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ABSTRACT  As a new generation of solution-processable
optoelectronic materials, organic-inorganic hybrid halide
perovskites have attracted a great deal of interest due to
their high and balanced carrier mobility, long carrier dif-
fusion length and large light absorption coefficient. These
materials have demonstrated wide applications in solar cell,
light-emitting diode, laser, photodetector, catalysis and other
fields. Comparing with their polycrystalline film counter-
part, perovskite single crystals have low trap density and no
grain boundaries and thus are anticipated to possess much
better optoelectronic performances. Herein, we review the
key progress in the development of organic-inorganic halide
perovskite single crystals. Particularly, the crystal growth
techniques and applications of these advanced materials are
highlighted.

Keywords:  organic-inorganic hybrid halide, perovskite, single
crystal

INTRODUCTION
The past several years have witnessed the booming devel-
opment of organic-inorganic hybrid halide perovskite. Per-
ovskites are a family of materials with chemical formula
ABX3. In a typical perovskite crystal structure, B occu-
pies the center of an octahedral [BX6]4− cluster, while A
is 12-fold cuboctahedral coordinated with X anions. For
organic-inorganic hybrid halide perovskite, A stands for
cation like methylammonium (MA+) or formamidinium
(FA+), B stands for metal ion like Pb2+ or Sn2+, and X stands
for halide, usually Cl−, Br−, I−. Although the initial stud-
ies of these materials can date back to the 1970s [1,2], their
complex behavior, extraordinary properties, and chemical
and physical subtleties have been revealed only recently.
Benefiting from the unique organic-inorganic hybrid crys-
tal structure and the diversity of the A-site, B-site and X

ions, perovskite materials possess a lot of intriguing char-
acteristics such as high light absorption coefficient [3], tun-
able direct bandgaps [4], low exciton binding energy [5],
long charge carrier diffusion lengths [6,7], high ambipo-
lar chargemobilities [8,9], and extended charge carrier life-
time [10]. Most of these characteristics meet the materials
requirement of high-efficiency solar cells very well [11,12].
Thus, perovskite solar cells have made impressive progress
in just a few years with maximum power conversion effi-
ciencies (PCEs) evolving from 3.8% [13] in 2009 to a cer-
tified 22.1% [14] in 2016. Besides solar cell, organic-in-
organic hybrid halide perovskites have been found many
other applications, such as light-emitting diode [15], laser
[16], photodetector [17], catalysis [18], thermoelectricity
[19], making them hot stars in materials science.
There are two main forms of organic-inorganic hybrid

halide perovskites, i.e., polycrystalline films and single
crystals. Currently, perovskite thin films have been under
intensive investigation and most reported applications
have focused on polycrystalline thin films. Accordingly, a
lot of recent reviews regarding the progress in perovskites
concentrate on their polycrystalline film form [20–35].
Although the study of perovskite single crystals is just in
its early stage, it is highly desirable to investigate funda-
mentally intrinsic properties of perovskites due to their
low trap density and absence of grain boundaries. More
importantly, recent studies have shown that perovskite sin-
gle crystals possess much better opotoelectrical properties
than their polycrystalline film counterparts. Shi et al. [36]
observed low trap-state density on the order of 109 to 1010
cm−3 and long charge carrier diffusion lengths exceeding
10 micrometers in MAPbX3 single crystals. Dong et al.
[37] reported that the diffusion lengths in MAPbI3 single
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crystals could exceed 175 μm under 1 sun illumination
and exceed 3 mm under weak light for both electrons and
holes, which far exceeds the value measured for polycrys-
talline MAPbI3 films (typically smaller than 1 μm). The
long carrier diffusion length allows the photogenerated
charge carriers to be completely extracted from perovskite
single crystals with an active layer thickness much larger
than thin-film analogues, which is very desirable for both
photovoltaic and photodetection applications. These in-
triguing findings have triggered the increasing interest in
organic-inorganic hybrid halide perovskite single crystals.
In the past several years, a variety of organic-inorganic
hybrid halide perovskite single crystals have been demon-
strated. Herein, we review the key advancements in growth
techniques and applications.

GROWTH OF BULK SINGLE CRYSTAL
The synthesis and crystal growth of organic-inorganic
halide perovskite single crystals can date back to 1978,
when Weber firstly reported the crystal structures of
MAPbX3 and MASnX3 [38,39]. In 2013, Stoumpos et
al. [40] studied the characteristics of tin and lead iodide
perovskites with organic cations using millimeter single
crystals, in agreement with the results of Baikie et al. [41].
The pioneer work on the growth of centimeter-sized (10
mm × 10 mm × 8 mm) MAPbI3 bulk single crystal was
done by Dang et al. [42] in 2014. From then on, more and
more techniques have been adopted to grow organic-in-
organic hybrid halide perovskite single crystals and even
fully inorganic halide perovskite single crystals. These
methods can be divided into four categories, i.e., solution

temperature-lowering (STL) method, inverse temperature
crystallization (ITC) method, anti-solvent vapor-assisted
crystallization (AVC) method, and melt crystallization
method, as shown in Scheme 1.

