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ABSTRACT: Perovskite materials have attracted much attention in various optoelectronics
applications such as solar cells, light-emitting diodes, and photodetectors. Compared to
multicrystalline films, single crystal perovskites are free of grain boundaries and exhibit lower
defect density, longer carrier lifetimes, longer carrier diffusion distances, and outstanding
stability, thus having the potential to show superior performances in optoelectronic devices. In
addition, single crystal nanostructures are ideal model systems for studying the fundamental
optoelectronic properties of newly designed functional materials. This review provides a
thorough introduction to the fundamental theories behind crystal nucleation and growth. In
addition, we provide an in-depth analysis of the application of classic ideas to the experimental
formation of perovskite crystals including inorganic and hybrid halide perovskites with low-
dimensional and three-dimensional structures. Subsequently, we correlate the crystal structure
and optoelectronic properties and summarize the recent advances in the application of
perovskite single crystals in various optoelectronic devices. Finally, we discuss the ongoing
challenges in single crystal growth and the emerging optoelectronic applications. This review will serve as a valuable resource for
future studies on the synthesis and uses of perovskite single crystals.

1. INTRODUCTION
Recently, lead halide perovskites received considerable
research attention due to their excellent optoelectronic
properties, making them suitable for various optoelectronic
applications. In 1978, Weber et al. synthesized organic−
inorganic hybrid metal halide perovskites for the first time by
replacing Cs ions with organic methylammonium (MA+)
cations in an inorganic perovskite previously synthesized by
Møller.1 Since then, metal halide perovskites’ unique chemical
and physical properties have been studied widely. The
community did not recognize the exceptional optoelectronic
capabilities of the perovskites until 2009, when Miyasaka et al.
introduced MAPbI3 and MAPbBr3 into the photovoltaic (PV)
application. Compared with other PV materials, metal halide
perovskites exhibit many advantages such as tunable
bandgap,2−14 high light absorption capability,14−16 long carrier
lifetime,17−20 and diffusion length.21−24 Very soon, they were
applied in a variety of optoelectronics and showed excellent
performance in lasers,25−28 luminescent devices,29−32 photo-
detectors,33−35 and high-energy ray detectors,36,37 as shown in
Figure 1.
Currently, perovskite polycrystalline thin films are com-

monly used in optoelectronic applications. However, these
films tend to contain many grain boundaries and charge traps,
which increase the nonradiative charge recombination and ion
migration and limit the development of optoelectronic
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Figure 1. Main applications of perovskite materials.
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devices.38−41 Relative to polycrystalline thin films, perovskite
single crystals (SCs) exhibit higher carrier mobilities,15,17,42

lower trap state densities,17,23,42 longer carrier diffusion
lengths15,22,23,42,43 and larger light absorption coefficients.14,44

In addition, the intrinsic material properties are best
demonstrated in SCs, which are the ideal vehicle for the
intrinsic structure of materials. Therefore, high-quality perov-
skite SCs are important for studying material properties and
subsequent device fabrication. Low-defect single crystals are
the optimum semiconductor material for optoelectronic
devices. To further increase the performance of these devices,
a considerable scientific effort is devoted to synthesis
perovskite SCs and prepare single-crystal optoelectronic
devices. The first synthesis of three-dimensional (3D)
perovskite materials based on CsPbX3 (X = Cl−, Br−, and
I−) was made by H. L. Wells as early as 1892, and in 1957
these materials were identified as perovskite crystal structure
with a semiconductive nature by C. K. Møller.45,46 In 1977,
Huber et al. synthesized two-dimensional (2D) layered
p e r o v s k i t e S C s o f ( C nH n + 1 NH 3 ) 2MX 4 a n d
NH3(CH2)mNH3MX4 (n = 1, 2,..., 18 and m = 2, 3,..., 8).
Therein, M and X represent divalent metal ions of Cl− or Br−,
respectively.47 In 1987, Weber et al. produced 3D perovskite
SCs of MAPbX3, where X = Cl−, Br−, and I−, and explored the
dependence of the crystal structure on the temperature.1 On
the other hand, Mitzi et al. fabricated 3D perovskite MASnI3
SCs in 1995.48 Numerous methods were developed for
preparing and growing high-quality metal halide SCs. The
quality of the synthesized SCs improved with advancements in
the synthesis and growing techniques for perovskite crystals.
Then, by reducing the solution temperature and evaporation
rate, Lemmerer et al. grew 2D high-quality perovskite
(CnH2n+1NH3)2PbI4 (n = 4, 5, and 6) SCs.

2 In 2014, Tao et
al. greatly developed large MAPbI3 SCs through the solution
temperature-lowering method.14 In 2015, Bakr et al. pioneered
synthesizing a series of MAPbI3 SCs through the inverse
temperature crystallization method.49 For the melting method,
Kanatzidis et al. synthesized all-inorganic perovskite CsPbBr3
SCs in 2013.50 Later, Hodes et al. successfully prepared high-

quality perovskite CsPbBr3 SCs through an antisolvent vapor-
assisted method.51

Techniques for synthesizing and growing metal halide
perovskite SCs are being developed, and they have varying
effects on the quality and properties of SCs. Choosing the
appropriate growing method for particular perovskite crystals is
essential, depending on the chemical compositions.
In this review, we provide a valuable reference for future

research on the synthesis and applications of perovskite SCs.
This review begins with crystal nucleation and growth theory,
followed by classifying the different growth methods by the
main phases involved in the synthesis. It highlights the
continuous improvement, summarizing their pros and cons.
Finally, it discusses the applications of perovskite SCs in
optoelectronic devices in detail.

2. CRYSTAL STRUCTURE OF PEROVSKITE
Figure 2a shows the structure of metal halide perovskites with
the general formula, ABX3, where A can be an inorganic (e.g.,
Cs+, and Rb+) or organic group (e.g., MA+, and FA+) cation, B
is a divalent metal cation (e.g., Pb2+, and Sn2+), and X is a
halide anion (e.g., Cl−, Br−, and I−). Due to the ease of
formation of ionic bonds between the B and X ions, [BX6]4−

octahedral structures could also be easily formed. These
octahedral structures form the 3D networks in the organic−
inorganic hybrid metal halide perovskite structure.52 They can
also form perovskite cages with the disordered A cations filling
the confined octahedral gaps.53 The ionic radius of each ion in
the ABX3 perovskite crystal structure must be confirmed with
the tolerance factor (t), which can be calculated using eq 1

= +
+

t
R R

R R2 ( )
A B

B X (1)

where RA, RB, and RX are the ionic radii of A, B, and X,
respectively. The ideal cubic perovskite crystal structure can be
formed when 0.9 ≤ t ≤ 1 (Table 1). When 0.7 ≤ t ≤ 0.9,
cation A is so small that the octahedral gap is not entirely filled;
this gap and the octahedral framework are deformed.
Therefore, the structure could easily transit into a tetragonal

Figure 2. (a) Schematic lattices of 3D perovskites. Reproduced from permission.52 Copyright 2016, Royal Society of Chemistry. (b) Relationship
between the composition and the tolerance factor (B = Pb2+, X = I−), where K = potassium (138 pm), Rb = Rubidium (152 pm), Cs = Cesium
(167 pm), MA = methylammonium (217 pm), FA = formamidinium (253 pm), MDA = methylenediammonium (262 pm), DMA =
dimethylammonium (272 pm), EA = ethylammonium (274 pm), Ace = acetamidinium (277 pm), Gua = guanidinium (278 pm). Reproduced with
permission from ref 53. Copyright 2018, American Chemical Society. (c) Example of 2D perovskite with different crystal structures. Reproduced
with permission from ref 54. Copyright 2019, American Chemical Society.
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or orthorhombic crystal lattice. In contrast, when t < 1, the
octahedral structure dissociates and ceases to be connected at
the common vertex, which yields a 2D layered crystal structure,
as shown in Figure 2b.53 The crystal structure, which can be
altered by varying the value of t, affects the optoelectronic
properties of the perovskite material.
By decreasing the perovskite crystal dimensions, the

required t is relaxed, allowing large A cations to enter the
perovskite cage as well and forming 2D perovskite crystal
structures, such as Ruddlesden−Popper (RP), Dion−Jacobson
(DJ), and alternating cation in the interlayer space (ACI)
phases, as shown in Figure 2c.54 The 2D RP and DJ perovskite
phases are more widely studied among these crystal
structures.9 In RP perovskites, the organic spacer cations
commonly contain an amine group, and the inorganic layers
form a staggered arrangement. The tails of the organic cations
are connected between the adjacent inorganic layers through
van der Waals forces, thereby forming an arrangement
connected through feeble intermolecular forces of attraction.
Therefore, large interlayer distances may be detrimental to the
stability of RP perovskites.55 In contrast, in DJ perovskites,
each organic spacer cation contains two amine groups, which
can simultaneously connect to two adjacent inorganic layers,
forming a plane that aligns with these adjacent octahedral
organic structures. This effectively enhances the interaction

forces and reduces distances between adjacent inorganic layers,
which could facilitate interlayer charge transfers.56 Lastly, the
ACI structure can be formed by alternating the organic spacer
cations to connect two adjacent inorganic layer.

3. PEROVSKITE CRYSTALLIZATION FROM LIQUID
PHASE
3.1. Theories of Crystal Nucleation and Growth.

Crystal is a solid substance consisting of a large number of
atoms (ions or molecules) arranged in space in a regular
periodic repetition. Crystal preparation can be divided into two
processes: nucleation and growth. The solid-phase nuclei act as
templates for subsequent crystal growth. Crystal nucleation
proceeds either through a homogeneous or heterogeneous
path. Homogeneous nucleation is the direct formation of
nuclei with clusters of atoms in the parent phase.57 In contrast,
heterogeneous nucleation occurs when the new phase forms at
heterogeneities, such as foreign surfaces, impurities, grain
boundaries, and dislocations, which preferentially occurs in the
parent phase.
When a crystal nucleus appears in the parent phase, the

atoms in this region gradually convert from an aggregated to an
aligned state in the solid phase, decreasing the free energy in
the system. The entire nucleation process can be explained
using thermodynamic principles. According to the existed
classical nucleation theory, ΔG represents the free energy
change of the system during homogeneous nucleation of a
spherical nucleus with radius r.58 And ΔG can be defined as
the sum of the energy change induced by the surface crystal
free energy (σ) and the bulk crystal free energy (ΔGV) in a
spherical nucleus, so the system’s total free energy (ΔG) when
a crystal nucleus appears can be described using eq 2:

= +G r r G4
4
3

2 3

(2)

Table 1. Tolerance Factor (t) for Hybrid Perovskites

tolerance
factor (t) structure description

<0.71 A and B have similar ionic
radii

0.71−0.9 tetragonal/orthorhombic/
rhombohedral

A is small or B is large

0.9−1.0 cubic A and B have ideal size
>1.0 hexagonal/tetragonal A is large or B is small

Figure 3. (a) Schematic diagram of heterogeneous nucleation. (b) Diagram of concentration distribution of monomers around particles.
Reproduced with permission from ref 62. Copyright 2011, Wiley-VCH. (c) Solubility and concentration curves vs the growth temperature for
different regions in the single crystal growth model, and the different MAPbBr3 crystals morphology of different regions. Reproduced with
permission from ref 65. Copyright 2019, Elsevier.
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However, both variables (σ, ΔGV) are dependent on
temperature (T).59 Therefore, at a certain value of T, ΔG
becomes a function of r. Figure 3a shows the dependence of
ΔG with r. In the ΔG vs r curve, the presence of a critical
radius (rcrit) can be observed. When r < rcrit, the nucleus
redissolves in the solution. When r ≥ rcrit, ΔGν gradually
decreases, and the nucleus becomes stable.
Under experimental conditions, there may be another phase

in the parent solution, wherein heterogeneous nucleation can
occur. In contrast to homogeneous nucleation, the nuclei form
on the surface of heterogeneities in this process.60

The precise control of the crystal growth is critical to obtain
high-quality crystals. In general, crystal growth depends on the
reaction of the solute on the crystal surface and its diffusion
into the crystallite.61 The rate of the reaction on the surface is
assumed to be irrelevant to the size of the particles. Figure 3b
shows the model for this process. The total flux (J) of the
monomers passing through a spherical plane with radius r is
defined as, where k is the rate of reaction on the surface related
to temperature, Ci is the concentration of monomers at the
liquid solution−solid particle interface, and Cr is the solubility
of the particles. In contrast, the diffusion-limited process
follows Fick’s first law of diffusion.62 However, the rate of
diffusion varies exponentially with the temperature. In general,
low growth rates yield high-quality crystals.63

