently, single-crystal halide perovskites have been exploited as the active layer in

artificial synapses for realizing neuromorphic computing and bioinspired intelligent

systems.303 For human synapses, the most significant factor is plasticity, the changes

in synaptic weight, which is responsible for learning and memorization.304 The syn-

aptic weight is updated by using functional macromolecules such as proteins.305 For

artificial synapses, the synaptic weight can be updated by changing the device con-

ductivity. In a nutshell, the realization of synaptic functions requires a device with a

flexible regulation of conductance and appropriate retention. In other words, hyster-

esis properties (e.g., electrical or optical) are necessary for the basic functions of arti-

ficial synapses.

Halide perovskites suffer from unavoidable hysteresis issues. In this case, these

properties can be pivoted to provide tunable charge-trapping capabilities, resulting

in flexible regulation of charge conductance and retention. Additionally, halide pe-

rovskites have low ion-migration activation energies, which are ideal for building

low-energy-consumption artificial synapses. Also, 2D halide perovskites can

leverage molecular electronics through self-assembly and potentially shrink the

size of artificial synapses.

Two-terminal lateral-structured artificial synapses based on MAPbBr3 single-crystal

platelets have been fabricated with an ultralow operating current (down to sub-pi-

coamperes) (Figure 14A).303 The mechanism of this artificial synapse is based on

ion migration and interfacial charge trapping. When low-frequency or small-ampli-

tude pulses are applied to the electrodes, ions in MAPbBr3 will redistribute, which

makes the conductance change sharp and short. However, high-frequency or

high-amplitude pulses allow ions to have sufficient driving forces to move and to

be trapped so that vacancies at their initial sites will form a stable conductive path

causing the long-term enhancement of the conductance, which is slow and difficult

to switch and thus inappropriate for artificial synapses.

Based on such a structure, essential excitatory postsynaptic current (EPSC) behaviors

have been realized, including presynaptic-spike-dependent EPSC and spike-fre-

quency-dependent EPSC (Figure 14B). These results provide a new protocol for

designing lateral-structure synaptic devices and future neuromorphic bioelectronics

using single-crystal halide perovskites. With the new capability of integrating

different layers of functional materials with single-crystal halide perovskites in a ver-

tical structure,11,82 the charge transport is expected to be even faster, leading to

a higher computing speed of the artificial synapses. However, the simple
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Figure 14. Single-crystal halide perovskite artificial synapses

(A) Schematic fabrication procedures and a fluorescent optical image of the single-crystal MAPbBr3
synaptic device.303 Copyright 2020, John Wiley and Sons.

(B) The presynaptic spike-dependent EPSC (left) and the spike frequency-dependent EPSC (right).

Spikes with large amplitudes or high frequency can enhance the ion migration by suppressing the

back-diffusion of ions, which increases the EPSC gain. Especially, the higher gain in the

polycrystalline devices suggests more ions are migrating, but the grain boundaries in

polycrystalline devices will trap the mobile ions and reduce the gain. The final performance will be a

tradeoff. These results illustrate the basic functionality of the artificial synapse.303 Copyright 2020,

John Wiley and Sons.
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demonstration of synaptic plasticity on a single device so far cannot meet the re-

quirements for implementing a neuromorphic network, which poses difficulties for

defining clearly the logical functions and energy consumptions. Fabrication strate-

gies for integrating arrayed artificial synapses are needed for advanced artificial syn-

apse applications. Also, considering the limited understanding of the biological

neuronal network per se, a better interpretation of its computational mechanism is

needed to guide the development of next-generation artificial synapses.

FUTURE OPPORTUNITIES

Halide perovskites with an array of alluring merits hold significant implications for

various electronic and optoelectronic applications. Single-crystal halide perov-

skites are particularly desirable owing to their suppressed point defects, lack of

grain boundaries, and superior thermal and structural stabilities.306 However, there

are still several grand challenges that need to be overcome to drive the research

and development of single-crystal halide perovskites to the next stage, as dis-

cussed in the following.

1. Growth methods of single-crystal halide perovskite thin films play a para-

mount role in determining their optoelectronic properties and final device

performance. Effective optimizations of existing strategies and further
2298 Matter 4, 2266–2308, July 7, 2021
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exploration of new strategies are needed for more efficient growth to control

crystal quality, time efficiency, and yield of single-crystal halide perovskite thin

films. Especially for 2D perovskites, there is a lack of effective ways to grow

large-sized single crystals.

2. To date, most studies of single-crystal halide perovskite thin films have mainly

focused on hybrid halide perovskites (e.g., MAPbBr3 and MAPbI3). Given the

instability of the volatile organic components, candidates for stable all-inor-

ganic compositions and associated effective growth and fabrication methods

are still needed. Besides, strategies for component engineering should be

further developed to design the band structure of single-crystal halide perov-

skites for different applications.

3. High-performance halide perovskites typically contain Pb, which poses serious

environmental and health threats. Therefore, Pb-free perovskites are critically

required for large-scale manufacturing and deployment of such functional de-

vices. However, current Pb-free perovskites such as Sn-based, Ge-based, and

double perovskites are facing either low-performance or instability problems

due to rapid self-doping and intrinsically moderate optoelectronic proper-

ties.307,308 To solve these problems, few solutions have been reported besides

doping different chemicals,309,310 suggesting that more innovative candi-

dates of Pb-free perovskites are called for.

4. The surface quality of single crystals is central for high device performance.

Despite very low trap densities in the bulk phase, hybrid single-crystal halide

perovskites grown in solution still possess a large number of surface charge

traps, which are probably generated from the loss of the organic amine

ions.311,312 The resultant substantial surface recombination may nullify the

intrinsic superiority of the single crystals, leading to compromised perfor-

mance of the overall devices.232,313–315 Therefore, besides carefully

improving the crystal quality in bulk, developing rational techniques for

surface passivation would determine the fate of single-crystal devices

regarding whether they will eventually be able to rival their polycrystalline

counterparts. From the authors’ unpublished results, the surface state of

single crystals is very different from those in polycrystalline films, which

makes existing passivation methods that have been optimized for polycrys-

tals inapplicable to single-crystal devices. Existing passivation methods

would not improve, or sometimes even worsen, the performance of single-

crystal devices.

Seemingly daunting, these grand challenges can still be tackled. Borrowing ideas

from polycrystalline thin films, precursor engineering (e.g., modifying the solvents

and compositions) may further improve the quality of the single-crystal halide pe-

rovskites during growth. Additionally, considering the structure/component simi-

larity in the halide perovskite family, strained/alloyed epitaxial growth processes

among all-inorganic and 2D halide perovskites are promising for addressing the

issues of instability and electrical properties, which may bring the performance

of single-crystal halide perovskite devices closer to their theoretical predictions.

In this way, identifying a master perovskite as a ‘‘perovskite wafer’’ may realize

an ‘‘epitaxial printing procedure’’ of single-crystals, where the substrate can easily

control the crystallization of the printed layer with designed patterns. This epitaxial

printing procedure may open up new avenues for large-scale halide perovskite-

based electronics. All in all, given the already rapid developments in polycrystals

and the huge potential of single crystals, future studies of single-crystal halide pe-

rovskites represent a fertile ground for new breakthroughs and are therefore even

more exciting.
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