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Abstract 

Modern electronic and photonic devices rely on single-crystalline thin film semiconductors for high performance 
and reproducibility. The emerging halide perovskites have extraordinary electronic and photonic properties and can 
be synthesized via low cost solution-based methods. They have been used in a variety of devices with performance 
approaching or over the devices based on conventional materials. However, their solution based growth method is 
intrinsically challenge to grow large scale single-crystalline thin film due to the random nucleation and isotropous 
growth of the crystal. Here, we report the growth of centimeter-scale perovskite single-crystalline thin films by con‑
trolling the nucleation density and growth rate of the crystal under a spatially confined growth condition. The hydro‑
phobic treatment on substrates inhibits nucleation and accelerates the growth of single-crystalline thin film, provid‑
ing enough space for initial nucleus growing up quickly without touching each other. Single-crystalline perovskite 
thin-film with an aspect ratio of 1000 (1 cm in side length, 10 μm in thickness) has been successfully grown. The low 
trap density and the high mobility of the as-grown thin film show a high crystallinity. The photodetector based on 
the perovskite thin film has achieved a gain ~ 104, benefitting from the short transit time of the carries due to the high 
mobility and thin thickness of the active layer. Our work opens up a new route to grow large scale perovskite single-
crystalline thin films, providing a platform to develop high- performance devices.
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1  Introduction
Single-crystalline thin film (SC-TF) materials provide 
state-of-the-art performance in modern electronic and 
photonic devices [1–6]. The growth of conventional SC-
TFs requires high vacuum and high temperature condi-
tions. Recently, halide perovskites that can be grown by 
solution-based methods are emerging as a new genera-
tion of semiconductor materials with high device perfor-
mance. To date, they have been used in various directions 
including solar cells [7–18], photodetectors [19–28], light 

emitting diodes and lasers [29–34], laser cooling devices 
[35, 36], and high-energy radiation detection [37–39].

However, solution-based growth methods are intrinsi-
cally challenged when it comes to growth of macroscale 
SC-TF, owing to the random nucleation and isotropous 
growth of the crystal. To date, large area high perfor-
mance perovskite devices are based on polycrystalline 
thin films [11–19, 22–28]. On the other hand, liquid 
growth strategies including cooling crystallization [2, 40, 
41], anti-solvent diffusion assisted crystallization [42, 43], 
and inverse temperature crystallization [28, 44, 45] have 
been developed to grow macroscale single-crystalline 
halide perovskites. However, the aspect ratios of these 
macroscale single crystals had been about unity depend-
ing on the isotropous growth rate in solution. Therefore, 
methods based on space-confine [4, 46–50], mechanical 
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cutting [48], surface tension [51] and microjetting [52] 
have been introduced to grow perovskite crystals with 
large scale. However, the SC-TFs made by these meth-
ods are with limited aspect ratio. For that grown in a thin 
gap, random nucleation results in a high nucleation den-
sity, which limits the size of single-crystalline flakes. For 
that grown in a thick gap, or made by mechanical cutting 
technique, the films can be large but with thick thick-
ness. Hydrophobic treatment of the substrate has been 
employed to get a larger aspect ratio [6, 16, 53, 54], how-
ever, the reported films are limited to millimeter-scale, 
and the effects of hydrophobic surface on nucleation den-
sity and growth rate have remained unexplored.

Here, we report the growth of centimeter-scale 
MAPbBr3 single-crystalline thin films with thickness 
down to 10 μm level by substrate surface engineering and 
space-confined growth. We further reveal the effects of 
hydrophobic surface on nucleation density and growth 
rate by treating the substrates with different solvent 
contact angles. The aspect ratio (side length over thick-
ness) of the single-crystalline thin film exceeds 1000. The 
trap density of the as-grown thin film is on the order of 
1011  cm−3, and the mobility is more than 60  cm2/V  s. 
These special properties make our material outstanding 
from the perovskite SC-TFs (Additional file 1: Table S1). 
We fabricate photodetector based on the grown single-
crystalline perovskite thin film. The device shows a 
gain ~ 104, benefitting from the short transit time of the 

carries due to the high mobility and thin thickness of the 
active layer.