Aside from the temperature, the solubility of the solute also
plays an essential role in the growth of high-quality crystals.
The formed crystal nuclei can only grow without extraneous
nucleation when the solution is slightly oversaturated, i.e., the
solute concentration is just over the solubility limit.64 Figure 3c
illustrates the three phases in single-crystal growth, namely the
unsaturated, oversaturated, and optimized growth regions,
which are bounded by the solubility (S−T) and nucleation
(N−T) curves. First, the saturated solution is necessary for
precipitation, so no crystal can be formed in an unsaturated
solution below the S−T curve. In addition to the saturated
condition, the temperature of the solution also affects the
quality of the crystals formed. Second, when the saturated
solution is heated to a temperature slightly above S-T curve to
enter the oversaturated region, which results in only crystal
growth but no nucleation. Therefore, after the solution has
formed fewer nuclei during the temperature rising, the solution
can be heated to this region to ensure that the nuclei can grow
slowly and no new nuclei are formed. Lastly, when the
oversaturated solution is heated to a temperature slightly above
the N-T curve to enter the supersaturated region, which leads
to defects, twins, and fine crystals, as shown in Figure 3c.65

A few theories describe the mechanism of crystal nucleation
and growth. The primary nucleation mechanism is the LaMer
mechanism, wherein nucleation and growth are considered two
distinct processes and divided into three stages.66 First, the
concentration of solute in the solution gradually increases and
approaches the saturation limit. Once saturation is achieved,
nucleation occurs in the solution, which rapidly decreases the
solute concentration. Lastly, under solute diffusion, crystal
growth starts at the center with the crystal nuclei. As shown in
Figure 4a, these three stages appear individually over time.60

Moreover, the Ostwald ripening mechanism is founded on
the Gibbs−Thompson theory,67 which implies that tiny
particles with high solubility and surface energy rapidly
dissolve in solutions. As a result, a concentration gradient
forms in the solution due to the difference between the solute
concentration around smaller and larger particles; higher solute

concentration is often observed around smaller particles. The
concentration gradient promotes the movement of the solute
toward low-concentration regions. These processes cause small
particles to precipitate on the surface of large particles, thereby
increasing the size of the particles, as shown in Figure 4b.68 In
contrast, the theory of digestive ripening, described by Lee et
al., states that the surface energy-controlled large particles
redissolve to support the growth of smaller particles.69

Aside from the LaMer mechanism and Ostwald ripening,
other theories, such as the Finke−Watzky two-step mecha-
nism, orientated attachment, and intraparticle growth, are used
to explain the nucleation and growth of crystals. In the Finke−
Watzky two-step mechanism, nucleation and growth coincide.
This phenomenon was observed in the reduction of transition
metal salts by cyclohexene. In this mechanism, the first process
involves slow and constant nucleation, and the second step
presents spontaneous growth that is not controlled by
diffusion.70 On the other hand, orientated attachment was
introduced by Penn and Banfield in their work on the
hydrothermal synthesis of TiO2 nanocrystals. In this
mechanism, the orientation of the nanocrystals is constant
throughout the growth process. Larger particles can be formed
by interconnecting the nanoparticles on a shared crystalline
surface.71 The principles of coalescence and orientated
attachment are very similar. However, during coalescence,
the orientation of the nanoparticles is not consistent.72

Liquid phase crystallization techniques are currently the
most widely used route to produce high-quality perovskite SCs
due to the low cost and simplicity. In these methods, the
solubility of the solute in the saturated perovskite precursor
solution is gradually reduced to grow the perovskite SCs.
3.2. Solution Temperature-Lowering (STL) Method.

The solution temperature-lowering (STL) approach exploits
the fact that the solubility of the perovskite precursor decreases
with decreasing solution temperature. This method involves
three stages: (i) the mixed solution is heated at a relatively high
temperature to form a clear precursor solution, (ii) the
precursor solution is continuously cooled to precipitate the
seed crystals, (iii) the cooling rate of the precursor solution is
controlled to facilitate the growth of the seed crystals. The STL
approach has the advantage of being able to control the growth
rate of perovskite crystals. Therefore, high-quality and large
crystals can be synthesized through this route by controlling
slower cooling. Figure 5 shows a schematic of the STL method.
The first organic−inorganic hybrid metal halide perovskites

were fabricated using this method. As reported by Weber et al.,
equimolar amounts of MA+ and Pb2+ ions in an aqueous HX
solution yield MAPbX3 crystals (X = Cl−, Br−, I−) through the
STL method. Later, this method was employed and refined in

Figure 4. (a) LaMer effect. Reproduced from permission from ref 60.
Copyright 1950, American Chemical Society. (b) Ostwald ripening
scheme. Reproduced with permission from ref 68. Copyright 1961,
Elsevier.
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succeeding research works.1 Recently, Tao et al. reported the
first use of this method to grow centimeter-sized perovskite
MAPbI3 SCs, where Pb(CH3COOH)2·3H2O and CH3NH3I
were dissolved in aqueous HI at 70 °C to obtain a clear
perovskite precursor solution. At 65 °C, a saturated precursor
solution was obtained, which was slowly cooled down to 40 °C
to precipitate out the SCs. The dimensions of the synthesized
large SCs were 10 × 10 × 8 mm3, as shown in Figure 6a.14 Lin
et al. also successfully synthesized SCs of MAPbX3 (X = Br−,
I−). For the growth of the MAPbI3 crystals, the precursor
solution was heated to 90 °C and then cooled down to 45 °C
at a precisely controlled cooling rate. Centimeter-sized SCs
were obtained, as shown in Figure 6b. The solubility of
MAPbI3 in HI acid as a function of temperature was also
investigated. Figure 6c shows the corresponding solubility
curve. MAPbBr3 SCs with a lateral size greater than 5 mm were
also produced after 10 days, as shown in Figure 6d.73

In 2016, Kanatzidis et al. employed a similar strategy to grow
2 D R P p e r o v s k i t e S C s b a s e d o n
(CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 with n = 1, 2, 3, 4,
∞, as shown in Figure 6e.10 Since then, this method was
extended to other materials to prepare other single-crystal 2D
perovskite structures, such as DJ perovskite using
(NH3CmH2mNH3)(CH3NH3)n−1PbnI3n+1 with m = 7−9 and n

= 1−4, and ACI phase using (C(NH2)3)(CH3NH3)nPbnI3n+1
with n = 1, 2, 3.9,74 In addition to MA-based perovskite SCs,
Tisdale et al. synthesized perovskite (C4H9NH3)2(FA)Pb2I7
SCs through STL method using larger formamidinium (FA+)
cations.7 Song et al. obtained low-dimensional Sn-based
perovskite SCs, (BEA)FA2Sn3I10, which exhibited a longer
carrier lifetime and higher carrier mobility than the 2D Pb-
based perovskite SCs.75 In the STL method, the corresponding
HX (X = Cl−, Br−, I−) acid is the best growth solution for these
perovskite SCs, which has better solubility and lower boiling
point. Furthermore, aqueous HX can supplement the proper-
ties of the corresponding halide cation. On the other hand, Lin
et al. used deionized H2O as a novel solvent for the growth of a
single-crystal, all-inorganic perovskite (CsPbBr3). In contrast
to the traditional growth process that utilized aqueous HBr, the
pure CsPbBr3 phase was stabilized when the CsBr:PbBr2 ratio
was ≥1:1 in H2O; however, CsPb2Br5 easily formed with
excessive amounts of the Br− ions, as shown in Figure 6f.19

Other all-inorganic perovskite SCs, such as CsGeI3, were also
successfully synthesized in previous reports.11

To produce high-quality single crystals, the STL method was
optimized into top-seeded solution growth (TSSG) and
bottom-seeded solution growth (BSSG) methods.
In the TSSG method, the difference in the solubility of

perovskites under a temperature gradient is utilized to grow the
single crystals. Initially, seed crystals are fixed on the silicon
substrate at the top of the solution. Then, tiny seed crystals at
the bottom are heated to supersaturation. Convection occurs
due to the temperature difference between the top and bottom
layers of the solution; the saturated solution at the bottom
flows to the low-temperature region at the top. Thereafter, the

Figure 5. Schematic diagram of STL method.

Figure 6. (a, b) MAPbI3 SCs prepared by STL method. Reproduced from permission from ref 14. Copyright 2015, Royal Society of Chemistry.
Reproduced with permission from ref 73. Copyright 2015, Elsevier. (c) Solubility curve of MAPbI3 in HI (57 wt %) under different temperatures.
Reproduced with permission.73 Copyright 2015, Elsevier. (d) MAPbBr3 SCs. Reproduced with permission from ref 73. Copyright 2015, Elsevier.
(e) 2D SCs (CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 (n = 1, 2, 3, 4, ∞). Reproduced from permission from ref 10. Copyright 2016, American
Chemical Society. (f) CsPbBr3 single crystal. Reproduced with permission from ref 19. Copyright 2021, Springer Nature. reproduced without any
modification and licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/.
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single crystals precipitate and attach to the top seed to produce
high-quality large perovskite SCs, as shown in Figure 7a.52

Huang et al. synthesized high-quality MAPbI3 crystals
through the TSSG method. First, the seed crystals were
precipitated from a mixed acid solution. Then, they were fixed
at the bottom of the vial, where a Si substrate was inserted.
Then, the substrate was cooled with air in the top half of the
vial to remove the latent heat efficiently. This resulted in the
formation of large seed crystals with low defect concentrations.
The seed crystals were dissolved in an oil bath to form a
supersaturated solution while maintaining the temperature of
the vial. The inflow of outside air formed a temperature
gradient between the top and bottom layers of the solution in
the vial. The supersaturated solution at the bottom flowed to
the top and nucleated on the low-temperature Si substrate to
produce the bulk MAPbI3 SCs. The resulting single crystals
exhibited good quality; they can be left in the air for at least six
months without losing their surface luster, as shown in Figure
7b.22 In 2016, Tao et al. prepared bulk single crystals of
MASnI3 (20 × 16 × 10 mm3) and FASnI3 (8 × 6 × 5 mm3) for
the first time through the TSSG method under ambient
atmosphere. The growth temperature was precisely controlled,
and high-quality seed crystals were utilized. Furthermore, the
changes in the solubility of these crystals in a HI−H3PO2
mixed solution were monitored; Figure 7c shows the
corresponding solubility curves.76 In addition to these single-
crystal 3D perovskites, large 2D perovskite SCs, such as
BA2PbI4, BA2MA2Pb3I10, and BA2MA3Pb4I13, could also be
prepared through the TSSG route.77

The principles of crystallization in the BSSG method are
similar to those involved in the TSSG route. In these methods,
single seed crystals are precipitated through the cooling of the
supersaturated solution.78 However, the positions of single
crystal seed growth and cooling regions in these two methods
are reversed, as shown in Figure 8.
In 1995, Mitzi et al. reported the growth of MASnI3 single

crystal for the first time based on the cooling crystallization
method. First, methylammonium iodide (MAI) and SnI2 were

dissolved individually in HI acid. The resulting solutions were
heated in a water bath at 90 °C and then mixed to obtain a
clear yellow solution. The clear precursor solution was cooled
down to room temperature to precipitate crystals seeds at the
bottom of the vial.48 In 2016, Tao et al. synthesized bulk
NH3(CH3)3SnX3 (X = Cl−, Br−) SCs in an ambient
atmosphere for the first time. The small seed crystals were
deposited on the bottom of the substrate and then rotated
using electric motors to avoid uneven crystallization due to the
nonuniformity of the solution concentration. When the initial
temperature was above 60 °C, aqueous HX (X = Cl−, Br−)
evaporated, which increased the opacity of the
NH3(CH3)3SnX3 (X = Cl−, Br−) SCs. Therefore, the
controlled temperature range played a critical role in crystal
growth. The seed crystals gradually grew through the
attachment of the precipitated single crystals from the
saturated solution. Finally, NH(CH3)3SnCl3 (13 × 8 × 6
mm3) and NH(CH3)3SnBr3 (8 × 6 × 4 mm3) SCs were
synthesized with good atmospheric and thermal stability,
shown in Figure 9a.79 On the other hand, Sun et al. produced

bulk single-crystal MAPbI3 through the BSSG method and
reported that the introduction of Cl into the precursor solution
could improve the crystalline quality of the perovskite and
accelerate its growth rate. First, two separate solutions of
Pb(CH3COO)2 and MAI−MACl mixture (1:1 ratio) in
aqueous HI were prepared. Later, the two solutions were
mixed to form the precursor (growth) solution and then
rapidly cooled to produce the small MAPbI3(Cl) seed crystals.
High-quality seed crystals were selected and introduced into
the growth solution. The temperature of the growth solution
was controlled in an oil bath. First, the outer surface of the
seed crystals was melted at 105 °C and then cooled down to 40
°C over 5 days; the seed crystals grew slowly. The dimensions
of the synthesized bulk single crystal were 20 × 18 × 6 mm3, as
shown in Figure 9b.18 Large MAPbI3 SCs were also produced
through the BSSG method. First, black single crystals with a
lateral size of approximately 3 mm were prepared and then
fixed at the end of a Pt wire at the bottom of the perovskite

Figure 7. (a) Schematic illustrations of the growth of large size
MAPbI3 single crystal. Reproduced from permission from ref 52.
Copyright 2016, Royal Society of Chemistry. (b) MAPbI3 SCs by the
TSSG method. Reproduced with permission from ref 22. Copyright
2015, American Association for the Advancement of Science. (c)
Plate-shaped BA2MA2Pb3I10 and block-shaped BA2MA3Pb4I13 SCs.
Reproduced from permission from ref 77. Copyright 2018, Royal
Society of Chemistry.