STL method
STL method is a modification of the original Weber’s
method and comes to be a classic way to gain large-size
organic-inorganic hybrid halide perovskite single crystals
[43]. Usually, millimeter small crystals are firstly synthe-
sized, followed by seeded growth of large-size bulk single
crystals. Dependent on the different fixed positions of the
seed crystals, bottom seeded solution growth (BSSG) and
top seeded solution growth (TSSG) methods have been
developed. Tao’s [42] group adopted the BSSG method to
growMAPbI3 bulk single crystals. The small seeded crystal
was fixed to the middle of a designed tray. The tray with
the seed crystal was rotated by the electric motor. Then,
the saturated solution was slowly cooled down from 65°C
to 40°C. The MAPbI3 single crystal with dimensions of 10
mm × 10 mm × 8 mm was attained as shown in Fig. 1a.
Our group also utilized a seed crystal fixed to a platinum
wire to obtain bulk single crystals with the size of 12 mm
× 12 mm × 7 mm via the BSSG method after lowering the
temperature of the growth solution from 100°C to 57°C, as
shown in Fig. 1b [44]. These solution-grownMAPbI3 bulk
single crystals typically exhibited two natural facets {100}
and {112}, as shown in Fig. 1a, b.
Huang’s [37] group reported the growth of MAPbI3 bulk

single crystals by TSSGmethod. During the crystal growth,
the seed crystal was fixed to a silicon substrate on the top of

Scheme 1    Illustration of different growth methods.
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Figure 1    Photograph of different perovskite single crystals grown by STLmethod. (a–c) MAPbI3 single crystals. Reprinted with permission from [42].
Copyright 2015, the Royal Society of Chemisty; [44] Copyright 2015, Springer; [37] Copyright 2015, the American Association for the Advancement
of Science, respectively. (d) Mixed-halide perovskite single crystals with different Cl/Br and Br/I precursor ratios. Reprinted with permission from
[45], Copyright 2015, Springer. (e) MAPbBr3 single crystals. Reprinted with permission from [46], Copyright 2015, Elsevier. (f) CH3NH3SnI3 single
crystal and (g) CH(NH2)2SnI3 single crystal. Reprinted with permission from [47], Copyright 2016, Wiley. (h) NH(CH3)3SnCl3 single crystal and (i)
NH(CH3)3SnBr3 single crystal. Reprinted with permission from [48], Copyright 2016, the American Chemical Society. (j) MAPbI3 single crystal with a
rapid STL method. Reprinted with permission from [49], Copyright 2016, the American Chemical Society.

the growth precursor solution. Bulk MAPbI3 single crys-
tals of 10 mm × 3.3 mm in size, as shown in Fig. 1c, were
harvested via the dissolution of small seed crystals in the
bottom due to the temperature gradient between the bot-
tom and top of the solution that induced super saturation.
The MAPbI3 single crystals presented much lower trap-

state density of about 1010 cm−3 and longer carrier diffu-
sion length (exceeding 175 μm) than those ofMAPbI3 poly-
crystalline films (~1015 cm−3 and ~100 nm, respectively).
Huang’s group also demonstrated the growth of single- and
mixed-halide perovskite single crystals with different Cl/Br
and Br/I precursor ratios [45]. The precursor solution was

 November 2017 | Vol.60 No.11
© Science China Press and Springer-Verlag Berlin Heidelberg 2017

SCIENCE CHINA Materials



prepared by mixing methylamine, single or mixed haloid
acidwith different halide ratios, and lead(II) acetate to form
a super saturated aqueous solution at 100°C. The single
crystals were attained from the precursor solution by grad-
ually lowering the temperature. Photographs of typical sin-
gle-halide and mixed-halide perovskite single crystals with
different Cl/Br and Br/I precursor ratios are presented in
Fig. 1d. As can be seen, for the MAPbBr3−xClx single crys-
tals, the colour gradually changed from transparent to yel-
low and finally to orange with increasing Br/(Cl+Br) mo-
lar ratio from 0 to 1 in the precursor solution. For the
MAPbI3−xBrx single crystals, the colour gradually changed
from orange to red with increasing I/(I+Br) molar ratio.
Using similar STLmethod, Su et al. [46] grew largeMAPbI3
single crystals with size up to 1 cm and MAPbBr3 single
crystals with size around 5 mm (Fig. 1e). Recently, bulk
CH3NH3SnI3 and CH(NH2)2SnI3 single crystals have also
been grown via the TSSG method by Tao’s [47] group for
the first time (Fig. 1f, g). NH(CH3)3SnX3 (X = Cl, Br)
bulk single crystals were also harvestedwith the sameTSSG
method (Fig. 1h, i) [48].
Although STLmethods provide a simple, convenient and