2 � Results and discussion
Figure  1a shows the schematic diagram of the growth 
process. The surfaces of two glass substrates are treated 
to be hydrophobic and put face-to-face to create a con-
fined space. We then keep a constant growth tempera-
ture of 80  °C and continuously add the precursor into 
the gap via capillarity effect, providing enough precur-
sor solution for continuously growth of the film, which is 
indispensable to grow centimeter-scale SC-TFs. Hydro-
phobic treatment of the substrates is essential to grow the 
centimeter-scale perovskite SC-TFs, because it not only 
modifies the nucleation process to limit the number of 
crystal nucleus formed inside the gap, but also acceler-
ates the growth rate of the film. Figure 1b shows the pho-
tograph of a centimeter-scale perovskite SC-TF grown 
inside two hydrophobic substrates. In contrast, Fig.  1c 
shows the photograph of millimeter-scale single-crystal-
line flakes grown inside two untreated substrates.

Figure  2a shows the measured nucleus densities on 
the substrates with different solvent contact angles 
resulted from different surface treatment conditions 
(Additional file 1: Figure S1). As the contact angle of the 
substrate increases, the nucleation density of the sub-
strate surface decreases by 300 times from completely 
hydrophilic to hydrophobic. Also, we have measured 

Fig. 1  Growth of perovskite SCTF. a Schematic diagram of the growth process. The surfaces of two glass substrates are treated to be hydrophobic 
and put face-to-face to create a confined space. We then keep a constant growth temperature of 80 °C and add the precursor into the gap 
continuously via capillarity effect to grow the SCTFs. b Photograph of a centimeter-scale perovskite SCTF grown inside two hydrophobic substrates. 
c Millimeter-scale single-crystalline flakes grown inside two untreated substrates
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the growth rates of perovskite SC-TFs on these sub-
strates, which are shown in Fig. 2b. The growth rate of 
the crystal increases with the increase of the contact 
angle. The average growth rate of the crystal in the gap 
of hydrophobic substrates is 31.5  μm  min−1, which is 
6 times of that on completely hydrophilic substrates. 
Notably, the growth rate in the micrometer scale gap of 
hydrophobic substrates is even higher than the growth 
rate of a single-crystalline bulk perovskite in completely 
free solution space (27.0 μm min−1) [28].

The nucleation mechanisms on hydrophilic and 
hydrophobic substrates are shown in Additional file 1: 
Figure S2a, b, respectively. The attraction between sur-
face atoms with solvent molecules and solvated precur-
sor ions on hydrophilic surface is comparably stronger 
than hydrophobic surface [6, 55]. Strong attraction of 
surface to the pre-existing clusters will fix more clus-
ters on the substrate surface and block the re-disso-
lution of ions from pre-existing cluster surfaces. So, 
the existing cluster becomes more stable and easier to 
grow into crystal nucleus. In addition, the reaction heat 
released during cluster growth can be dissipated more 
rapidly through the surfaces due to a relatively higher 
interaction intensity, which is beneficial to the forma-
tion of nucleus. As a result, the nucleation free energy 
barrier on hydrophilic surface is relatively lower than 
that on a hydrophobic condition, yielding a comparably 
higher nucleation rate [56, 57]. Meanwhile, the precur-
sor ions and solvent that get close to the surface will be 
attracted and then captured by the hydrophilic surface, 
which will slow the diffusion of ions, leading to a slower 
crystal growth rate [14, 58–60]. Therefore, hydrophobic 

modification on substrates reduces nucleation density 
and accelerates the growth rate of SC-TFs.