Figure 8. Schematic diagram of the BSSG method.

Figure 9. (a) NH(CH3)3SnCl3 and NH(CH3)3SnBr3 SCs. Repro-
duced from permission from ref 79. Copyright 2016, American
Chemical Society. (b, c) MAPbI3 SCs by the BSSG method.
Reproduced with permission from refs 15, 17, and 42. Copyright
2015, Springer Nature. Reproduced without any modification and
licensed under CC BY 4.0, https://creativecommons.org/licenses/
by/4.0/. Reproduced from permission from ref 18. Copyright 2016,
American Chemical Society.
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growth solution. The outer surface of the seed crystals was
dissolved at 100 °C for 10 min. Then, these were rapidly
cooled down to 82 °C to produce high-quality seed crystals.
Finally, slow cooling was performed to produce the bulk
MAPbI3 SCs with dimensions of 12 × 12 × 7 mm3, as shown
in Figure 9c. Throughout the precipitation of the single
crystals, some precipitates developed at the bottom of the flask
and stuck preferentially to the surface of the growing seeds
during the cooling phase, significantly inhibiting the single
crystalś growth. As a result, Pt wire was used to support the
seed crystals from touching the bottom of the vial.15

In the procedures indicated above, perovskite SCs were
created in the liquid phase after the precursor perovskite
materials were first dissolved at high temperatures. Tiny
perovskite seed crystals were produced after cooling down the
precursor solution. Then, they were fixed in another vial
containing saturated solutions. Finally, bulk single crystals are
synthesized through a precisely controlled cooling process.
During the synthesis of MAPbI3, yellow needle-like
(MA)4PbI6·2H2O crystals may form in the solution when the
temperature drops to approximately 40 °C; the formation of
such crystals affects the slow growth of the seed crystals.80 In
addition, if the cooling rate is too high, multiple nuclei may be
produced, which hinders the single crystalś growth. In contrast,
the synthesis process becomes time-consuming and inefficient
if the cooling rate is too low.
3.3. Inverse Temperature Crystallization (ITC) Meth-

od. In general, the solubility of the solute in the precursor
solution increases with increasing temperature. However, in
2013, Bakr et al. observed the contrary; the solubility of some
perovskite materials in specific organic solutions decreased
with increasing temperature. Considering this retrograde
solubility of materials, a new technique to grow perovskite
SCs, inverse temperature crystallization (ITC), was proposed.
In this method, γ-butyrolactone (GBL), N,N-dimethyl-
formamide (DMF), and dimethyl sulfoxide (DMSO) are
commonly used as solvents for the preparation of organic
hybrid perovskite SCs with highly tunable sizes and shapes, as
shown in Figure 10.81

In 2015, Bakr et al. successfully synthesized MAPbX3 (X =
Br−, I−) perovskite SCs through ITC. The solubility of
MAPbI3 in GBL and MAPbBr3 in DMF decreased as the
temperature increased. Different solvents had varying effects
on the coordination of the Pb−I bonds in the precursors. For
example, the strong bonding of DMSO had a strong bonding
interaction with the MAPbI3 precursors, which slowed down
the crystallization process, i.e., the solvent and the temperature
employed are critical to prepare high-quality single crystals.
MAPbI3 crystals did not precipitate when DMF and DMSO
solvents were used. Similarly, GBL was not used to synthesize
MAPbBr3 because of this solvent’s low solubility of the
perovskite precursors. Snith et al. also reported about the

mechanism of crystal growth in ITC, that in the precursor
solution the breaking up of colloids and the change in the
solvent strength could lead to supersaturation and subsequent
crystallization.82

In addition to the solvent, the growth temperature also plays
a substantial role in the growth process. For example, the
bromide solution can be prepared at room temperature,
whereas the iodide solution needs to be heated to 60 °C.
Figure 11a shows the corresponding SCs.49

Figure 10. Schematic diagram of the ITC method. Reproduced from
permission from ref 81. Copyright 2016, Royal Society of Chemistry.

Figure 11. (a) MAPbBr3 and MAPbI3 SCs by the ITC method.
Reproduced with permission from ref 49. Copyright 2015, Springer
Nature, reproduced without any modification and licensed under CC
BY 4.0, https://creativecommons.org/licenses/by/4.0/. (b) MAPbI3
single crystal. Reproduced with permission from ref 84. Copyright
2015, Wiley-VCH. (c, d) MAPbBr3 SCs. Reproduced with permission
from ref 84. Copyright 2015, Wiley-VCH. Reproduced with
permission from ref 65. Copyright 2019, Elsevier. (e) MAPbCl3
SCs. Reproduced with permission from ref 85. Copyright 2019,
Springer Nature, reproduced without any modification and licensed
under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. (f)
FAPbI3 single crystal. Reproduced from permission from ref 81.
Copyright 2016, Royal Society of Chemistry. (g) FAPbBr3 single
crystal. Reproduced from permission from ref 81. Copyright 2016,
Royal Society of Chemistry. (h) Temperature-dependent solubility of
FAPbI3 in GBL and FAPbBr3 in DMF:GBL (1:1 v/v). Reproduced
from permission from ref 81. Copyright 2016, Royal Society of
Chemistry. (i) α-Phase FAPbI3 single crystal. Reproduced with
permission from ref 86. Copyright 2016, Wiley-VCH. (j, k) CsPbBr3
SCs. Reproduced from permission from ref 88. Copyright 2016,
American Chemical Society. Reproduced from permission from refs
88 and 90. Copyright 2021, American Chemical Society. (l)
Morphology of CsPbBrxI(3‑x) SCs under same time for growing.
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Reproduced with permission from ref 91. Copyright 2020, Elsevier.
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Relative to the STL, TSSG, and BSSG methods, high-quality
single crystals can be produced in shorter preparation times
through ITC. Wang et al. precisely controlled the solution
temperature from 60 to 80 °C to prepare MAPbBr3 SCs in
DMF. The seed crystals’ slow nucleation and rapid growth
were simultaneously achieved in this temperature range. The
dimensions of the synthesized single crystal were 6 × 4 × 1.5
mm3, which is sufficient for the preparation of optoelectronic
devices.83 Liu et al. also used this method to grow bulk
MAPbX3 (X = Cl−, Br−, I−) SCs. For the synthesis of MAPbI3
SCs, seed crystals with a lateral size of 1−2 mm were selected.
As shown in Figure 11b, large single crystals with dimensions
of 71 × 54 × 39 mm3 were produced through ITC. From the
XRD pattern of the MAPbI3 SCs, the full width at half-
maximum of the (200) plane was 0.3718°, further confirming
the high degree of crystallinity of these large single crystals. In
addition, MAPbBr3 single crystal (25 × 25 × 6 mm3) can also
be synthesized as shown in Figure 11c.84

ITC was further improved by precisely controlling the
temperature and solubility of the solute in the growth solution.
This refined technique is referred to as low-temperature
gradient crystallization. This method synthesized MAPbBr3
single crystal with dimensions of 47 × 41 × 14 mm3, as shown
in Figure 11d. The MAPbBr3 SCs exhibited high carrier
mobility, long carrier lifetime, and ultralow defect density of
states equal to 81 ± 5 cm2 V−1s−1, 899 ± 127 ns, and 6.2 ± 2.7
× 109 cm−3, respectively.65 These excellent properties render
large MAPbX3 (X = Br−, I−) crystals as promising materials for
high-performance optoelectronic devices. Using GBL, Xie et al.
integrated ITC and TSSG methods to produce high-quality
MAPbX3 (X = Br−, I−) crystals. First, the precursor materials
were added and then dissolved in the GBL solvent through an
initial heating process. The precursor solution was further
heated to precipitate the small crystals. Then, high-quality
crystals were selected and fixed on the substrate in the
saturated solution. This was gradually cooled down to produce
the large single crystals.16 In addition to Br− and I− based
perovskite SCs, Sun et al. successfully synthesized MAPbCl3
crystals (2.5 × 2 × 1 mm3) for the first time through low-
temperature gradient crystallization. MACl and PbCl2 were
dissolved in a 1:1 DMF−DMSO solution under continuous
stirring until a clear solution was obtained. The temperature
was increased to 50 °C for 6−8 h to facilitate the precipitation
of the single crystals, as shown in Figure 11e.16,85

Through a similar method, Bakr et al. pioneered the
synthesis of FAPbX3 (X = Br−, I−) SCs in 2013. FAPbI3 was
produced at 115 °C using GBL, whereas FAPbBr3 was
synthesized at 55 °C in a DMF−GBL (1:1 v/v) mixed solvent,
as shown in Figure 11f and g. In addition, the temperature-
dependent solubilities of FAPbI3 and FAPbBr3 in their
corresponding solvents were also studied, as shown in Figure
11h.81 Yang et al. grew FAPbI3 SCs through an integrated
STL−ITC method. First, the seed crystals of FAPbI3 were
produced through the STL method. The selected seed crystals
were placed in a saturated solution at 100−105 °C for 3 h to
avoid large temperature fluctuations. This led to the formation
of high-quality FAPbI3 crystals with a lateral size greater than 4
mm, as shown in Figure 11i.81,86 Kuang et al. synthesized
mixed-organic perovskite MA0.45FA0.55PbI3 SCs in GBL. First,
a precursor solution of MA0.45FA0.55PbI3 was prepared at 60 °C
and then kept at 160 °C for 30 min to obtain 0.5−1 mm seed
crystals. Next, the seed crystals were moved into a fresh,

saturated solution at 110−125 °C for 3 h to synthesize the
bulk single crystals.87

Apart from organic halide perovskite SCs, Kovalenko et al.
used a mixed solution of cyclohexanol, DMF, and DMSO to
grow all-inorganic perovskite CsPbBr3 crystals in 2016. The
precursor solution temperature was utilized to determine the
number of nuclei formed. One to three nuclei appear when the
precursor solution temperature is fixed at 90 °C. However, no
nuclei were formed at a higher temperature (110 °C). As
shown in Figure 11j, the CsPbBr3 crystals exhibited prismatic
shapes with lateral sizes of over 7 mm.88 In 2017, Bakr et al.
also found that the CsBr/PbBr2 ratio and solution temperature
significantly impacted the perovskite synthesized in DMSO. A
CsBr/PbBr2 molar ratio of 1:2 led to the formation of high-
purity CsPbBr3 without CsPb2Br5 and Cs4PbBr6 byproducts at
120 °C.89 Li et al. varied the mixture of the organic solvents
employed using DMSO and small amounts of GBL and DMF,
which can also effectively avoid the appearance of other phases,
such as Cs4PbBr6 and CsPb2Br5, during the growth of the
CsPbBr3 crystals. The large CsPbBr3 SCs were obtained by
increasing and maintaining the temperature, as shown in
Figure 11k.90

In 2020, Wang et al. successfully introduced I− ions into
CsPbBr3 to obtain CsPbBrxI(3‑x) SCs through a growth process
similar to that described above. After the CsPbBrxI(3‑x) crystals
were produced, they were immediately collected and washed
using a DMF solution to prevent the abrupt temperature
decrease. Sudden temperature reductions could lead to the
attachment of a small amount of the solution to the crystal
surface, thereby dissolving some of the crystals and destroying
the integrity of the products. In this process, the growth of the
single crystals at the same temperature became difficult. On the
other hand, the required growth time, thermal stability, and
purity of the CsPbBrxI(3‑x) single crystals increased with
increasing I− ion concentration, as shown in Figure 11l.91

3.4. Slow Evaporation Crystallization (SEC) Method.
In addition to lowering the solubility of the solute by lowering
the temperature of the precursor solution, saturation can also
be achieved by slowly evaporating the solvent. Slow
evaporation crystallization (SEC) is a simple and traditional
method for producing single crystals. To saturate the solution
more quickly, it is often heated so that the solvent evaporates
faster. In this method, heating only plays a secondary role in
the growth process. The main driver for crystal growth is the
evaporation of the solvent. Therefore, the evaporation rate of
the precursor solution must be precisely controlled to ensure
the supersaturation of the solution at a specific temperature, as
shown in Figure 12.
In 2005, Mercier reported that SEC could be used to grow

2D perovskite SCs by dissolving HO2C(CH2)3NH3, CH3NH3,
and PbI2 in HI acid and then slowly evaporating the solvent at
room temperature under an Ar atmosphere to avoid the

Figure 12. Schematic illustration of the SEC method.
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reduc t ion of I− ions to I 2 . Red 2D (HO2C-
(CH2)3NH3)2(CH3NH3)Pb2I7 and orange needle-like (HO2C-
(CH2)3NH3)PbI4 SCs were successfully synthesized.