applicable approach for the growth of large-sized MAPbX3

single crystals, such methods are time-consuming [49]. It
typically costs 2–4 weeks to obtain one-centimeter sized
crystals. Most recently, we demonstrated that large sin-
gle crystals of perovskite MAPbI3 could be grown rapidly
from chlorine-containing solutions. Within only 5 days,
MAPbI3 single crystal as large as 20 mm × 18 mm × 6 mm
was harvested (Fig. 1j). As a most important index to eval-
uate the crystalline quality, the full width at half-maximum
(FWHM) in the high-resolution X-ray rocking curve (HR-
XRC) of the as-grownMAPbI3 single crystal was measured
as 20 arcsec, which was comparable to some familiar semi-
conductor bulk crystals, such as SiC (27 arcsec), AlN (72
arcsec), and GaN (90 arcsec). The unparalleled crystalline
quality delivered a low trap-state density of down to 7.6 ×
108 cm−3, high carrier mobility of 167 ± 35 cm2 V−1 s−1, and
long transient photovoltaic carrier lifetime of 449 ± 76 μs
[49]. The improvement in the crystalline quality, together
with the rapid growth rate and excellent carrier transport
property, provides state-of-the-art single crystalline hybrid
perovskite materials for high-performance optoelectronic
devices.

ITC method
ITC method, initially proposed by Bakr et al. [50,51], is
based on the unnormal solubility of organic-inorganic
hybrid halide perovskite in specific organic solvents. In

this method, crystallization is induced by the inverse
solubility dependent on temperature in some organic sol-
vents and the overall growth occurs within several hours,
which is much faster than that in STL method. Therefore,
ITC method has been widely used to grow large-size or-
ganic-inorganic hybrid halide perovskite single crystals
[52–55].
During ITC, the growth procedure is a balance of dis-

solution and precipitation. At low temperature, molecules
of perovskite are bound in the complexes by the solvent
molecules completely. In other words, the unbound
molecules do not reach saturation. While the bonding
energy decreases with the increase of temperature, more
free perovskite molecules concentrate in solution. Nu-
cleation appears at some point when the solution comes
to supersaturation, followed by crystal growth. Choosing
appropriate solvent is the key to grow a good single crystal.
For example, for MAPbI3, MAPbBr3 and MAPbCl3, the
optimal solvent would be gamma-butyrolactone (GBL),
N,N-dimethylformamide (DMF), and dimethylsulfoxide
(DMSO), respectively.
The rapid ITC method was firstly used for the synthe-

sis of MAPbI3 and MAPbBr3 single crystals (Fig. 2a, b)
[50,56]. Later, Zhao and coworkers [57] found that this
method was also feasible to grow mixed halide perovskite
(CH3NH3)Pb(Br1−xClx)3 single crystals (Fig. 2c).
It is well accepted that FAPbX3 hold better stability

in comparison with MAPbX3. Bakr’s [51] group found
that the retrograde behavior and ITC were not limited to
MAPbX3 perovskites but could be generalized to FAPbX3

by proper solvent selection. For ITC of FAPbI3, 0.8 mol L−1

GBL solution was used to increase the onset of crystalliza-
tion temperature to 115°C. Crack- and grain boundary-free
black FAPbI3 single crystals could be successfully grown in
3 h (Fig. 2d). For ITC of FAPbBr3, 1 mol L−1 solution in 1:1
(v/v) DMF:GBL was used with the crystallization onset at
55°C to grow crack-free FAPbBr3 crystals (Fig. 2e). Yang’s
[55] group also reported a modified ITC method to grow 5
mm sized FAPbI3 single crystal. They used a cooling solu-
tion method to first grow the FAPbI3 seed crystal, followed
by placing the seed crystals in an inverse temperature
crystallization precursor to obtain larger crystals.
For commercial applications, larger crystals with dimen-

sion in inches are needed. By combining ITC method and
repeated seeded growth, Liu’s [58] group has grown super
large-sizedMAPbX3 single crystals (Fig. 3a–d). The largest
crystal produced was as large as 71 mm × 54 mm × 39 mm
in dimension, which is the first time to report this type of
perovskite crystals with dimensions exceeding half an inch.
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Figure 2    (a, b) MAPbI3 andMAPbBr3 crystal growth at different time intervals with an ITCmethod. Reprinted with permission from [50], Copyright
2015, Springer. (c) Single crystals of CH3NH3Pb(Br1−xClx)3. Reprinted with permission from [57], Copyright 2015, the Royal Society of Chemisty. (d)
FAPbI3 crystal and (e) FAPbBr3 crystal. Reprinted with permission from [51], Copyright 2016, the Royal Society of Chemisty.

Figure 3    Photographs taken from the as-grown CH3NH3PbX3 crystals. (a, b) X = Cl; (c) X = Br; (d) X = I. Reprinted with permission from [58],
Copyright 2015, Wiley. (e) Photographs of MAPb(BrxI1−x)3 single crystals. Reprinted with permission from [60], Copyright 2016, the Royal Society
of Chemisty. (f) Photographs of the obtained CsPbBr3 single crystals. Reprinted with permission from [61], Copyright 2016, the American Chemical
Society.