Figure  3a shows the photograph of the grown 
MAPbBr3 SC-TF peeled off from substrates. The thick-
ness of the SC-TF is 10.7 ± 0.3  μm and the length is 
1.15  cm, giving an aspect ratio of 1074 (Additional 
file 1: Figure. S3). X-ray diffraction (XRD) characteriza-
tion of the SC-TF (Fig.  3b) shows that the thin film is 
single crystalline with cubic phase and the crystal ori-
entation of the film in vertical direction is (001). The 
full width half maximum (FWHM) of (002) peak in 
X-ray diffraction spectrum is 0.035o (Additional file  1: 
Figure. S4), confirming the high crystallinity of the 
SC-TF. The transmission X-ray microscopy results are 
shown in Fig. 3c. The scattered diffraction spots rather 
than a continuous arc prove the single-crystalline char-
acter of the grown material. And the crystal orientation 
in horizontal direction along the sides of the square 
shape are (100) and (010).

Figure 3d shows the absorption spectrum and steady-
state photoluminescence (PL) spectrum of the prepared 
MAPbBr3 SC-TF. The band gap of the film is calculated 
as 2.24  eV and the steady-state PL spectrum shows 
the emission peak located at 546  nm with a FWHM of 
22 nm. In order to characterize the optical uniformity of 
the film, we measured PL spectra at different positions 
which formed the cross line on the same film. As shown 
in Fig.  3e, the peak positions are located at 546.2 ±0.5 
nm and the FWHM of the PL spectra is 22.6 ±0.7 nm. 
The almost unchanged peak position and FWHM show 
highly uniformity of the optical property due to the uni-
form crystallization of the film.

Fig. 2  Influences on the SC-TF growth by surface engineering of substrates. a The measured nucleus densities on the substrates with different 
solvent contact angles resulted by different surface treatment conditions. b Growth rates of perovskite single-crystalline thin films on these 
substrates
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The trap density of the film is measured with the space-
charge-limited current analysis under different biases to 
characterize the crystallinity of MAPbBr3 SC-TF quanti-
tatively. For the electrical characterization, Au electrodes 
are thermally deposited on both top and bottom sur-
faces of the free-standing film. As shown in Fig.  3f, the 
I-V characteristics of the film changes at VTFL = 0.008 V. 
Below 0.008  V, the I-V curve shows an Ohmic contact 
characteristic. Above 0.008  V, the current rises sharply 
with voltage, resulted from all trap states being filled by 
injected charge carriers. The trap density is gotten from 
ntrap =

2εrε0VTFL

ed2
= 1.6× 1011cm−3 , where =11  μm is 

the thickness of the film, εr = 22.5 is the relative dielec-
tric constant, and ε0 is the vacuum permittivity. The trap 
density of MAPbBr3 SC-TF is 6 orders of magnitude 
lower than polycrystalline films fabricated by spin-coat-
ing methods [28]. We also characterize the mobility of 
our large SC-TF via Hall effect which is over 60 cm2/V s 
(Additional file 1: Figure. S5), orders of magnitude higher 
than MAPbBr3 polycrystalline films fabricated by spin-
coating methods [48].

For photonic devices, the high crystallinity and thin 
thickness of the film will reduce the recombination proba-
bility of photo-generated carriers, leading to a more effi-
cient photon-to-carrier conversion and hence to a high 

performance of photodetector and solar cells [61]. Here, we 
fabricate the photodetector based on the grown SC-TF, as 
shown in Fig. 4a. The film is grown on the ITO glass which 
is employed as one of the electrodes. Another Au electrode 
is fabricated on the top of the film, forming a metal–semi-
conductor-metal structure (Additional file  1: Figure. S7a, 
b). The I-V curves under light and dark conditions are 
shown in Additional file 1: Figure. S7c, which clearly show 
rectifying behavior as the ITO electrode is grounded, indi-
cating that a Schottky barrier is formed at MAPbBr3/Au 
interface [54]. We measured gain of the device at -1.5  V, 
where the device shows a pronounced response. Gain of 
the device here is from the difference between the carriers 
lifetime in trap state and the carriers transit time. It can be 
calculated by 