92 Bulou
et al. prepared Sn-based SCs of [TMA]2SnBr6 (TMA=
tetramethylammonium = N(CH3)4) through SEC, as shown
in Figure 13a. The Sn-based SCs were grown through the slow
evaporation of the solution at room temperature for several
days.93 2D Ge-based perovskite SCs, such as MAGeI3, FAGeI3,
C(NH2)3GeI3, (CH3)3NHGeI3, and (CH3)2C(H)NH3GeI,
can also be obtained through this method. A series of crystals
eventually precipitates by evaporating the solvent to reduce the
volume of the solution and decreasing the temperature to
lower the solubility of the solute.94 In addition, the successful
synthesis of 2D single-crystal ACI perovskites, FA-(N-
MPDA)PbBr4, through SCE was also reported. N-methyl-
propane-1,3-diammonium (N-MPDA) was used as the organic
long-chain diammonium spacer for the FA+-filled perovskite
cages to produce the stable 2D layered FA-(N-MPDA)PbBr4
SCs, as shown in Figure 13b.
Initially, a saturated precursor solution was prepared and

then slowly evaporated to facilitate the spontaneous crystal-
lization of the seed crystals. The seed materials were allowed to
grow into large crystals over 1 d. Under illumination for over 2
h, a perovskite random laser prepared using the synthesized
single crystal showed a constant lasing emission without
degradation, which revealed the stability of the 2D single-
crystal ACI perovskite.95 Recently, Fang et al. optimized the
SCE method by using Si oil as the separation medium for the
evaporation of the solvent. The density of Si oil is slightly
higher than that of the solvent and lower than that of the
perovskite precursor solution. The solvent diffused into the Si
oil and then escaped, thereby forming a lower layer of
supersaturated solution.
Single crystals precipitated as the solvent continued to

escape, whereas the precursor solution remained at saturation,
resulting in large crystals’ growth, as shown in Figure 13c. The
carrier lifetime and defect density of the MAPbBr3 SCs grown
through this optimized SCE method were 1 μs and 4.4 × 109

cm−3, respectively, As shown in Figure 13d.96 As the reduction
of the surface tension is the driving force for crystal growth
during solvent evaporation, the crystals preferentially nucleate
and grow further at the vapor−liquid interface. As shown in
Figure 13e and f, Huang et al. produced MAPbI3 wafers with a
lateral size of 1−1.5 cm within 30 min by maintaining the
solution temperature at 90 °C, controlling the solvent
evaporation rate, and obtaining the nucleation at the center
area of the gas−liquid interface rapidly.97
Although SCE method is highly effective and practical, the

shape of the resulting crystals produced through this technique
is often difficult to control, which limits the application of the
product in optoelectronic devices. However, SCE is commonly
used with the STL method, where seed crystals are precipitated
first by lowering the solution temperature. Then, the seeds are
placed in a precursor solution and continuously evaporated to
reach supersaturation, producing high-quality large single
crystals with highly tunable shapes.
3.5. Antisolvent Vapor-Assisted Crystallization (AVC)

Method. The antisolvent vapor-assisted crystallization method
(AVC) takes advantage of the solubility difference of
perovskites in two miscible solvents. The solvent in the system
is the liquid in which the solute is soluble. In contrast, the
other solvent, in which the solute is insoluble, is referred to as
the antisolvent in the solvent−solute system. When the volatile
antisolvent gradually diffuses into the precursor solution, it
slowly reduces the solubility of the solvent; consequently, the
solute precipitates. This method provides a new route for
preparing high-quality single crystals with higher carrier
mobilities and longer carrier lifetimes, as shown in Figure 14.
In 2015, Bakr et al. synthesized high-quality MAPbX3 (X =

Br−, I−) through AVC. First, MAX and PbX2 were dissolved in
DMF or GBL. Then, a dichloromethane (DCM) antisolvent
was slowly introduced into the precursor solution. The
prepared single crystals, Figure 15a and b, exhibited excellent
properties, such as lower trap state density and higher carrier
mobility than those of polycrystalline Si.23 Through the same
method, Lio et al. grew MAPbBr3 SCs. Initially, a MAPbBr3

Figure 13. (a) [TMA]2SnBr6 single crystal. Reproduced with permission from ref 93. Copyright 2019, Elsevier. (b) FA-(N-MPDA)PbBr4
perovskite SCs. Reproduced from permission from ref 95. Copyright 2020, Royal Society of Chemistry. (c) Schematic illustration of the growth of
MAPbBr3 SCs. Reproduced with permission from ref 96. Copyright 2020, Springer Nature, reproduced without any modification and licensed
under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. (d) MAPbBr3 SCs. Reproduced with permission from ref 96. Copyright 2020,
Springer Nature, reproduced without any modification and licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. (e)
Schematic illustration of the growth of MAPbI3 SCs. Reproduced with permission from ref 97. Copyright 2019, Wiley-VCH. (f) MAPbI3 single
crystal wafers. Reproduced with permission from ref 97. Copyright 2019, Wiley-VCH.
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precursor solution in DMF was prepared in a small tube, which
was sealed using an Al foil with small holes to allow the
diffusion of the DCM antisolvent. The precipitation of the
MAPbBr3 SCs was performed slowly. The size of the products
reached a few millimeters after a few days, as shown in Figure
15c.43 Kirmayer et al. grew single crystals of MAPbBr3 and
MAPbI3 using isopropanol as an antisolvent. The addition of
PbCl2 nanocrystals had a remarkable effect on the growth
processes of these single crystals. These nanocrystals acted as
heterogeneous nucleation sites that facilitated the growth of
the perovskite crystals in the solution. Increasing the PbCl2
concentration improved the growth rate and led to the
formation of more crystals with smaller particle sizes.98 Xu et
al. also used DCM as an antisolvent to synthesize MAPbBr3.
By controlling the dropwise addition of DCM, the dimensions
of the crystals changed from 2 × 2 × 1 mm3 to 15 × 15 × 5
mm3. The resistivity of the grown bulk MAPbBr3 SCs was 5.6
× 108 Ω cm. The mobility lifetime (τs) of the electrons and

holes were 2.2 × 10−4 and 4.2 × 10−4 cm2 V−1, respectively.99

Aside from DCM, toluene could also be used as an antisolvent
to produce orange layered MAPbBr3 SCs in a DMF solvent, as
shown in Figure 15d.100 In addition to selecting different
antisolvents for AVC, Huang et al. regulated the ratio of PbBr2
and MABr in the DMF solvent to produce MAPbBr3 SCs,
which were used to prepare a highly sensitive X-ray detector.
PbBr2 has lower solubility than MABr in DMF. When DCM

was diffused into the precursor solution, PbBr2 preferentially
precipitated rather than MABr. As a result, nonequilibrium
opaque crystals were accumulated. To produce clear and high-
quality MAPbBr3 SCs, the PbBr2/MABr molar ratio in DMF
should be 0.8, as shown in Figure 15e. X-ray detectors were
prepared from the grown MAPbBr3 crystals by reducing the
bulk defects and passivating the surface traps. The detector
exhibited a record-high mobility lifetime of 1.2 × 10−2 cm2 V−1

and an extremely low surface charge recombination velocity of
64 cm s−1.37 Tarasov et al. optimized AVC and proposed a
solvent-conversion-induced rapid crystallization (SCIRC)
technique. In this approach, two solvents (S1, S2) that react
slowly and irreversibly are selected. When mixed, S1 and S2
should be able to dissolve the target substance (A). However,
the product (P) of the intersolvent reaction, S1 + S2 → P,
should not dissolve A. Due to the chemical conversion of the
good solvent mixture (S1 + S2) to the poor solvent P, the

Figure 14. Schematic illustration of the AVC method.

Figure 15. (a) MAPbBr3 SCs. Reproduced with permission from ref 23. Copyright 2015, American Association for the Advancement of Science.
(b) MAPbI3 SCs. Reproduced with permission from ref 23. Copyright 2015, American Association for the Advancement of Science. (c−e)
MAPbBr3 SCs under different growth environments. Reproduced with permission from ref 37. Copyright 2016, Springer Nature. Reproduced with
permission from ref 43. Copyright 2016, American Association for the Advancement of Science, reproduced without any modification and licensed
under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. Reproduced with permission from refs 37, 43, and 100. Copyright 2016, Wiley-
VCH. (f) MAPbI3 SCs and BA2MAPb2I7 SCs. Reproduced from permission from ref 101. Copyright 2020, American Chemical Society. (g)
(NH4)3Sb2I9 single crystal. Reproduced from permission from ref 102. Copyright 2017, Wiley-VCH. (h−j) CsPbBr3 SCs. Reproduced from
permission from ref 51. Copyright 2016, American Chemical Society. Reproduced from permission from refs 51 and 103. Copyright 2016,
American Chemical Society. (k) Cs4PbBr6 SCs. Reproduced from permission from ref 51. Copyright 2016, American Chemical Society. (l, m)
CsPbBr3 SCs. Reproduced from permission from ref 35. Copyright 2017, American Chemical Society. Reproduced from permission from refs 35
and 104. Copyright 2017, American Chemical Society. (n) MAxCs1−xPbBr3 SCs by increasing the content of MA. Reproduced with permission
from ref 36. Copyright 2020, Wiley-VCH.
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solution becomes supersaturated, and the solute gradually
crystallizes. In the work of Tarasov et al., ethylene carbonate
(EC) or propylene carbonate (PC) was used as S1, whereas
aqueous HI (57 wt %) was chosen as S2. The products formed
using EC and PC were ethylene glycol and propylene glycol,
respectively. The humidity and temperature throughout the
experiment were controlled at 30−55% and 23−25 °C,
respectively. MAPbI3 SCs were grown using the solvent
mixture of EC or PC with concentrated aqueous HI. A mixture
of MAI and PbI2 (1:1 ratio) powders was placed in a vial.
Then, precursor solutions were prepared with an initial
concentration that is 1−2% below the saturation concentration
at a given T and ω0 (the content of H2O in the solvent). The
precursor solution was vigorously stirred at 30−60 °C. The
temperature was held constant throughout the crystallization
process. After the solutes were completely dissolved in the
solvent, the homogeneous solution was filtered and poured
into a clean, flat-bottomed vial. Small holes were left at the top
of the vial to facilitate the release of CO2 formed during the
hydrolysis reaction. The vial was then maintained at the same
temperature to allow the growth of crystals. Finally, MAPbI3
SCs were obtained and washed with dry ether. Additionally,
FAxMA(1−x)PbI3, MAPb(BryI(1−y))3, and FAxMA(1−x)Pb-
(BryI(1−y))3 SCs can also be grown through SCIRC. Mean-
while, 2D perovskite (BA)2(MA)Pb2I7 SCs can also be
synthesized using a slightly unsaturated solution based on an
acidified PC−H2O mixture, as shown in Figure 15f. The
desired number of layers (n) of the perovskite corresponded to
the BAI/MAI/PbI2 molar ratio.

101 As shown in Figure 15g,102

apart from the products mentioned above, Pb-free perovskite
SCs, such as (NH4)3Sb2I9, could also be successfully prepared
using anhydrous ethanol (EtOH) and chloroform as the
solvent and antisolvent, respectively.
All-inorganic perovskite single crystals can also be

synthesized through the AVC method. In the work of Hodes
et al., CsBr and PbBr2 were dissolved in a 1:1 ratio in DMSO at
50 °C under constant stirring. Then, the precursor solution
was cooled down to room temperature. Methyl cyanide
(MeCN) and methanol (MeOH) were added dropwise into
the original DMSO solution. When the MeCN/DMSO ratio =
1:1 and MeOH/DMSO ratio = 0.55:1, orange-yellow
precipitates formed in the solution, which was then sealed
and stirred for 24 h at 50 °C. After stirring, the solution was
filtered to produce a saturated solution containing the grown
crystals. Two growth processes were employed; however, the
solubility of the solute was reduced by increasing the amount
of the antisolvent in the precursor solution, which facilitated
the rapid precipitation of the CsPbBr3 crystals. The
morphologies of the crystals produced using MeCN and
MeOH antisolvents were different, as shown in Figure 15h and
i. In the first case, MeCN and MeOH were used to grow the
single crystals by heating the confined space under an
antisolvent atmosphere, which gradually diffused into the
precursor solution.
In the second case, the previously prepared precursor

solution was heated to the desired temperature by taking
advantage of the special properties of the antisolvent and of the
grown crystals. Then, either MeCN or MeOH was added.
After heating, an inverse gradient of soluble compounds that
contain products other than CsPbBr3 was formed. The
unwanted product, Cs4PbBr6, was eliminated through a two-
step heating cycle method. First, the solution was heated to the
desired temperature for 4 h, which formed a mixed precipitate.