According to the X-ray 2θ measurement, the MAPbI3
crystal shows a FWHM of 0.3718° for the (200) diffraction
peak, indicating that it is a single crystal with respectable
crystalline quality. Electric characterization showed that
the hole trap density is 2.6 × 1010 cm−3 for MAPbBr3 and
1.8 × 109 cm−3 for MAPbI3. The electron trap densities are
determined forMAPbBr3 andMAPbI3 to be 1.1 × 1011 cm−3

and 4.8 × 1010 cm−3 respectively. Such low trap density and
high carrier mobility indicate that the wafer-sized large
single-crystalline MAPbX3 (X = Cl, Br, I) is a promising
material for high-performance optoelectronic devices. Re-

cently, the same group demonstrated that large-sized (20
mm) FAPbI3 single crystals could also be attained by using
the similar technique [59]. Most recently, they reported
the growth of mixed halide perovskites MAPb(BrxI1−x)3 (x
= 0–1) single crystals as shown in Fig. 3e [60]. Although it
is well known that an appropriate solvent is of paramount
importance for growth of halide perovskite single crystals,
e.g., GBL works best for MAPbI3, DMSO for MAPbCl3 and
DMF for MAPbBr3, it is still challenging to prepare mixed
halide perovskite single crystals using a single solvent for
both precursor materials. By using individually optimized
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precursor solutions of MAPbBr3 in DMF and MAPbI3
in GBL, they grew a series of 10 dual-halide perovskite
MAPb(BrxI1−x)3 (x = 0−1) single crystals. As expected, the
band gap could be continuously modulated over a broad
range from 1.53 to 2.24 eV by changing the Br content in
the single crystals.
Apart from organic-inorganic hybrid halide perovskites,

it was found that fully inorganic halide perovskite single
crystals could also be grown by using ITC method. Such
all-inorganic analogs may overcome the known issues
of chemical instability of organic-inorganic hybrid per-
ovskites. Dirin et al. [61] reported a simple and fast route
to solution growth of CsPbBr3 single crystals using ITC
method, under ambient atmosphere and using low-cost
precursors. The growth of CsPbBr3 was carried out in
DMSO. Specifically, a CsBr:PbBr2 solution in a mixture of
DMSO with cyclohexanol and DMF, was heated to 90°C in
a vial, leading to the formation of 1−3 nuclei. Subsequent
heating to 110°C led to further growth without additional
nucleation. A ~8 mm long, flat, orange-colored CsPbBr3
single crystal can be attained within several hours (Fig.
3f). Similarly, Rakita et al. [62] reported the growth of
CsPbBr3 single crystals by using a modified ITC method.

AVC method
AVCmethod takes advantage of perovskite’s different solu-
bility in different solvents to achieve crystallization. Unlike
the STL and ITC methods, the AVC method is not subject
to temperature. Hence, it avoids the temperature-depen-
dent phase transitions in MAPbX3. In addition, it is more
independent without considering the external factors like
temperature field problem.
Bakr’s [36] group first reported the successful growth of

sizable and high-qualityMAPbX3 crystals by using theAVC
method. During crystal growth, an appropriate anti-sol-
vent is slowly diffused into a solution containing the target
crystal precursors, leading to the nucleation and growth of
crystals. To growMAPbBr3 single crystal, PbBr2 andMABr
(1/1 by molar, 0.2 mol L−1) were dissolved in DMF first.
Along with the slow diffusion of the vapor of the anti-sol-
vent dichloromethane (DCM) into the solution, crystalliza-
tion of MAPbBr3 could be observed (Fig. 4a). The same
technique was also feasible for crystallizing MAPbI3 sin-
gle crystals as shown in Fig. 4b. In this case, PbI2 and
MAI (1/3 by molar, PbI2: 0.5 mol L−1) were dissolved in
GBL, while DCM was used as an anti-solvent. These high-
quality single crystals exhibited exceptionally low trap-state
densities of ~109–1010 cm−3 and incredibly long charge car-
rier diffusion lengths exceeding 10 μm. In another report,

Yang et al. [63] used DMF as a solvent to prepare PbBr2
and CH3NH3Br mixture solution. Then, toluene was used
as an anti-solvent to induce crystallization of MAPbBr3.
Similarly, Zhou et al. [64] reported MAPbI3 single crystal
grown by AVC method and analyzed the growth mecha-
nism. They used diethyl ether as an anti-solvent and HI as
a good solvent. Owing to the coordination between PbI2
and HI, PbI2 powder dissolved in HI solution easily. Then
it transformed to HxPbI2+x·xH2O as an intermediate prod-
uct proved by XRD analysis. With the slow introduction of
diethyl ether, the final MAPbI3 single crystal was observed.
The AVC method can also apply to the growth of fully

inorganic halide perovskite. Rakita et al. [62] reported
a modified AVC method to grow CsPbBr3 single crystals.
A precursor (PbBr2 and CsBr) DMSO solution was first
titrated with one of the following anti-solvents: acetonitrile
(MeCN) or methanol (MeOH). The presaturation step was
to prevent precipitation of the undesired Cs4PbBr6 along-
side to the desired CsPbBr3. Millimeter-sized crystals were
grown without crystal-seeding and could provide a 100%
yield of CsPbBr3 perovskite crystals (Fig. 5).

Melt crystallization method
Melt crystallization techniques such asCzochralskimethod

Figure 4    (a) MAPbBr3 and (b) MAPbI3 single crystals. Reprinted with
permission from [36], Copyright 2015, the American Association for the
Advancement of Science.