(

Jlight−Jdark
)/

e

P/ hv
 , where e is electronic charge, hv 

is the incident photon energy, P is the incident power den-
sity, Jlight and Jdark are the current density under light and 
dark condition [61, 62]. Figure  4b shows illumination 
power dependence of gain and corresponding responsivity 
R =

G
hv/ e

 of our device at − 1.5  V. Gain continuously 
increases with the decrease of the incident power and 
reaches the maximum of ~ 104 at 8 nW cm−2. The trend of 
the illumination power dependent gain comes from the 
saturation of the trap states by the large amount of the 

Fig. 3  Characterization of perovskite SC-TFs. a The grown MAPbBr3 SC-TF peeled off from the substrates. The thickness of the SC-TF is 10.7 ± 0.3 μm 
and the length is 1.15 cm, giving an aspect ratio of 1074. b X-ray diffraction spectrum of the MAPbBr3 SC-TF, which shows that the thin film is single 
crystal in cubic phase and the crystal orientation of the film in vertical direction is (001). c The schematic and Bragg spots for transmission X-ray 
microscopy measurement. d Absorption spectrum and steady-state PL spectrum of the prepared MAPbBr3 SC-TF. Insets: absorptance versus energy 
plot of the film, determining the optical bandgap as 2.24 eV. e PL spectra at different positions which formed the cross line on the same film (inset). 
The almost unchanged peak position and full width half maximum show highly uniformity of the optical property due to the uniform crystallization 
of the film. f The dark I-V curve used for the trap-state-density measurement
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external injected electrons [54]. With the decrease of the 
incident power, the ratio of the trapped electrons increases, 
resulting in an increase in the gain. We also characterized 
the transient photocurrent response of the photodetector 
at 0 V, as shown in Additional file 1: Figure S7d. The rise 
time and the fall time are 170 µs and 320 µs, respectively. 
The 3 dB bandwidth of the photodetector is measured as 
750 Hz, shown in Fig. 4c. The high gain and fast response 
of the device benefit from the short transit time of the car-
ries, which origins from the high mobility and thin thick-
ness of the single crystalline thin film active layer.

3 � Conclusions
In summary, we have proposed an approach to produce 
large-scale single-crystalline perovskite thin films via sur-
face engineering under spatially confined growth condition. 
Hydrophobic treatment on the substrate can reduce nucle-
ation density and accelerate the growth rate of SC-TFs. The 
as-grown perovskite SC-TFs has 1 cm side length with a 10 
μm thickness. The large SC-TFs produced also show very 
good uniformity in crystallinity quality. The trap density of 
the as-grown thin film is on the order of 1011 cm−3, and the 
mobility is over 60 cm2/V s. The photodetector based on 
the perovskite thin film has achieved a gain ~ 104, benefit-
ting from the short transit time of the carries due to the 
high mobility and thin thickness of the active layer. Our 
work opens a new and alternative facsimile route to grow 
large scale SC-TFs. These results might develop further 
exploration of on-chip fabrication of large-scale high per-
formance devices with hybrid perovskite SC-TFs.

4 � Methods/experimental
4.1 � Materials
Dimethyldimethoxysilane (> 95%) was obtained from 
Heowns. Hydrobromic acid (> 40.0wt.  %), methylamine 
alcohol solution (30.0wt.  %), acetone (> 99.7%), etha-
nol (> 99.7%), isopropanol (> 99.7%), dichloromethane 

(> 99.0%), sulfuric acid (95.9wt %) were all obtained from 
Sinopharm Chemical Reagent Co., Ltd (SCRC). Dimeth-
ylformamide (> 99.9%) were purchased from Concord 
Technology (Tianjin) Co., Ltd. Lead(II) bromide (99%), 
were purchased from Aladdin reagent. Deionized water 
with a resistivity of 18.2 MΩ cm (Milli-Q) was used for all 
rinsing processes. All reagent used without further puri-
fication. ITO-coated glass substrates (8–12 Ωsq−1) were 
purchased from BOE Technology Group Co., Ltd. Glass 
microscope slides (100.0 × 100.0  mm) were purchased 
from Haimen experimental equipment factory (Jiangsu).