Then, it was cooled down to room temperature under
continuous stirring. After all the orange precipitate had
dissolved, a mixture of Cs4PbBr6 and an unknown white
precipitate was still present at the bottom of the flask. The
solution was then filtered and transferred to a new vial. Second,
the solution was heated to the same temperature as that in the
first stage. No other reverse soluble compounds were formed
during this heating cycle. As such, high-quality orange CsPbBr3
crystals were produced.103 Jung et al. grew CsPbBr3 and
Cs4PbBr6 SCs through similar methods. To prepare the
CsPbBr3 SCs, CsBr and PbBr2 were dissolved in DMSO under
sonication. After the dissolution was complete, the homoge-
neous mixture was filtered to obtain the precursor solution.
The antisolution diffusion components and processes
employed in the work of Jung et al. were similar to those
utilized in the study of Bakr.23 When the growth was complete,
the crystals were collected from the solution and washed with
DMF and DCM to remove the excess PbBr2. On the other
hand, Cs4PbBr6 SCs were prepared using a CsBr/PbBr2
mixture with a molar ratio of 4 in DMSO. A small amount
of HBr was added to the solution after the complete
dissolution of the solutes to ensure that excess Br− ions were
supplied to the system. The crystals grew gradually through the
antisolution diffusion process and then were collected through
the same route as that of separating the CsPbBr3 crystals from
the solution as shown in Figure 15j and k.51

Zhan et al. synthesized CsPbBr3 SCs. In their work, MeOH
was added dropwise to a saturated solution of CsPbBr3 in
DMSO until the yellow-white precipitates disappeared. Then,
filtration was performed to obtain the growth solution. MeOH
and EtOH were used as antisolvents to maintain the
atmosphere and temperature of the solution during crystal
growth, thereby forming high-quality CsPbBr3 SCs, as shown
in Figure 15l. The performance of the photodetector prepared
using the (101) plane of the CsPbBr3 SCs was considerably
better than those of the polycrystalline film-based devices.35

Jie et al. produced different perovskite crystals, such as
CsPbBr3, CsPb2Br5, and Cs4PbBr6, by varying the PbBr2/CsBr
molar ratio in the precursor solution; CsPbBr3 crystals were
formed when the PbBr2/CsBr molar ratio was in the range of
1−1.5. Furthermore, large CsPbBr3 SCs with dimensions of 42
× 5 × 3 mm3 were synthesized using a 1:1 mixture of MeOH
and DMSO, as shown in Figure 15m. The CsPbBr3 SCs
exhibited satisfactory photo responses and had a high band gap
and resistivity equal to 2.29 eV and 2.1 × 109 Ω cm,
respectively.104 On the other hand, Liao et al. grew organic−
inorganic hybrid perovskite SCs (MAxCs1−xPbBr3) through
AVC using MAPbBr3 in DMF (0.15 M) and CsPbBr3 in
DMSO (0.4 M) precursor solutions. The precursor solutions
were mixed according to the required proportion between Cs+
and MA+ cations. Then, the homogeneous mixtures were
placed in a confined system at 30 °C with an EtOH−H2O
mixture (1:3 ratio). The growth process was performed for
approximately 14 d. The crystals were collected, washed twice
with ether, and then dried in a vacuum oven. The band gap of
the crystals decreased from 2.25 to 2.16 eV as the
concentration of the MA+ ions in the precursor was increased,
as shown in Figure 15n. High-sensitivity X-ray detectors have
been developed based on mixed-cation crystals due to their
excellent optoelectronic properties. A detector based on
MA0.6Cs0.4PbBr3 registered a sensitivity of 2017 μC Gyair−1
cm−2. Furthermore, the detector limit at an applied voltage of 1
V was 1.2 μ Gyair s−1. The efficiency of the mixed-metal cation-
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based detector exceeded those of MAPbBr3- and CsPbBr3-
based devices.36

In the AVC method, selecting the appropriate solvent and
antisolvent is critical for synthesizing and growing different
perovskite SCs. Moreover, the rate of the antisolvent
evaporation should be controlled to tune the rate of crystal
growth and, in turn, to produce high-quality perovskite SCs.
However, since the crystal growth processes occur sponta-
neously at room temperatures, longer periods relative to those
needed in the STL and ITC methods are required to obtain
large single crystals through AVC.

4. PEROVSKITE CRYSTALLIZATION FROM VAPOR
PHASE
4.1. Chemical Vapor Deposition (CVD) Method. The

crystal structures of organic hybrid halide perovskites are very
complex, and their morphology must be controlled down to a
single atomic layer. Chemical vapor deposition (CVD) is a
promising method for synthesizing these hybrid perovskites.105

The reaction temperature employed in CVD is higher than
those utilized in other crystal growth methods to reduce the
substability and defects, such as grain boundaries, in the metal
halides and to achieve a good lattice match between the
perovskite and substrate.
Zhu et al. varied the deposition rate of the precursor

materials during the synthesis of 3D films of mixed halide
perovskite SCs; the ratio between the deposition rates of MAI
and PbCl2 was approximately 10:1. On the other hand, the
deposition rate ratio was approximately 4:1 during the
synthesis of the pure iodine perovskite. After the deposition
process, the films were annealed at 100 °C for 40 min under
nitrogen atmosphere to remove the excess organic cations and
promote further crystallization.106 Shin et al. grew a pattern of
single-crystal MAPbI3 thin films on Si or SiO2 substrates
through CVD; Figure 16a illustrates the growth process
employed.107 Liu et al. modified CVD to synthesize single-
crystal MAPbI3 nanosheets with controllable sizes. Therein,
CVD was divided into two steps. First, PbI2 nanosheets were
physically deposited onto a substrate, which was then placed in
an Ar environment. The ambient temperature and reaction
time were set based on the gas pressure, which increased with
decreasing temperature. Second, the MAI powder was placed
in an appropriate position and then heated to produce the
MAPbI3 nanosheets on the substrate. Figure 16b shows the
scheme of the nanoplatelets synthesis process. Additionally, the
temperature of the substrate affected the deposition rate;
higher temperature resulted in faster material deposition and
formed larger nanosheets, as shown in Figure 16c. On the
other hand, increasing the deposition time also increased the
nanosheet size.108 Duan et al. and Yu et al. performed CVD at
different temperatures using different CsPbX3 precursor
powders (550 °C for CsPbI3, 600 °C for CsPbBr3, 650 °C
for CsPbCl3). In these works, the cooled reactant vapor could
be nucleated on top of the substrate and grown as single crystal
microplates, as shown in Figure 16d.109,110 Yang et al.
synthesized high-quality single-crystal CsPbBr3 microstruc-
tures, such as microwires and microplates, through CVD. The
CsBr/PbBr2 molar ratio was set to 2:1, and the precursor
mixture was heated to 560−580 °C in an Ar atmosphere for 18
min. Different microstructures were synthesized by varying the
reaction temperature; after 60 min of deposition, CsPbBr3
microwires were grown at 380 °C, whereas microplates and
triangular pyramids were obtained at 340 and 300 °C,

respectively. Figure 16e shows research progress in one-step
experimental synthesis of microstructures and the correspond-
ing morphology of the products.111 Apart from the above CVD
methods, in low-temperature in situ dynamic thermal
crystallization, the crystal grain size and the compactness of
perovskite films can be easily tuned during the thermal
coevaporation process.112

5. PEROVSKITE CRYSTALLIZATION FROM SOLID
PHASE
5.1. Bridgman Growth Method. The Bridgman growth

method utilizes high vapor pressures and temperatures, which
could affect the chemical stability of organic compounds. As
such, this technique is most commonly used for the synthesis
of large all-inorganic perovskite SCs. First, the raw material is
placed in a vessel, which is then moved and heated in a furnace

Figure 16. (a) Schematic illustration of growing MAPbI3 single
crystal thin films. Reproduced from permission from ref 107.
Copyright 2019, American Chemical Society. (b) Schematic
illustration of growing MAPbI3 single crystal platelets. Reproduced
with permission from ref 108. Copyright 2020, Elsevier. (c) MAPbI3
nanosheets by decreasing deposition rate. Reproduced with
permission from ref 108. Copyright 2020, Elsevier. (d) CsPbX3 (X
= I−, Br−, Cl−) SCs microplates. Reproduced with permission from
refs 109 and 110. Copyright 2016, Springer Nature. Copyright 2018,
Wiley-VCH. (e) Schematic illustration of CsPbBr3 single crystal
microstructure. Reproduced from permission from ref 111. Copyright
2019, Royal Society of Chemistry.
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at temperatures above the melting point of the precursor. As
such, the starting materials melt. As the vessel passes through
the furnace and reaches the low-temperature zone at the end,
the molten material begins to recrystallize. The seed crystals
gradually grow as the temperature continues to drop, forming
the desired crystal, as shown in Figure 17a.113

The Bridgman growth method produces high-quality crystals
because of the ease of controlling the reaction temperature and
vessel shape. This method allows for the preparation of mixed
perovskite materials with a certain melting point. Furthermore,
the interfacial curvature of this material preparation technique
can be easily adjusted by varying the temperature at the top
and bottom of the reaction vessel.52 Kanatzidis et al. reported
the preparation of CsPbBr3 SCs through the Bridgman method
for the first time. Therein, PbBr2 and CsBr were mixed at a
molar ratio of 1:1. The precursor mixture was grinded and
transferred into a sealed and evacuated fused SiO2 tube, which
was then heated for 6 h to melt the raw materials. After cooling
down the products to room temperature, CsPbBr3 SCs were
produced, as shown in Figure 17b.50 On the other hand, Jang
et al. mixed the precursor materials for the synthesis of
CsPbBr3 and then heated the mixture for 24 h to 700 °C. The
temperature was held for 5 h and then was reduced to the
room temperature for 24 h to ensure the fabrication of a
homogeneous melt. The cooled melt was crushed and
transferred to a fused SiO2 tube, which was then placed in a
Bridgman furnace to produce the CsPbBr3 SCs with a diameter
of 7 mm, as shown in Figure 17c. CsSnI3 SCs were also
produced through the above-mentioned method.114 Similarly,

Zeng et al. successfully synthesized CsPbBr3 SCs through the
Bridgman method. A higher temperature was employed in
their work, which formed a depressed solid−liquid interface;
however, inclusions were observed at the bottom of this
interface during the fluctuations in the temperature. To avoid
this phenomenon, the temperature and position of the starting
materials were adjusted. The synthesized large CsPbBr3 SCs
exhibited dimensions up to Φ 2.5 × 7 mm2, as shown in Figure
17d.115

Tao et al. demonstrated that removing impurities from
single crystals during the growth process could improve the
carrier transport properties of the resulting perovskite. They
produced large (Φ 24 mm × 90 mm), high-quality CsPbBr3
SCs with a hole mobility lifetime of 1.46 × 10−2 cm2 V−1

through repeated directional crystallization and impurity
removal processes, as shown in Figure 17e.116 In addition,
other halide anions can be introduced into the CsPbBr3 SCs
through the improved method to modulate the components
and successfully grow CsPbBr3−3nX3n (X = Cl−, I−) SCs. The
ratio of the ions in the synthesized material was based on that
of the ions in the precursor materials, as shown in Figure
17f.117

In the Bridgman growth technique, the temperature can be
easily adjusted, and the desired crystal shape can be easily
produced. However, the crystals are susceptible to interference
due to the size limitations of the crystallization vessel.
Furthermore, surface contact between the crystal and vessel
can cause stresses, cracks, or small grain boundaries in the
resulting perovskite crystals.118

Figure 17. (a) Schematic illustration of the Bridgman growth. Reproduced from permission from ref 113. Copyright 2020, Springer Nature. (b−e)
CsPbBr3 SCs. Reproduced from permission from refs 50 and 114−116. Copyright 2013, American Chemical Society. Copyright 2016, American
Physical Society. Copyright 2017, Wiley-VCH. Copyright 2018, American Chemical Society. (f) CsPbBr3−3nX3n (X = Cl−, I−) SCs. Reproduced
from permission from ref 117. Copyright 2021, Royal Society of Chemistry.
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Herein, we give a detailed review of the related perovskite
materials and crystal growth methods. A summary and
description of the above-mentioned growth methods have
been shown in Table 2. Furthermore, the perovskite SCs,
properties, and critical parameters are summarized in Table 3.
And then, the optoelectronic applications of perovskite SCs
will be discussed.

