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Abstract: For the last decades, a research hotspot for the halide perovskites (HPs) is now showing great progress in terms of
improving efficiency for numerous photovoltaic devices (PVDs). However, it still faces challenges in the case of long-term

stability in the air atmosphere. Defect-free high-quality HP single crystals show their promising properties for the remarkable
development of highly efficient and stable PVDs. Here, we summarize the growth processing routes for the stable HP single

crystals as well as briefly discuss the pros and cons of those well-established synthesis routes. Furthermore, we briefly include

the comparison note between the HP single crystals and polycrystalline perovskite films regarding their device applications.

Based on the future progress, the review concludes subjective perspectives and current challenges for the development of HPs

high-quality PVDs.
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Fig. 1. Structure of halide perovskite with general chemical formula
ABX3 (A=monovalent organic or inorganic cation, B=bivalent metal,
and X=halide).
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| Apr. 2009 : First report on perovskite solar cell (3.8% efficiency), T. Miyasaka et al. |

| Nov. 2012 : Perovskite solar cell efficiency exceeds 10%, N.G.Park et a/. |

solar cells (16.2% efficiency), S. I. Seok et al.

July 2014 : Report on the solvent engineering for high-performance perovskite ‘

Fig. 2. Number of publications per year with ‘perovskite’ and ‘halide
perovskite’ as keywords according to Web of Science (https://apps.
webofknowledge.com) and key historical moments.
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Fig. 3. CH;NH;PbBr; (MAPbBr3) single crystal growth using anti-solvent vapor-assisted crystallization (AVC) method. (a) Schematic diagram
of AVC process, (b) MAPbBr; single crystals grown by AVC process, (¢) XRD result of MAPbBr3; powder, and (d) single crystal (DMF: N,N-

dimethylformamide; DCM: dichloromethane).
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evaporation method. (a) Schematic diagram of slow evaporation
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method, and (¢) CH;NH3PbX; (X=I, Br, Cl) single crystals grown by
slow evaporation process (GBL: y-butyrolactone).
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Fig. 5. (a) Solubility curve for equimolar solutions of CHsNH3Pbls in
y-butyrolactone, (b) schematic experimental observation, (c)
photograph of freshly grown crystals. (a)~(c) Adapted with
permission from [34] (Copyright 2015 Springer Nature).
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Fig. 6. (a) Schematic representation of the ITC apparatus in which the
crystallization vial is immersed within a heating bath. The solution is
heated from room temperature and kept at an elevated temperature
(80°C for MAPbLBr; and 110°C for MAPbI;) to initiate the
crystallization. (b) and (c) MAPbI; and MAPbBr; crystal growth at
different time intervals, (d) and (¢) powder X-ray diffraction of
ground MAPbBr; and MAPDI; crystals. Insets: pictures of the
corresponding crystals grown within a non-constraining vessel
geometry, and (a)~(e) adapted with permission from [35] (Copyright
2019 Springer Nature).
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Fig. 7. (a) Schematic diagram of the Bridgman furnace, (b)
photographs of the as-grown CsPbBrs; single crystal (upper), polished
wafer (lower left), and oriented cuboid CsPbBr; single crystal (lower
right), and (c) XRD patterns of the (100), (010), and (001) crystal
wafers. (b) and (c) Adapted with permission from [42] (Copyright
2018 American Chemical Society).
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Fig. 8. (a) Structural phase transition of CsPbl; polymorphs. The
phase transition sequence: y-phase to 6-phase at about 200 to 325°C
(irreversible); 5-phase to a-phase at about 325°C (reversible); a-phase
to y -phase by rapid quenching [39-41]. (b) Photograph of y-CsPbl; in
an evacuated ampule, (c) structure of y-CsPbls, (d) photograph of &-
CsPbls, and (e) structure of 3-CsPbls. (c) and (e) Visualized using
VESTA with Cs in green, Pb in gray, and I in purple and (b)~(e)
adapted with permission from [40] (Copyright 2019 American
Chemical Society).
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(a)