4.2 � Synthesis of perovskite precursor
MABr (MA = CH3NH3

+) was synthesized through the 
reaction of methylamine with hydrobromic acid. An 
equimolar amount of hydrobromic acid (> 40.0wt.  % 
in water) was added dropwise into the methylamine 
(30.0wt. % in methanol) at ice bath under stirring state. 
Then the mixture solution was stirred for 2 h. Removal of 
the solvent was followed by recrystallization from etha-
nol to yield MABr crystals, and finally dried in a vacuum 
oven at 60 °C overnight.

4.3 � Preparation of hydrophobic reaction solution
40 ml of isopropanol, 3.5 ml of dimethyldimethoxysilane 
and 160  ul of sulfuric acid were added to a 50 ml plastic 
centrifuge tube. The solution was swirled to fully mix and 
place for 30 min at room temperature before use.

4.4 � Process of surface treatment
Hydrophobic treatment: We cleaned the glass slide use 
acetone, ethanol and deionized water in turn in an ultra-
sonic cleaning machine, then let the glass substrate dry 
naturally. The contact angle of the cleaned glass slide is 
43°. Then we submerged the cleaned glass in the reac-
tive solution for 60  s and withdrawned gradually. The 
substrate was allowed to dry about 5  min at room 

Fig. 4  Characterization of MAPbBr3 SC-TF photodetector. a Structure of the device. The film is sandwiched in the ITO substrate and top Au 
electrode, forming a metal–semiconductor-metal structure. b Gain and responsivity of the device at different incident power density. The largest 
gain is ~ 104 which benefits from the high crystallinity and thin thickness of the active layer. c 3 dB bandwidth of the device is measured as 750 Hz
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temperature (25  °C). Ethanol and water were used to 
rinse the glass surface. The contact angle of the hydro-
phobic substrate is 100o.

Hydrophilic treatment: We use oxygen plasma treat-
ment (PDC-32G Harrick Plasma Cleaner) for the hydro-
philic treatment of the glass substrate. Glass substrates 
were treated with low power oxygen plasma for 3  min, 
the contact angle is 10°. Glass substrates were treated 
with low power oxygen plasma for 15 min, and the con-
tact angle is almost 0o.

4.5 � Growth of perovskite single‑crystalline thin films
To grow single-crystalline halide perovskite thin films, 
we introduced anisotropic growth environment into 
the growth. First, PbBr2 and MABr (1/1 by molar, 1 M) 
were dissolved in N,N-dimethylformamide (DMF). Then 
a piece of glass slice was put on the top of another glass 
slice to form the thin gap. Then the perovskite precursor 
solution was added to the edge of the substrate, and it 
was absorbed into the gap by capillarity. Next, this system 
was put in 80 °C environment to grow the film by inverse 
temperature crystallization. Until the growth of single-
crystalline thin films were completed, then the perovskite 
precursor is added. Finally, the crystals continue to grow 
until they reach a size of 1 cm after several cycles of pre-
cursor addition.

4.6 � Single‑crystalline thin film characterization
The thickness of the film was measured by a The 
Dektak® 150 stylus surface profiler. The XRD measure-
ment was applied to the film by PANalytical X’Pert Pro 
with a Cu-Ka X-ray (λ = 1.541874  Å) target, V = 40  kV, 
I = 40  mA. The cross section analysis was carried out 
using scanning electron microscope (Helios Nanolab 
600i). The absorption spectra were captured with Perki-
nElmer, Lambda 950. PL spectrum excited by a 405 nm 
laser was measured by a confocal Raman microscopic 
system (Horiba, Labram HR800). The Hall effect was 
characterized measured with a Nanometrics HL5500 
Hall system. I–V measurement was done using a Keithley 
4200-SCS. All above measurements were carried out at 
room temperature.