6. OPTOELECTRONIC APPLICATIONS OF
PEROVSKITE SINGLE CRYSTALS

Pb-based halide perovskite SCs exhibited great potential as
active materials for solar cells, photosensors, and lasers. This
section summarizes recent progress in the applications of Pb-
based single-crystal perovskites in optoelectronics and
discusses vital requirements in optimizing device performance.
6.1. Photovoltaics. Single crystals exhibit higher photo-

voltaic performance and greater stability than their polycrystal-
line counterparts because of the lack of grain boundaries in
their structures and low bulk defect concentrations, which are
approximately 3−5 orders of magnitude lower than those in
polycrystals. The photocurrent in thick single-crystal photo-
voltaic cells may increase due to the secondary absorption of
light.130

Single-crystal perovskite solar cells can be fabricated using
vertical or lateral structures, as shown in Figure 18a.131 Three
types of vertical structure have been reported so far, such as
ITO(FTO)/ crystal/metal, ITO(FTO)/ETL(HTL)/crystal/
metal, and ITO(FTO)/ETL(HTL)/crystal/HTL(ETL)/metal
arrangements. In these vertical structures, ITO, FTO, ETL,
and HTL correspond to indium tin oxide, F-doped tin oxide,
electron transport layer, and hole transport layer, respectively.
In principle, charge-transporting layers are beneficial for
extracting charges in a vertical structure. On the other hand,
two lateral structures have been observed, such as metal/
crystal/metal and metal/ETL(HTL)/crystal/HTL(ETL)/
metal configurations. Figure 18b shows a sample schematic
of the fabrication of lateral devices. First, the anode was
deposited on the crystal surface. An ETL based on C60/
bathocuproine (BCP) was thermally evaporated on the anode.
Then, the cathode was deposited on the ETL.132 Figure 18c
shows a schematic of the working mechanism of the crystal
solar cells. The photogenerated electron−hole pairs in the
perovskite light-absorption layer were separated into mobile
electrons and holes extracted by the ETL and HTL,
respectively.
Over the past five years, considerable progress has been

made in the crystal growth, trap passivation, device design, and
fabrication of single-crystal perovskite solar cells. The highest
power conversion efficiency (PCE) reported for single-crystal
solar cells was 22.8%, which is close to their polycrystalline

counterpart (25.7%).133 The first single-crystal solar cell was
fabricated with a vertical structure based on MAPbI3; in 2015,
Li et al. produced MAPbI3 crystal arrays on poly(3,4-ethylene
dioxythiophene):polystyrenesulfonate (PEDOT:PSS)-coated
ITO substrate through droplet-pinned crystallization. Then,
solar cells with vertical structures, ITO/PEDOT:PSS/MAPbI3
crystal arrays/phenyl-C61-butyric acid methyl ester (PCBM)/
ZnO/Al, were fabricated. The PCE of the fabricated device
was 1.73%.134 The relatively low value was attributed to the
crystal’s thickness, hindering the charge carrier’s efficient
extraction. The fabrication of thinner crystals is essential to
improve the performance of single-crystal solar cells. In 2017,
Liu et al. optimized a commercial monocrystalline Si cutting
technology and identified the most favorable cutting process,
cutting coolant and diamond-impregnated wire. Large perov-
skite MAPbI3 crystals were sliced into wafers with thicknesses
as low as 190 μm.135 These thin MAPbI3 crystal wafers were
used to fabricate a device with a structure of Au/ITO/spiro-
OMeTAD/MAPbI3/ PCBM/LiF/Ag/Au. In this structure,
spiro-OMeTAD corresponds to 2,2′,7,7′-tetrakis(N,N-di-4-
methoxyphenylamino)-9,9′-spirobifluorene. The PCE of the
assembled device was approximately 4%.135 On the other hand,
Li et al. grew high-quality MAPbI3 single crystalline films
directly on a FTO/TiO2 substrate through a facile space-
confined solution-processed strategy.136 The PCE of the device
was 8.78%.137 Huang et al. proposed a facile route to reduce
the thickness of crystals synthesized through a hydrophobic
interface lateral growth method. MAI solution was introduced
onto the crystal surface to reduce the interfacial trap density,
leading to a PCE as high as 17.8%.138 Bakr et al. fabricated
high-quality crystals through solution space-limited inversion
growth and low-temperature crystallization methods; the
corresponding PCE of the synthesized crystals were as high
as 21.09 and 21.93%, respectively.139,140 Recently, Chen et al.
introduced a hydrophobic poly(3-hexylthiophene) (P3HT)
polymer into HTL to passivate the undercoordinated Pb2+ ions
on the MAPbI3 crystal surface.

141 Ion diffusion and non-
radiative recombination were efficiently suppressed, leading to
a PCE as high as 22.1%.
FAPbI3-based SCs exhibit broader light utility. As a result,

they are expected to perform better than MAPbI3-based
photovoltaic devices. Zhou et al. prepared (FAP-
bI3)0.85(MAPbBr3)0.15 crystals through a polydimethylsiloxane
(PDMS)-assisted solvent evaporation crystallization method.
The PCE of the fabricated solar cell with an ITO/NiOX/
(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag structure was 12.18%.

142

Recently, Bakr et al. synthesized high-quality FA0.6MA0.4PbI3
crystals with a low band gap. The PCE was 22.8%, which is the
highest value reported so far.141 Currently, single-crystal
perovskite solar cells with the highest PCE is based on 3D

Table 2. Comparison of Growth Methods about Perovskite Single Crystals

growth method growth conditions advantages disadvantages

STL precise cooling temperature low cost; simple operation; crystal size
controllable

time-consuming; formation of multiphase

ITC heating; retrograde solubility high quality; simple operation materials consuming; temperature sensitive; solvent
limitation

SEC slow solvent evaporation highly effective; simple operation time-consuming; random growth
AVC slow diffusion of antisolvent vapor high quality; lower cost; energy saving time-consuming; random growth
CVD high temperature; vapor deposition defects reduction; convenient for devices

preparation
small crystal size; precise temperature controlling

Bridgman
method

vacuum; temperature gradient;
zone-melt

temperature tunable; crystal shape and size
controllable

energy consuming; unsuitable for growth of organic
components
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Table 3. Summary of Critical Parameters and Growth Method for Perovskite Single Crystal

perovskite size
bandgap
(eV) method

growth
temperature (°

C)
growth
period growth environment ref

MAPbI3 10 × 10 × 8 mm3 1.48 STL 40−65 Several
days

HI 14

Lateral 10 mm 1.61 TSSG 75−100 Several
days

HI 22

Lateral 6 mm 1.50 TSSG/ITC 152 3 h GBL 16
20 × 18 × 6 mm3 BSSG 40−105 5 days HI 18

1.51 AVC 25 7 days Solution: GBL 23
Antisolution: DCM

4 × 4 × 2.3 mm3 1.50 ITC 60−70 Solution: GBL 42
Antisolution: DCM

AVC 25 2 days HI 119
1.49 AVC 25−120 30 min Solution: HI 120

Antisolution: diethyl ether/
tetrahydrofuran/DCM/chloroform

71 × 54 × 39 mm3 1.53 ITC 100 2 days GBL 84
Lateral 7 mm 1.51 ITC 110 3 h GBL 49

STL 45−90 15 days HI 73
MAPbBr3 Lateral 3 mm 2.21 TSSG/ITC 80 3 h DMF 16

10 × 10 × 5 mm3 2.15 SEC 25 Several
hours

DMF 96

2.21 AVC 25 7 days Solution: DMF 23
Antisolution: DCM

1.4 × 1.4 × 0.7 mm3 2.26 AVC 25 3 days DMF 44
5 × 3 × 1.7 mm3 2.23 ITC 60 Several

days
DMF 43

6 × 6 × 2 mm3 2.16 ITC 25 1 day Solution: DMF 42
Antisolution: DCM

25 × 25 × 6 mm3 2.24 ITC 100 2 days DMF 84
Lateral 7 mm 2.18 ITC 80 3 h DMF 49
47 × 41 × 14 mm3 2.24 ITC 25−60 20 days DMF 65
Lateral 5 mm STL 50−70 10 days HBr 73

MAPbCl3 11 × 11 × 4 mm3 2.97 ITC 100 2 days DMSO 84
2.5 × 2 × 1 mm3 2.94 ITC 50 6−8h DMSO:DMF (1:1) 85

MAPb(ClxI1−x)3 Lateral 3−5 mm 1.46−2.92 ITC 60−90 5−8 days GBL 13
MASnI3 10 × 10 × 8 mm3 1.15 TSSG 25−75 One

month
HI 76

MAPbxSn1−xBr3 16 × 14 × 10 mm3 2.02−2.18 TSSG 40−68 2 h HBr 17
MAGeI3 1.9 SEC 25−120 30 min HI 11
FAPbI3 Lateral 3 mm 1.40 ITC 80−120 5 h GBL 81

Lateral 6 mm 1.54 ITC 60−105 3 h GBL 86
Lateral 20 mm 1.49 ITC 80−120 12 h GBL 121
4.2 × 4.2 × 1.2 mm3 1.41 ITC 80−120 5 h GBL 81

FAPbBr3 Lateral 5 mm 2.13 ITC 40−60 5 h DMF 81
FA(1‑x)MAxPbI3 4.5 × 4.5 × 1.2 mm3 2.15 ITC 40−60 5 h DMF:GBL (1:1) 122

Lateral 4 mm ITC 40−60 5 h GBL/HI 4
MA0.45FA0.55PbI3 Lateral 8 mm ITC 120−160 4.5 h GBL 87
CsPbI3 ITC 25−110 4 h DMF 89
CsPbBr3 TSSG 40−120 48 h DMSO 103

Lateral 5 mm 2.2 AVC 25 48 h Solution: DMSO 51
Antisolution: MeCN/MeOH

STL 25−100 36 h H2O 19
ITC 25−120 3.5 h DMSO 123

Lateral 1 mm 2.29 AVC 25 3−4 days Solution: DMSO 124
Antisolution: DCM

Φ7 × 2.1 mm3 2.25 Bridgman
method

25−600 24h 114

Φ26 × 100 mm3 2.25 Bridgman
method

60−1470 14 days 115

6 × 6 × 3 mm3 2.29 Bridgman
method

25−590 3−5 days 125

Φ24 × 90 mm3 2.25 Bridgman
method

25−600 3 days 116
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perovskite single crystal materials, but the performance of
perovskite solar cells prepared by 2D perovskite single crystal
has also been developing. Gao et al. found that an initial power
conversion efficiency of 5.83% was obtained from the
(CH3(NH2)2)2(CH3NH3)3Pb4I13 perovskite, with reasonable

stability after aging for 1200 h.143 Apart from the continuous
development of organic−inorganic halide single-crystal perov-
skite solar cells, the inorganic perovskite solar cells efficiency
has also raised. Song et al. reported that controlling the growth
of CsPbI3 crystal grains by vacuum-assisted thermal annealing

Table 3. continued

perovskite size
bandgap
(eV) method

growth
temperature (°

C)
growth
period growth environment ref

5 × 5 × 2 mm3 Bridgman
method

25−645 70 h 126

3 × 0.5 × 0.5 mm3 2.254 ITC 90−110 12 h DMSO/DMF/CyOH 88
STL 40−80 12 h HBr 127

42 × 5 × 3 mm3 2.29 AVC 25 3−14
days

Solution: DMSO 104
Antisolution: MeOH

2.21 ITC 60−120 10 h DMSO 89
Lateral 2 mm 2.19 ITC 60−90 DMSO/DMF/GBL 90

CsPb2Br5 3.1 AVC 25 5 weeks Solution: DMSO 128
Antisolution: MeOH

Cs2PbI2Cl2 3.06 Bridgman
method

25−650 6 days 129

Cs4PbBr6 Lateral 0.5 mm 2.35 AVC 25 A few
days

Solution: DMSO 124
Antisolution: DCM

CsPbBrxI(3‑x) ITC 60−160 10 h DMSO 91
CsPbBr3−3nX3n (X
= Cl, I)

7 × 7 × 1.5 mm3 1.90−2.88 Bridgman
method

25−600 3 days 117

MAxCs1‑xPbBr3 Lateral 10 mm 2.16−2.25
eV

AVC 25−30 14 days DMF (for MAPbBr3) 36
DMSO (for CsPbBr3)

MAxCs1‑xPbBr3 Lateral 0.5−1.5 mm 2.29−2.34
eV

ITC 25 DMF 51

Figure 18. (a) Various architectures of single crystal perovskite solar cells (SCPSCs = single crystal perovskite solar cells). (b) Fabrication of lateral
structure perovskite crystal solar cells. Reproduced with permission from ref 132. Copyright 2020, Springer nature, reproduced without any
modification and licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. (c) Working principle of perovskite crystal solar cells
(PVK = perovskite). (d) Schematic diagram of device structures and energy levels for SCPSCs with and without MAI treatment.(SC = single
crystal) Reproduced with permission from ref 132. Copyright 2020, Springer nature, reproduced without any modification and licensed under CC
BY 4.0, https://creativecommons.org/licenses/by/4.0/. (e) Summary of PCEs for different SCPSCs.
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could optimize the morphology and crystallinity of the CsPbI3
perovskite films, which lead to that the PCE of the solar cells is
increased from 17.26 to 20.06%.144

In contrast to vertical-structured devices, crystal thickness is
less detrimental to charge transport processes in lateral-
structured devices. In 2015, Huang et al. fabricated an efficient
lateral battery based on piezoelectric-polarized MAPbI3 SCs,
reducing the need for expensive and inefficient transparent
electrodes. Under 0.25 solar illumination at room temperature,
the device with the structure Au/MAPbI3/ Au achieved a PCE
of 1.88%.145 By introducing a C60 ETL to the MAPbI3 wafer,
the device efficiency increased to 5.9%.97 On the other hand,
Sung et al. employed a simple drum printing method to
fabricate patterned MAPbI3 thin films (3 × 3 in2). The PCE of
the fabricated device with a structure of SiO2/ MAPbI3/ Au/
PCBM/Ag was 4.83%.146 In 2019, Dong et al. performed
surface passivation through MAI treatment to improve the
surface conductivity of MAPbI3 SCs, as shown in Figure 18d,
and achieved a PCE as high as 11.52%. Under 1 sun
illumination for 200 h, no losses were observed at the
maximum power condition.97 The progress in perovskite
crystal solar cells in terms of materials and device performance
is summarized in Figure 18e. On the other hand, Table 4
outlines the materials, crystal growth methods, device
structures, and photovoltaic parameters.
6.2. Photodetectors. Photodetectors are electronic

devices capable of converting the incident optical signal into
an electrical signal, with a wide range of applications, including
optical communication systems, chemical/biological testing,
and image detection. According to the bandgap of the
semiconductor used in these devices, photodetectors can
transduce photons of different energies. Perovskite SCs are
promising materials for detecting photons from different
electromagnetic spectra. Figure 19a shows the different types
of electromagnetic waves classified according to their wave-
lengths in the molecular spectrum and their corresponding

energy range. The broad spectral range of perovskite
photodetectors allows their applications for near-infrared
(NIR), ultraviolet (UV), visible light, and high-energy
radiation applications.161 Photodetectors work by converting
photon energy to current or voltage output. First, the devices
absorb photon energy to generate excitons. Then, these
excitons or charges diffuse or drift through the material. The
electrodes then collect these free charges. According to the
photo conversion mechanism, photodetectors can be classified
into photoresistors, photodiodes, and phototransistors (Figure
19b).162 In this review, we discuss only visible light and high-
energy X-ray radiation detection using perovskite-based
devices.