2CsBr ) + (1+x) AgBr (s
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HBr(aq)
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Fig. 9. Lead-free double perovskite halide crystal growth. (a) A schematic diagram of a crystallization process for Cs2AgBiBrs double perovskite
formation and optical image of the crystals, (b) temperature-time sequence diagram for the hydrothermal synthesis of Cs2AgBiBrs, (c) high-
resolution HAADF-STEM image, and (d) HAADF-STEM intensity profiles along the [001] direction from regions shown in (c) corresponding
to the atomic rows shown in the schematic. (a)~(d) Adapted with permission from [44] (Copyright 2020 Elsevier Publishing Group).
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Fig. 10. (a) Photograph of a milling jar loaded with milling balls, MAI, and Pbl precursor powders, (b) schematic of the ball milling procedure
for the mechanochemical synthesis of perovskite powders, (c) photograph of the milling jar from (a) after the ball milling process and successful
mechanochemical synthesis of black MAPbI3 powder, and (d) XRD patterns after different milling times of MAPbI; powders. Signals from
crystalline Pblz are indicated with stars. (a)~(d) Adapted with permission from [45] (Copyright 2019 American Chemical Society).
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Fig. 11. (a) Schematic diagram of the perovskite single-crystalline thick film growth process. The surfaces of two glass substrates are treated
to be hydrophobic and put face-to-face to create a confined space. (b) Photograph of a centimeter-scale CH;NH3;PbBr; perovskite single-
crystalline film grown inside two hydrophobic substrates. (a) and (b) Adapted with permission from [55] (Copyright 2020, Springer Nature).
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Fig. 12. (a) Thin-film CsSnl; is grown epitaxially on a single crystalline KCI(100) substrate with two precursors, Csl and Snlz (1:1) monitored
by RHEED in situ and real time, (b) a schematic of the epitaxial structure of the CsSnls film on KCI (100) (Cs: orange; Sn: gray; I: purple; K:
blue; CI: light green), and (c) out-of-plane XRD scan of 40 nm of CsSnls on the KCI substrate and photograph of the film on a 1 cm X 1 cm substrate. The
KCI(200) peak is at 28.35° (Cu Kg and W L, peaks are seen at 25.50 and 27.42°), and the CsSnl; (001) and (002) peaks are at 14.46 and 29.16".
Adapted with permission from [57] (Copyright 2019 American Chemical Society).
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Table 1. Summary of published halide perovskite epitaxial thin film research.

Materials Growth method Substrate Growth direction Reference
CsSnBr3 VPE NaCl (001) (001) [56]
CsSnBr3 VPE NaCl (001) (001) [58]
CsPbBr3 VPE NaCl (001) (001) [58]
CsPbBr3 VPE NacCl (001) (001) [59]

CsSnls VPE KCI (001) (001) [57]
MAPDI; Spin-coating KCI1(001) (110) [60]
CsPbBr3 VPE CaF2(001) (001) [59]
CsPbBr3 VPE ZnSe (110), (001) [61]
CsPbBr3; VPE Muscovite mica (001) [62]
NaNiF3 MBE SrTiOs (010) [63]

MAPD(Bri—lx)s VPE MAPbBr3 (001) [64]
MAPbI; Laser deposition Rubrene (110) [65]
VPE: vapor phase epitaxy; MBE: molecular beam epitaxy
Table 2. Summary of published halide perovskite single crystal research.
Synthesis method Single crystal ~ Crystal size (mm)  Carrier mobility (cm?V-'s™) Trap density (cm™) Reference
MAPbI; ~1 25 ~10" [10]
AVC
MAPDBT3 ~1 - ~10° [10]
. MAPbI3 10 24 4.5x10' [7]
Slow evaporation
MASnI3 10 - - [67]
MAPbI; ~5 - - [35]
MAPDbBT3 - 10.8 - [12]
ITC MAPDBT3 10 ~60 1.6x10" [55]
CsPbBr3 4 22.4 - [68]
CsPbBr3 2 - 2.4x10° [69]
. CsPbBr3; 7 (diameter) 1,000 - [70]
Bridgman method .
CsPbBr3; 24 (diameter) 11.6 1.08x10° [42]
CsAgInCls ~3 3.31 8.6x108 [71]
Hydrothermal method MA:AgBiBres - - - [72]
Cs2AgBiBrs 6 4.47 36.0x10° [44]
MAPbBT; (T?]'ilc;gis) 40.7 8.80x10'0 [73]
Space-confined method MAPLE 2.0~2.8 um .
13 15.7 4.8x10 [51]

(Thickness)
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