Figure 5    CsPbBr3 crystals grown by a modified AVC method. (a)
Grown from MeCN saturated solution on a 50°C hot plate. (b) Grown
from MeOH saturated solutions at room temperature. Reprinted with
permission from [62], Copyright 2016, the American Chemical Society.
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and Bridgman method have been widely employed to
grow large-size industrially important functional crystals.
However, due to the high vapour pressure and chemical
instability of organic compounds around their melt-
ing temperatures, there have been no reports about the
crystal growth of inorganic-organic hybrid perovskite
materials using these techniques. Nevertheless, melt
crystallization techniques should pave the way for fully in-
organic halide perovskite materials with a definite melting
point. Kobayashi et al. [65] first reported the growth of
CsPbCl3 single crystals with Bridgmann technique using
raw powders of PbCl2 and CsCl of 99.99% purity sealed in
vacuum in a quartz crucible. Recently, Stoumpos et al. [66]
reported the growth of CsPbBr3 single crystals. CsPbBr3
powders were finely ground with a mortar and pestle and
placed in a fused silica tube so that the height of the solid
in the tube was approximately half the length of the tube.
The tube was carefully brought to a 10−4 mbar vacuum,
and flame-sealed. The ampoule was attached to a clock
mechanism and was slowly lowered into a 3-zone vertical
tube furnace with a temperature gradient of 10°C mm−1.
The dropping speed was varied between 3 and 30 mm h−1.
Orange, transparent crystals were obtained. The pictures
in Fig. 6 show the single-crystal specimens of CsPbBr3 cut
from the grown crystal ingots.

GROWTH OF SINGLE CRYSTAL FILM
Although the hybrid perovskites have been extensively
studied, it is worth noting that the perovskite absorber
layers in perovskite solar cells, even the best one reached a
certified 22.1% PCE, are based on microcrystallines. This
could be limited by the lack of a facile and effective way to

Figure 6    Photograph of the CsPbBr3-1 and CsPbBr3-2 single-crystal
with melt crystallization method. Reprinted with permission from [66],
Copyright 2013, the American Chemical Society.

fabricate large single-crystalline thin films. At the same
time, although perovskite bulk single crystals showing
much higher carrier mobility and longer diffusion length
and carrier lifetime have advanced significantly, appli-
cation of these bulk single crystals in devices may cause
degradation of device performance due to the increase of
charge recombination as the active layer thickness is too
thick. In this regard, the fabrication of perovskite sin-
gle-crystalline thin films is highly desirable and intriguing
to boost device performance.

Table 1 A summary of different bulk single crystal growth methods and properties of as grown crystals

Properties
Growth method Single crystal

Size (mm) Carrier mobility (cm2 V−1 s−1) Trap state density (cm−3)
Ref.

STL method

MAPbI3
MAPbI3
MAPbI3
MAPbI3

10 × 10 × 8
12 × 12 × 7 (2–4 weeks)

10 × 3.3.
20 × 18 × 6 (5 days)

105 ± 35
167 ± 35

1010
7.6 × 108

[40]
[42]
[35]
[47]

ITC method

MAPbI3
MAPbI3
MAPbCl3
MAPbBr3
CsPbBr3

~5 (3 h)
71 × 54 × 39

(3 days to grow 7 mm)
 11 × 11 × 4 
25 × 25 × 6

~8 mm (several hours)

67.2
34
179
4.36

2 × 10−4 cm2 V−1

(Mobility-lifetime)

1.4 × 1010
1.8 × 109
2.6 × 1010

[50]
[58]
[58]
[58]
[61]

AVC method MAPbI3 ~1 2.5 ~109–1010 [34]

Melt crystallization
method CsPbBr3 ~7 diameter

1000
1.7×10−3 cm2 V−1

(Mobility-lifetime)
[66]
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Bakr’s [67] group first reported the successful growth and
characterization of hybrid perovskite MAPbBr3 monocrys-
talline films on substrates by using a cavitation-triggered
asymmetrical crystallizationmethod. As shown in the pho-
tographic image (Fig. 7a), as well as the cross-sectional
scanning electronmicroscopy (SEM) image (Fig. 7b), these
semitransparent films are homogeneous and free of grain
boundaries, with thicknesses varying from one up to sev-
eral tens of micrometers, and lateral dimensions ranging
from hundreds of microns to three millimeters. Later, Liu’s
[68] group reported a smart way to grow ultrathin sin-
gle crystal perovskite wafers based on the ITC method as
schematically shown in Fig. 7c. They built an ultrathin
geometry-defined dynamic-flow reaction system to control
the thickness of crystal. TheMAPbI3 wafer thickness could
be controlled to as thin as about 150 μm. The X-ray diffrac-
tion (XRD) and rocking-curve measurements showed that
the obtainedMAPbI3wafers had high crystallinity. Besides,
the trap state density of wafer was measured as low as 6 ×
108 cm−3.
Recently, Chen et al. [69] demonstrated a facile