6.2.1. Visible Light Detection. The performance of visible
light detectors is evaluated using several parameters such as
responsivity (R), detectivity (D*), gain (G), and external
quantum efficiency (EQE). R quantifies the photocurrent
generated by the device in the external circuit under the action
of the input unit optical power, which reflects the conversion
ability between the input optical and output electrical signals of
the detectors. On the other hand, the values of D* and G
represent the ability of the device to detect the minimum
optical signal, unit incident photon, and carriers collected by
the electrode.163 EQE represents the electron−hole logarithm
produced by the unit incident photon, relating the conversion
efficiency between the input optical and output electrical
signals of the detectors.
So far, the perovskite crystal-based visible light detectors

have shown innovative and disruptive applications for high-
speed optical communication and high-resolution imaging
both in scientific research and industry due to the high
absorption coefficient, adjustable optical bandgap, high carrier
mobility, and long carrier diffusion length.164 Sun et al.
synthesized the first perovskite crystal-based visible light
detector based on bulk MAPbI3 SCs, which exhibited better
optoelectronic properties than its thin-film counterparts.15 The

Figure 19. (a) Spectral wavelength classification and corresponding energy ranges. (b) Schematic illustrations of photodetectors. (c) Normalized
EQE spectra of single-halide and mixed-halide perovskite single-crystal photodetectors with different halide compositions, showing the ultranarrow
EQE peak and tunable spectral response (EQE spectra were measured under −1 V bias). Reproduced with permission from ref 160. Copyright
2015, Springer nature. (d) Schematic illustration of the confined charge carrier transport on the top of the 2D perovskite crystals. Reproduced with
permission from ref 153. Copyright 2017, American Chemical Society. (e) Summary of responsivity for different perovskite SC visible light
detectors.
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devices were fabricated with a planar Au/MAPbI3/ Au
structure. Under visible light irradiation (λ = 532 nm, intensity
= 2.12 nW cm−2), the values of R and EQE were 953 A W1−

and 2.22 × 105%. The devices exhibited good stability and a
relatively high response speed of 58 μs.
Halide engineering is an efficient strategy for regulating the

bandgap of MAPbX3 crystals and their corresponding photo-
response to illumination. Liu et al. developed a low-
temperature gradient crystallization method to synthesize
MAPbBr3 SCs with high crystal quality, high uniformity, long
carrier lifetime, high carrier mobility, low trap density, and
long-term stability.148 The fabricated pixel array imaging
modules exhibited an astonishingly high response speed of
approximately 40 μs. Furthermore, the high values of R (16 A
W1−) and D* (6 × 1013 Jones) revealed the modules’ excellent
responsivity and efficient detectivity. Huang et al. synthesized
mixed halide perovskite MAPbBr3−xClx and MAPbI3−xBrx
SCs.160 The absorption edge gradually changed from blue to
red, as shown in Figure 19c. The crystal detectors exhibited a
tunable spectral response from blue to red by changing the
halide composition and bandgap width. Later, they fabricated
vertical p-i-n detectors based on thin MAPbBr3 and MAPbI3
SCs (10 μm) with low dark current, low noise equivalent
power, and high specific detection.158 The device registered a
sub-pW cm−2 weak light detection limitation. Liu et al. also
reported that the textured single-crystal photodetector based
on MAPbBr3 exhibits the superior responsivity of 63.0 A W1−,
external quantum efficiency of 1.50 × 104%, and detectivity D*
of 8.12 × 1012 Jones under 520 nm irradiations with a weak
power density of 0.54 μW cm−2 at 3 V, which are more than
4200% and 80000% higher than those of the photodetector
based on single-crystal bulk and polycrystalline film,

respectively. These photodetectors prove the great potential
of perovskite thin SCs as materials for high-performance visible
light detectors.165 Furthermore, Yu et al. prepared the
perovskite photodetector with a horizontal structure based
on a (FAPbI3)0.79(MAPbBr3)0.13(CsPbI3)0.08 single-crystalline
thin film (SC−TF), which exhibited excellent performance
with an enhanced responsivity of 40 A W1−, high detectivity of
1.9 × 1013 Jones, external quantum efficiency of 9100%, and
superior stability.166

The thickness of the SCs affects the extraction of carriers in
detectors. Therefore, the growth and application of thin
crystalline wafers have received considerable research
attention. In a pioneering work, Liu et al. successfully prepared
150 μm-thick MAPbI3 and FAPbI3 crystal wafers through
geometrically controlled dynamic flow reaction and diamond
wire saw cutting processes.121,154 Wafer-based detectors exhibit
better performance and higher photoelectric loudness than
their polycrystalline counterparts. Bakr et al. fabricated a
planar-integrated single-crystal (ISC) perovskite with a thick-
ness of approximately 5 μm. The ISC perovskite can form
highly crystalline thin films with areas larger than 1 cm2 on
planar surfaces without matching the substrate’s lattice and
even on amorphous surfaces, such as glass.34 Metal−semi-
conductor−metal detectors were fabricated based on these
MAPbBr3 ISC perovskite crystals, delivering a high gain (more
than 104 electrons per photon) and high gain bandwidth
product (above 108 Hz). Ma et al. fabricated a visible light
detector based on a SC−TF of MAPbBr3 perovskite with an
optimized thickness of hundreds of nanometers. When the
thickness of the SC−TF was decreased from approximately 10
μm to several hundred nanometers, the device’s minimum
detectable power and internal gain increased by two and 4

Table 5. Summary of Critical Parameters and Corresponding Device Performance for Perovskite Crystal Visible Light
Detectors

structure device structure growth method
thickness
(μm)

Voc
[V]

Jsc
[mA cm−2] FF

PCE
[%] ref

vertical-
structure

ITO/PEDOT:PSS/MAPbI3 SC arrays/
PCBM/ZnO/Al

Droplet-pinned crystallization
method

∼1.5 0.52 8.69 0.379 1.73 134

FTO/TiO2/MAPbBr3 SC/Au Cavitation-triggered asymmetrical
crystallization strategy

∼1 1.36 6.96 0.69 6.53 100

FTO/TiO2/MAPbBr3 SC/Spiro-
OMeTAD/Ag

Space-limited ITC 16 1.31 8.77 0.62 7.11 169

Au/ITO/Spiro-Meo-TAD/MAPbI3 SC
wafer/PCBM/LiF/Ag/Au

Top-down method NA 1.15 20.02 NA 4 135

FTO/TiO2/MAPbI3 SC/Spiro-OMeTAD/
Ag

Self-grow directly on electron-
collecting FTO/TiO2

NA 0.668 22.28 NA 8.78 137

ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15 SC/
TiO2/Ag

SEC 24.5 23.14 1.03 0.51 12.18 142

ITO/PTAA/MAPbI3 SC/PCBM/C60/
BCP/Cu

Hydrophobic interface-confined
lateral growth method

10 1.08 21 0.786 17.8 138

ITO//PEDOT:PSS/MAPbI3 SC/PCBM/
Ag

Seeded space-limited ITC ∼50 0.75 22.15 0.27 4.4 170

ITO/PTAA/MAPbI3/(C60/BCP)/Cu Low-temperature ITC 20 1.144 23.68 0.81 21.93 140
ITO/PTAA/MAPbI3 SC/C60/BCP/Cu Solution space-limited ITC 20 1.076 23.46 0.835 21.09 139
Cu/(C60/BCP)/MAPbl3 SC/
PTAA:P3HT/Au

Space-confined ITC 1.13 23.88 0.818 22.1 171

ITO/PTAA/FA0.6MA0.4PbI3 SC/C60/
BCP/Cu

Space limited ITC 15 1.1 26.2 0.79 22.8 141

lateral-
structure

Au/MAPbI3 /Au STL 0.82 2.28 (0.25
sun)

NA 1.88 172

SiO2/MAPbI3/Au/PCBM/Ag Facile roll-printing method 0.81 18.33 0.329 4.83 146
Au/(C60/BCP)/MAPbl3 SC wafer/Au STL 0.66 5.06 (0.25

sun)
0.44 5.9 97

Au/(C60/BCP)/MAI modified MAPbl3
SC/Au

Simple methylammonium iodide
surface treatment

0.93 22.49 0.51 11.52 132
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orders of magnitude, respectively. The ultrahigh sensitivity of
the fabricated photodetector can be attributed to the
replacement of the polycrystalline thin film with the thick-
ness-optimized SC−TF, which further confirmed the impor-
tance of the thickness of the perovskite active layer to the
performance of photodetectors.159 Sun et al. fabricated a
single-crystal microwire array (SCMWA) based on MAPbBr3
and encapsulated it with a hydrophobic trichlorosilane
molecular layer.147 The values of R and D* of the fabricated
high-performance flexible photodetector based on the
MAPbBr3 SCMWA were 20 A W1− and 4.1 × 1011 Jones,
respectively. The device maintained its original performance
for more than one year without further encapsulation, which
proved its excellent stability. Ding et al. synthesized centimeter
scale fully inorganic perovskite CsPbBr3 SC−TF (<40 μm) by
an improved confined space method to adjust the heating area
to control nucleation. The planar metal−semiconductor−
metal photodetector using CsPbBr3 SCF as the photosensitive
layer demonstrates a limit response time of 200/300 ns and a
visible light communication within 100−500 kHz frequency

for both 365 nm and white light, which is superior to
previously reported CsPbBr3 polycrystalline film and single
crystal photodetectors.167

As shown in Figure 19d, some 3D and ultrathin 2D layered
perovskite crystals are promising materials for photodetection
because of their improved stability and effectively suppressed
ion migration. For example, Liu et al. proposed an induced
peripheral crystallization method for the growth of a 2D
flexible single-crystalline membrane (SCM) with a thickness as
low as 0.6 μm and an area of more than 2500 mm2.63 The
photodetector based on the (PEA)2PbI4 SCM exhibited an
efficient photoelectric detection performance; the correspond-
ing EQE, R, and D* values were 26530% 98.17 A W1−, and
1.62 × 1015 Jones, respectively. Bakr et al. also synthesized 2D
PEA2PbI4·(MAPbI3)n‑1 (n = 1, 2, 3) crystals,153 which
exhibited a low concentration of self-doping and low electronic
noise. The photodetectors based on these 2D crystals achieved
an extremely high optical detection rate (1013 Jones), making
them particularly advantageous for detecting weak light signals.
However, Yu et al. achieved ultrahigh efficiency lateral

Figure 20. (a) Attenuation coefficients versus photon energy for some representative semiconductors. Reproduced with permission from ref 173.
Copyright 2021, Elsevier. (b, c) Sketches of the planar and vertical structure of the X-ray detector. Reproduced with permission from ref 176.
Copyright 2020, Wiley-VCH. (d) Optical and X-ray images of an encapsulated metallic spring and a portion of a fish caudal fin. Reproduced with
permission from ref 180. Copyright 2017, Springer Nature. (e) Schematic diagram of the working principle of the X-ray detector with different
surface treatments. Reproduced with permission from ref 186. Copyright 2020, American Association for the Advancement of Science, reproduced
without any modification and licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. (f) Summary of sensitivity for different
perovskite crystal X-ray detectors. The abscissa is the highest voltage value, which is the keV of the X-ray tube.
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s t ruc tured photodetec tors us ing 2D perovsk i te
PEA2MA3Pb4I13 single crystals by an in situ reverse temper-
ature crystallization. The photodetector with a record EQE of
7.2 × 106% showed the highest responsivity of 3077 A W1−,
which is over 20 times higher than previous reports.168 Peng et
al. fabricated (C4H9NH3)2PbBr4 crystals with deep-blue
luminescence.156 In the interdigital graphene electrode
structure, photoconductive photodetectors exhibited an ultra-
high value of R (2100 A W1−), very low dark current (10−10