4.7 � Preparation and characterization of the photodetector
We fabricate MAPbBr3 SC-TF photodetector based on a 
MAPbBr3/Au Schottky diode. MAPbBr3 SC-TF was first 
grown on the ITO substrate. Following that a hard mask 
had been put on the top surface of the film. A square Au 
electrode (50 nm in thickness, 2 mm × 2 mm in area) was 
then thermally deposited on the top surface of the film in 
the vacuum chamber.

As shown in Additional file  1: Figure S6. A device is 
fixed on the probe station under a microscope, and is 

electrically connected to the electrical characteriza-
tion equipment. A source meter (Keithley 4200) is used 
to bias the device and measure the corresponding cur-
rent. In light response measurement, a 2 MΩ resistance 
is connected in series with the detector, and the voltage 
signal is measured by an oscilloscope. An optical chop-
per is placed between the lens L1 and L2 to modulate the 
continuous-wave laser beam at 405 nm. The intensity of 
the laser beam is adjusted by an optical attenuator and 
the power is measured by a power meter.

Supplementary information
Supplementary information accompanies this paper at https​://doi.
org/10.1186/s4058​0-020-00236​-5.

Additional file 1: Figure S1. Nucleation density on different substrates. 
Figure S2. Schematic illustrations of the nucleus mechanism. Figure S3. 
Aspect ratio of MAPbBr3 SC-TF. Figure S4. Crystallinity of MAPbBr3 SC-TF. 
Figure S5. Mobility of MAPbBr3 SC-TF. Figure S6. Device measurement 
setup. Figure S7. Characterization of the photodetector made of MAPbBr3 
SC-TF. Table S1. Comparison of the properties of the perovskite SC-TF 
materials.

Abbreviations
SC-TF: Single crystal thin film; MA: Methylamine; MABr: Bromide meth‑
ylamine; PbBr2: Lead bromide; PL: Photoluminescence; XRD: X-ray dif‑
fraction; FWHM: Full width half maximum; ITO: Indium Tin Oxide; DMF: 
N,N-dimethylformamide.

Author contributions
YHD and ZQY performed the experiment. R-MM supervised the project. All 
authors read and approved the final manuscript.

Funding
This work is supported by NSFC under project Nos. 11774014, 91950115, 
11574012 and 61521004, Beijing Natural Science Foundation (Z180011) and 
the National Key R&D Programme of China (2018YFA0704401).

Data availability
All data that support the plots within this paper and other findings of this 
study are available from the corresponding author on reasonable request.

Competing interests
The authors declare no competing interests.

Author details
1 State Key Lab for Mesoscopic Physics and School of Physics, Peking Uni‑
versity, Beijing, China. 2 Frontiers Science Center for Nano-optoelectronics & 
Collaborative Innovation Center of Quantum Matter, Beijing, China. 

Received: 12 June 2020   Accepted: 4 July 2020

References
	1.	 J. Zhao, A. Wang, M.A. Green, F. Ferrazza, Appl. Phys. Lett. 73, 1991–1993 

(1998)
	2.	 Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao, J. Huang, Science 347, 

967–970 (2015)
	3.	 Y. Bi, E.M. Hutter, Y. Fang, Q. Dong, J. Huang, T.J. Savenije, J. Phys. Chem. 