space-confined solution-processed strategy to on-substrate

grow various hybrid perovskite single-crystalline thin
films (SCTFs) in a size of submillimeter with adjustable
thicknesses from nano to micrometers (Fig. 7d). The
prepared perovskite SCTFs exhibited excellent air stabil-
ity and comparable quality to bulk single crystals with a
trap density of 4.8 × 1010 cm−3, carrier mobility of 15.7
cm2 V−1 s−1, and carrier lifetime of 84 μs. Furthermore, it
was found that the perovskite SCTF growth did not require
lattice match with the substrate. It could be directly grown
on a variety of flat substrates including silicon wafer (with
or without dielectric film), flexible plastic substrate such
as polyethylene terephthalate (PET), glass, quartz, mica,
indium tin oxide (ITO), fluorinated tin oxide (FTO), etc.
This substrate-independent growth brought appealing po-
tentials to on-chip fabricate perovskite devices for diverse
applications, e.g., perovskite solar cells, optical devices,
electronic devices, flexible devices, etc. More recently, an
amazing large-area of 120 cm2 CH3NH3PbBr3 perovskite
crystal films with a steerable thickness of 0.1–0.8 mm have
been successfully prepared via an ingenious space-limited
ITC method by Rao et al. [70], as shown in Fig. 7e. The
super-large-area   CH3NH3PbBr3   crystal   film   presented

Figure 7    (a) Optical image and (b) cross-section SEM image of the MAPbBr3 monocrystalline film. Reprinted with permission from [67], Copyright
2016, Wiley. (c) A schematic illustration for the ultrathin single crystal wafer preparation. Reprinted with permission from [68], Copyright 2016, Wiley.
(d) Cross-section SEM images and atomic forcemicroscopy (AFM) images ofMAPbBr3 SCTFs with varied thicknesses. Reprinted with permission from
[69], Copyright 2016, American Chemical Society. (e) The photograph of CH3NH3PbBr3 crystal films with a thickness of 0.4 mm and an area about 120
cm2. Reprinted with permission from [70], Copyright 2017, Wiley.
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excellent electronmobility of 40.7 cm2 s−1 V−1, low trap den-
sity of 8.80 × 1010 cm−3, and long electron diffusion length
of 6.4 μm.

APPLICATIONS OF THE PEROVSKITE
SINGLE CRYSTALS

Fundamental study of intrinsic properties of perovskites
The emergence of large-size and high-quality organic-in-
organic hybrid halide perovskite single crystals provides
an ideal platform to investigate fundamentally intrinsic
properties of perovskites due to their absence of grain
boundaries and existence of low trap density. For example,
in-situ investigation of the photophysics properties of a
CH3NH3PbBr3 single crystal under dark and irradiation
indicated that the illumination was able to rearrange the
piezoresponse force microscopy (PFM) phase angles in
bulk crystal and force them to become convergent. A large
surface potential change of 200 mV was also observed
due to the accumulation of built-in potential fields in
CH3NH3PbBr3 single crystal under light [71]. Fang et al.
[72] studied the photophysics of MAPbI3 single crystal.
By temperature-dependent steady-state and time-resolved
photoluminescence test, the photoexcitation landscape
was demonstrated. They attributed the long lifetime to the
bond excitons, which had a triplet-state nature.
Yang et al. [73] found that bulk CH3NH3PbI3 single

crystal support amplified spontaneous emission under
two- and three-photon excitations over a range of op-
eration temperature. Bakr’s [53] group’s study showed
that FAPbBr3 crystals displayed a 5-fold longer carrier
lifetime and 10-fold lower dark carrier concentration than
those of MAPbBr3 single crystals. Long carrier diffusion
lengths, 6.6 μm for FAPbI3 and 19.0 μm for FAPbBr3 single
crystals, were detected, both of which were much longer
than previously thought. Valverde-Chávez [74] studied
the dynamics and efficiencies of free charge creation and
charge carrier mobility of MAPbI3 single crystal with
optical pump–multi-THz spectroscopy in the 4–125 meV
range optical pulse. Fang’s [75] group studied the photon
recycling of CH3NH3PbI3 and CH3NH3PbBr3 single crys-
tals and quantified the efficiency less than 0.5%. Hence
the photon recycling was not the origin of the long carrier
diffusion length of perovskite single crystal. Recently,
we reported the anisotropy of moisture erosion observed
in CH3NH3PbI3 single crystals. When exposed to mois-
ture, the (001) facet exhibited greater sensitivity to water
molecules and showed a faster erosion rate compared to
the (100) facet and (112) facet. Structural and chemical

origins responsible for anisotropic moisture erosion were
elucidated [76].

Device applications
Owing to their superior optoelectric properties, or-
ganic-inorganic hybrid halide perovskites single crystals
have demonstrated a lot of device applications. Some
representative applications are highlighted below.