A), and high on−off current ratio (103).
The materials and device performances of the previously

reported crystal visible light detectors are outlined in Figure
19e. The corresponding materials, crystal growth methods,
device structures, and photoresponse parameters are summar-
ized in Table 5.
Overall, the growth of high-quality crystals with few defects

and low ion migration through materials engineering and
chemical regulation is necessary. Device engineering should
also be considered to achieve better photoresponse. For
instance, photoconductive photoreceptors exhibit high values
of G and EQE and can be fabricated through facile synthesis
methods. However, their detection capability is reduced
because of the large ohmic contact, large external bias voltage,
high dark current, and slow photoresponse. On the other hand,
photodiodes exhibit fast response and highly sensitive
detection. However, they usually suffer from a low response
and poor EQE. Therefore, a three-terminal phototransistor
photodetector should be developed to balance these
parameters.
6.2.2. High-Energy X-ray Radiation Detection. Figure 20a

shows the absorption spectra of perovskite materials and
conventional semiconductors for a wide range of photon
energies calculated using the photon cross-section database.173

Perovskite materials exhibit great potential for high-energy
radiation detection owing to their high absorption coefficients,
particularly due to the high atomic number of Pb in Pb-based
perovskites. High-energy radiation devices can be classified as
direct or indirect detectors based on the detection mecha-
nism.174 In direct detectors, electrons and holes convert X/γ
rays radiation into electrical signals under the application of an
external bias.175 Similar to single crystal solar cells, direct-type
detectors can be fabricated using lateral or vertical structures,
as shown in Figure 20b and c.176 On the other hand, indirect-
type detectors convert the absorbed high-energy X/γ rays into
optical signals through a scintillator. The optical signals are
then detected by photodetectors and finally converted into
electrical signals. The key performance parameters for direct
detectors are the charge carrier mobility and lifetime product
(μτ), which reflect the charge collection efficiency of the
semiconducting high-energy radiation detectors; higher values
of these parameters imply better performance of the device.
Meanwhile, signal-to-noise ratio (SNR) defines the ratio of the
intensity of the electrical/optical signal to that of the
background noise. The International Union of Pure and
Applied Chemistry (IUPAC) defines the detection limit as the
equivalent dose rate when SNR = 3. The most important
performance indicator for high-energy radiation detectors is
the sensitivity (S), which describes the response of the X-ray
detector to a specific amount of radiation. In addition to their
high absorption coefficient, the large μτ and high bulk
resistivity of perovskite SCs also contribute to their great
potential for high-energy radiation detection.173,177,178

In 2013, Stoumpos et al. used perovskite crystals for X-ray
radiation detection for the first time.50 The fabricated all-
inorganic CsPbBr3 crystals exhibited the μτ value as high as 1.7
× 10−3 cm2 V−1, which was approximately 10 times higher than
the traditional CdZnTe material. This work highlighted the
potential of perovskite crystals as X-ray detectors. Since then,
great progress has been made in the application of perovskite
SCs as X-ray detectors. For example, materials engineering
through doping Rb into CsPbBr3 enhanced the atomic
interaction and orbital coupling between the Pb and Br
atoms, which improved the carrier transport properties and X-
ray detection performance of the perovskite.179 The X-ray
detector based on Cs(1‑x)RbxPbBr3 exhibited a higher
sensitivity (8097 μC Gyair−1 cm−2) than the CsPbBr3 SC
device (918 μC Gyair−1 cm−2) even at Rb dopant concentration
as low as 0.037%. Huang et al. demonstrated the application of
an organic−inorganic hybrid perovskite SCs in radiation
detection. X-ray detectors were fabricated using 2−3 mm-
thick MAPbBr3 crystals.

37 The value of S of the device toward
X-ray detection was 80 μC Gyair−1 cm−2. They also integrated
0.15 mm-thick MAPbBr3 SCs to Si substrates,180 which
significantly reduced the dark current at high bias and
increased the value of S to 2.1 × 104 μC Gyair−1 cm−2; the
measured sensitivity was more than a thousand times higher
than that of an amorphous Se X-ray detector. Figure 20d shows
the clear images of the spring and caudal fins in the capsule.
Later, Zhu et al. synthesized high-quality large MAPbI3 SCs
through a continuous-mass transport process (CMTP).181 The
performance of the CMTP-synthesized MAPbI3 X-ray detector
was comparable to those of the traditional high-quality
CdZnTe-based devices.
Adding large cations to perovskite materials reduces the

octahedral inclination of the PbI6 framework. This phenom-
enon is known as the size effect, which stabilizes the perovskite
structure. The introduced cations can also change the
coordination between the ions within the crystals. For example,
H-bonds derived from large organic cations and inorganic
skeletons can improve the rigidity of cubic octahedral
structures.182,183 Yuan et al. prepared high-quality large
perovskite SCs of DMAMAPbI3 and GAMAPbI3 by adding
DMA+ and GA+ cations to MAPbI3.

184 The addition of these
large cations inhibited the electron−phonon coupling,
increased the formation energy of defects, and reduced the
nonradiative recombination. The sensitivity (2.3 × 104 μC
Gyair−1 cm−2) and detection limit (16.9 nGyair s−1) of the
GAMAPbI3-based detectors were about an order (2.5 × 103
μC Gyair−1 cm−2) and three orders (19.1 μGyair s−1) of
magnitude better than those of the control MAPbI3 crystal
detectors, respectively. The introduction of large cations can
also regulate crystal growth to achieve better crystal quality.
Huang et al. proposed a ligand-assisted solution method using
3-(decyldimethylamino)propanesulfonate inner salt (DPSI) as
an additive to fabricate high-quality MAPbI3 perovskite SCs.

185

The interaction of the DPSI ligands with the Pb2+ ions can
inhibit the nucleation in the solution and lead to anisotropic
crystal growth. The crystals exhibited better crystallinity due to
the reduction of the bulk defect density by a factor of 23. The
suppression of ion migration resulted in X-ray detection
sensitivity as high as 2.6 ± 0.4 × 106 μC Gyair−1 cm−2 and a
detection limit as low as 5.0 ± 0.7 nGyair s−1.
Ion migration, which causes the high dark current, low

imaging resolution, and instability of devices, should be
considered when designing and fabricating high-performance
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detectors. Recently, Dong et al. employed a simple atomic
surface passivation strategy to decrease the defects on the
crystal surface using MAI (Figure 20e).186 The surface
treatment significantly increased the ion migration activation
energy of the MAPbI3 SCs, effectively suppressing the
formation of metal halide defects without introducing
additional movable ions. Thus, the dark current stability of
the devices was significantly improved with a high electric field
of 100 V mm−1. Under continuous X-ray irradiation up to 50
keV, the detectors registered a sensitivity as high as 7.1 × 105
μC Gyair−1 cm−2 and a detection limit as low as 1.5 nGyair s−1.
On the other hand, Liu et al. successfully incorporated smaller
MA+ and Cs+ cations and Br− anions into the FAPbI3 lattice,
which relaxed the lattice stress and decreased ion migration.187

Perovskite FA0.85MA0.1Cs0.05PbI2.55Br0.4 SCs (FAMAC SCs)
exhibited high hardness, low trap density, long carrier lifetime,
long diffusion length, high charge mobility, and excellent
thermal stability. The value of S was as high as 3.5 (±0.2) ×
106 μC Gyair−1 cm−2. Additionally, the crystal detectors
exhibited a low detection limit (42 nGyair s−1) and stable
dark current and photocurrent response. High-contrast X-ray
images were also produced using the fabricated detector.
Low-dimensional perovskite crystals with low ion migration

exhibit great potential for X-ray detection. In 2019, Luo et al.
developed a high-performance 2D hybrid halide perovskite,
(C4H9NH3)2(C2H5NH3)2Pb3Br10, with ferroelectric properties
(Ps = 5 μC cm−2).188 Under a low operating voltage, the X-ray
sensitivity of the device was as high as 6.8 × 103 μC Gyair−1
cm−2, more than 300-times that of the most advanced α-Se X-
ray detector. The study explored the development and
applicability of perovskite ferroelectric materials for high-
performance optoelectronic devices. Soon after, they produced
a quasi-2D ferroelectric material, (CH3OC3H9N)2CsPb2Br7,
which exhibited a special volume photovoltaic effect by
reconstructing the dimensions of a pure 2D monolayer
perovskite, (CH3OC3H9N)2PbBr4.

189 High-sensitivity X-ray
photon self-driving detection was achieved using the fabricated
device based on the quasi-2D double-layer hybrid ferroelectric
perovskite. At zero bias voltage, the sensitivity was as high as
410 μC Gyair−1 cm−2. Yang et al. produced highly sensitive
hard X-ray detectors based on 2D fluorophenyl-
etherammonium lead iodide ((F-PEA)2PbI4) crystals.190

Supramolecular electrostatic interactions were formed between
the adjacent benzene rings, effectively suppressing the ion
migration. The bulk resistivity of the crystals was 1.36 × 1012 Ω
cm, which was beneficial for decreasing the noise current for
hard X-ray detection. The (F-PEA)2PbI4 single-crystal detector
exhibited a sensitivity of 3402 μC Gyair−1 cm−2 to 120 keV
hard X-rays. On the other hand, the X-ray detection limit was
23 nGyair s−1. Clear X-ray images were obtained at low doses,
outperforming dominant scintillators in commercial digital
radiographic systems. In addition, Yang et al. obtained a 2D/
3D crystal heterojunction by replacing some of the FA+ cations
with long organic cations.191 This heterojunction efficiently
inhibited ion migration, prevented the volatilization of the FA+
cations, decreased surface defects, and improved the device’s
performance. The optimal device based on the (F-
PEA2PbBr4)/(FAPbBr3) crystal heterojunction reduced the
ion mobility and increased the bulk resistivity by a factor of 1.5
and 2, respectively. At 120 keV, the hard X-ray detection limit
was as low as 55 nGyair s−1, which was better than that of the
FAPbBr3 control sample (250 nGyair s−1). Finally, Figure 20f
outlines the materials and device performance of the previously

reported perovskite crystal X-ray detectors. The corresponding
materials, crystal growth methods, device structures, and
parameters are summarized in Table 6.

7. CONCLUSION AND OUTLOOK
Crystal growth techniques and the quality of perovskite single
crystals have been continuously improved. In most cases,
perovskite single crystals exhibit more potentials in improving
the optoelectronic device performance. We believe that
perovskite single crystals can exhibit unique roles in the
commercialization of optoelectronic devices. Currently, many
methods can be used for growing perovskite single crystals. If
they are to be used in commercial devices, a variety of factors,
including the purity, the quality, the duration and the cost of
synthesis, should be considered. In addition, different growth
methods should be chosen according to the difference in
crystal composition. The solution temperature lowering
method (STL) of liquid phase is the most popular choice for
organic−inorganic hybrid metal halide perovskite single
crystals due to its relatively simpler operation and lower cost.
For inorganic metal halide perovskite single crystals preparing,
Bridgman growth method is more suitable because the growth
temperature can be easily adjusted based on which raw
materials are chosen and the desired crystal shape can be easily
produced in this method. It is challenging to use other
solution-processing methods because the solubility of
inorganic precursors in the liquid phase largely depends on
the solvent, and it is difficult to avoid the phase separation of
such perovskites.
In terms of promoting the performance improvement and

commercialization of optoelectronic devices, we believe the
future research on the applications of perovskite single crystals
should focus on the following areas. (1) Although there are a
lot of methods for the growth of single crystals, different
methods have the different disadvantages, such as long
preparation periods and high cost. Therefore, an efficient and
highly controllable process for the growth of perovskite SCs
needs to be further developed. (2) Because of the difficult
combination of high-quality and large-sized perovskite single
crystals and optoelectronic devices with excellent performance,
most of the current research respectively focus on these two
processes. If these two processes are perfectly combined, it will
further promote the commercialization of optoelectronic
devices based on perovskite materials. (3) To date, perovskite
single crystals still exhibit poor stability. This can be addressed
by using inorganic cations instead of organic cations, such as
MA+ and FA+. However, the quality of all-inorganic perovskite
single crystals is still not comparable to those of organic
perovskites. Furthermore, Pb-based perovskites show better
photoelectric performance compared to other metal ions.
However, the Pb2+ ions are toxic to human health, which
would hinder the commercial development of Pb-based
optoelectronic devices. Therefore, it is necessary to continu-
ously optimize the choosing of metal ions in perovskite
materials.
Therefore, crystal growth techniques should be continuously

explored and enhanced to produce large, high-quality single
crystals. This can help better comprehend the fundamental
properties of perovskites and develop more applications of the
perovskite single crystals.
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