Photodetector
Photodetectors can convert light signals into electrical sig-
nal. Hence, high sensitivity and fast speed photodetec-
tors have a lot of applications like biological sensing, cam-
era imaging, missile warning, and communications, etc.
[77–80]. For a photodetector, responsivity (R) and exter-
nal quantum efficiency (EQE) are the two key parameters
to describe the device performance. The responsivity can
be defined as R I I P S= / × ,L D 0 where IL is the light cur-
rent, ID is the dark current, P0 is the irradiance power den-
sity and S is the effective illuminated area. The R stands
for the photoelectric conversion efficiency. The EQE can
be described as Rhc eEQE = / , where R is the responsiv-
ity, h is Planck's constant, c is the velocity of light, e is the
electron charge, and λ is the wavelength of incident light.
The EQE stands for the electrons generated divided by the
incident photons.
For the first time, Lian et al. [44] reported a planar-type

photodetector based onMAPbI3perovskite single crystal as
schematically shown in Fig. 8a. The single crystal pho-
todetector showed better performance than its polycrys-
talline counterpart as shown in Fig. 8b, about 102 times
higher R and EQE, and approximately 103 times faster re-
sponse speed. Fang et al. [45] reported highly narrow-
band photodetector based on a series of halide perovskite
single crystals due to the strong surface-charge recombi-
nation-induced suppression of charge collection for short-
wavelength excitation. By tuning the molar ratio of Cl/Br
precursor, perovskite with different band gap can be pro-
duced. The device showed an ultra-narrow EQE peak with
an FWHM of < 20 nm, and a detection limit down to 80
pW cm–2 as shown in Fig. 8c–e. Maculan et al. [52] re-
ported an efficient visible-blind UV-photodetector based
on ITC-grown MAPbCl3 single crystals. Fang et al. [81]
combined a perovskite single crystal photodetector with
a triboelectric nanogenerator to make the self-power de-
vice. Driven by the nanogenerator, the photodetector with
a large responsivity of 196V (mWcm−2)−1 canworkwithout
external electric field. Ding et al. [82] reported a self-pow-
ered photodetector based on a MAPbI3 single crystal with
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Figure 8    (a, b) Device structure and response of the MAPbI3 single crystal photodetector. Reprinted with permission from [44], Copyright 2015,
Springer. (c) Normalized EQE spectra of different composite perovskite; (d, e) schematic of device structure and performance. Reprinted with permis-
sion from [45], Copyright 2015, Springer. (f–h) Mass production of photodetectors and their peroformance. Reprinted with permission from [59, 68],
Copyright 2017, Wiley; Copyright 2016, Wiley.

Au–Al asymmetric electrodes. The device showed a re-
sponsivity of 0.24 A W−1 at the lowest noticeable incident
power density of 1 × 10−8 W cm−2 and a fast response time
of 71 μs under zero bias. Shaikh et al. [83] also prepared
a self-biased photodetector with AVC-grown MAPbBr3
single crystals. They utilized Pt-Au electrods to make a
Shottkey junction, which demonstrated a photodetectivity
of 1.4 × 1010 Jones at zero bias. Cao et al. [84] fabri-
cated a self-powered photodetector based on core-shell
CH3NH3PbBr3 single crystal heterojunction. The respon-
sivity of photodetector was up to 11.5 mA W−1 under 450
nm irradiation at zero bias. By simply depositing ~300
nm interdigital Au electrodes via vacuum evaporation
method, Liu’s group demonstrated the mass production of
integrated photodetectors based on large-sized FAPbI3 and
MAPbI3 perovskite single crystal wafer, as shown in Fig.

8f–h. More recently, the 120 cm2 large-area CH3NH3PbBr3
perovskite crystal film has been successfully applied to
narrowband photodetectors, which enabled a broad linear
response range of 10−4–102mWcm−2, 3 dB cutoff frequency
(f3dB) of ~110 kHz, and high narrow response under low
bias of −1 V [70].

Solar cell
Based on the hybrid perovskite monocrystalline films
grown by the cavitation-triggered asymmetrical crys-
tallization method, Bakr’s [67] group made the first
explorative study on perovskite monocrystalline solar cells
using two different device structures: ITO/MAPbBr3 (4
μm)/Au and FTO/TiO2/MAPbBr3 (1 μm)/Au. Dark and
illuminated J-V curves of these monocrystalline solar cells
are shown in Fig. 9a,  b,  respectively.  By utilizing a simple
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Figure 9    J-V curves (a) ITO-based and (b) FTO/TiO2-based monocrystalline solar cells, respectively. (c) The quantum efficiency curves and current
density curves of devices. Reprinted with permission from [67], Copyright 2016, Wiley.

cell structure of ITO/MAPbBr3 (4 μm)/Au, the internal
quantum efficiency (IQE) was up to 100%, and an ul-
tra-stable PCE was >5%. Furthermore, the efficiency can
be enhanced to 6.5% by employing a single p–n-junc-
tion-based architecture instead, which was better than
the best HTL-free MAPbBr3 solar cells, as shown in Fig.
9c. These results provide direct proof for the superior
optoelectronic properties of perovskite monocrystalline
films in devices over their polycrystalline counterparts.
With the millimeter sized bulk single crystal, it’s hard to
make a high efficiency solar cell. However, Dong et al. [85]
fabricated lateral structure perovskite single crystal solar
cells via piezoelectric poling. A highest PCE of 5.36% can
be reached at 170 K which yields an efficiency enhance-
ment of 44 folds of the polycrystalline film.

High-energy ray detector
High-energy ray detector can convert high-energy rays

such as X-ray and γ-ray photons to charges. It has been ap-
plied in the fields of security inspection, medical imaging,
industrial material inspection, etc. [86–88]. For X-ray de-
tection, the crystal layer collects X-ray photons and charges
are generated. Hence, charge carrier mobility and lifetime
are very critical for a high sensitivity X-ray detector. In
addition, crystal’s atomic constituents Z play an important
role for X-ray attenuation coefficient α (α Z4/E3, where E
is the X-ray photon energy) [89].
Due to the excellent carrier transport properties of

halide perovskites and high-Z elements Pb, I, or Br,
perovskites have shown their great potential for X-ray
detection [90]. Yakunin et al. [91] reported X-ray detec-
tion in MAPbI3 films first, exhibiting X-ray sensitivity of
25 μC mGyair−1 cm−3 and responsivity of 1.9 × 104 carri-
ers/photon. Náfrádi et al. [92] reported a mass attenuation
coefficient of 14±1.2 cm2 g−1 and charge collection effi-
ciency of 75±6% for unfiltered X-ray radiation in the 20−35
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keV range based onMAPbI3 bulk crystals, as shown in Fig.
10a, b. Both works show high dark currents, which limits
the sensitivity of X-ray detection. Wei et al. [93] reported
X-ray detector based on bulk MAPbBr3 single crystal for
the first time. By optimizing the device structure and a
surface passivation, a detector with a charge collection
efficiency of 33%–42% for UV-vis light, 16.4% for hard
X-ray photons at near zero bias could be attained, as shown
in Fig. 10d–f. In addition, the sensitivity was up to 80
μC Gyair−1 cm−2.
Recently, a direct-conversion γ-ray detector was reported

by Yakunin et al. [94]. They proved lead halide perovskites
MAPbI3, FAPbI3 and I-treated MAPbBr3 can act as γ-ray-
detecting materials. Among them, device based on FAPbI3
single crystal exhibited the highest charge-carrier mobil-
ity-lifetime product and the lowest noise levels and dark
currents, showing great potential for γ-ray detection.

CONCLUSIONS AND OUTLOOK
Organic-inorganic hybrid halide perovskites have emerged
as promising solution-processable optoelectronic materi-
als. In comparison with polycrystalline film, perovskite

single crystals possess remarkably lower trap densities,
higher charge mobilities, longer carrier diffusion lengths
and better stability, thus receiving increasing attention. In
this review, we outlined recent advancements of growth
techniques and applications of organic-inorganic halide
perovskites single crystals. Large-sized bulk single crys-
tals are usually prepared by anti-solvent vapor-assisted
crystallization, seed solution-growth method, cooling-in-
duced crystallization and solvothermal growth methods.
STL method, ITC method and AVC method have been
classic and well-recognized techniques to grow large-sized
organic–inorganic halide perovskites bulk single crystals,
some of which even demonstrate their ability to grow fully
inorganic halide perovskites single crystals. There are also
successful examples of growth of CsPbBr3 and CsPbCl3
single crystals by using the melt crystallization technique.
It should be noted that two-inch-sized organic-inorganic
halide perovskites bulk single crystals have been demon-
strated by using a repeated seed-assisted ITC method,
showing an inviting vista of commercialization of these
materials. Furthermore, the appearance of organic-inor-
ganic halide perovskites single crystalline  films  may  pave

Figure 10    (a, b) X-ray detection performance of the MAPbI3 single-crystal devices. Reprinted with permission from [92], Copyright 2015, the Amer-
ican Chemical Society. (c) Structure illustration of single crystal radiation detector; (d–f) X-ray detection performance of the MAPbBr3 single-crystal
devices. Reprinted with permission from [93], Copyright 2016, Wiley.
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the way to the wide-spread applications.
On one hand, hybrid halide perovskites single crystals

provide ideal platforms for fundamental studies due to the
absence of grain boundaries, especially in the context of
photophysics mechanism, stability, charge transportation,
and charge recombination dynamics. On the other hand,
hybrid halide perovskites single crystals provide a promis-
ingmaterial choice for the fabrication of high-performance
optoelectronic devices such as photodetectors, solar cells,
high-energy ray detectors and so on. For the future work
in this area, the preparation of large-sized, high-quality,
thickness-controlled, orientation-controlled hybrid halide
perovskites single crystals is still a big challenge. For
example, ITC method demonstrates a rapid crystal growth
approach, but degenerated crystalline quality especially
the surface quality is usually observed due to solvent cor-
rosion. Although several methods have been adopted to
fabricate single crystalline films, the general applicabili-
ties of these methods to organic-inorganic hybrid halide
perovskites need to be further proved. Additionally, it
should be noted that most of the demonstrated device
applications of perovskites single crystals have focused on
photodectors. Their application in solar cells, which is
the most recognized application area for perovskites thin
films, is still very limited. The reason lies that it is still hard
to attain a perovskite single crystal with an appropriate
thickness for classic solar cell structure. The potential of
perovskite in solar cell has not been fully realized. It is
believed that further advancement could be expected by
developing device-oriented crystal growth techniques.
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