Lett. 7, 923–928 (2016)
	4.	 Y. Liu, Y. Zhang, Z. Yang, D. Yang, X. Ren, L. Pang, S. Liu, Adv. Mater. 28, 

9204–9209 (2016)

https://doi.org/10.1186/s40580-020-00236-5
https://doi.org/10.1186/s40580-020-00236-5


Page 7 of 7Deng et al. Nano Convergence            (2020) 7:25 	

	5.	 C. Bao, Z. Chen, Y. Fang, H. Wei, Y. Deng, X. Xiao, L. Li, J. Huang, Adv. Mater. 
29, 1703209 (2017)

	6.	 Z. Chen, Q. Dong, Y. Liu, C. Bao, Y. Fang, Y. Lin, S. Tang, Q. Wang, X. Xiao, Y. 
Bai, Y. Deng, J. Huang, Nat. Commun. 2017, 8 (1890)

	7.	 M.A. Green, A. Ho-Baillie, H.J. Snaith, Nat. Photonics 8, 506–514 (2014)
	8.	 C. Zuo, H.J. Bolink, H. Han, J. Huang, D. Cahen, L. Ding, Adv. Sci. 3, 1500324 

(2016)
	9.	 J.P. Correabaena, A. Abate, M. Saliba, W. Tress, T.J. Jacobsson, M. Grätzel, A. 

Hagfeldt, Energy Environ. Sci. 10, 710–727 (2017)
	10.	 Best Research-Cell Efficiencies, National Renewable Energy Laboratory. 

https​://www.nrel.gov/pv/cell-effic​iency​.html. Accessed 4 2020
	11.	 A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, J. Am. Chem. Soc. 131, 

6050–6051 (2009)
	12.	 H.S. Kim, C.R. Lee, J.H. Im, K.B. Lee, T. Moehl, A. Marchioro, S.J. Moon, R. 

Humphry-Baker, J.H. Yum, J.E. Moser, M.N. Grätzel, G. Park, Sci. Rep. 2, 591 
(2012)

	13.	 M.M. Lee, J. Teuscher, T. Miyasaka, T.N. Murakami, H.J. Snaith, Science 338, 
643–647 (2012)

	14.	 N.J. Jeon, J.H. Noh, Y.C. Kim, W.S. Yang, S. Ryu, S.I. Seok, Nat. Mater. 13, 
897–903 (2014)

	15.	 W.S. Yang, J.H. Noh, N.J. Jeon, Y.C. Kim, S. Ryu, J. Seo, S.I. Seok, Science 348, 
1234–1237 (2015)

	16.	 C. Bi, Q. Wang, Y. Shao, Y. Yuan, Z. Xiao, J. Huang, Nat. Commun. 6, 7747 
(2015)

	17.	 W. Nie, H. Tsai, R. Asadpour, J.C. Blancon, A.J. Neukirch, G. Gupta, J.J. Cro‑
chet, M. Chhowalla, S. Tretiak, M.A. Alam, H.L. Wang, A.D. Mohite, Science 
347, 522–525 (2015)

	18.	 D. Bi, C. Yi, J. Luo, J.D. Décoppet, F. Zhang, S.M. Zakeeruddin, X. Li, A. Hag‑
feldt, M. Grätzel, Nat. Energy. 1, 16142 (2016)

	19.	 R. Dong, Y. Fang, J. Chae, J. Dai, Z. Xiao, Q. Dong, Y. Yuan, A. Centrone, X. 
Zeng, J. Huang, Adv. Mater. 27, 1912–1918 (2015)

	20.	 M. Cao, J. Tian, Z. Cai, L. Peng, L. Yang, D. Wei, Appl. Phys. Lett. 109, 233303 
(2016)

	21.	 F.P.G.D. Arquer, A. Armin, P. Meredith, E.H. Sargent, Nat. Rev. Mater. 2, 
16100 (2017)

	22.	 X. Li, D. Bi, C. Yi, J.D. Décoppet, J. Luo, S.M. Zakeeruddin, A. Hagfeldt, M. 
Grätzel, Science 353, 58–62 (2016)

	23.	 Q. Lin, A. Armin, D.M. Lyons, P.L. Burn, P. Meredith, Adv. Mater. 27, 
2060–2064 (2015)

	24.	 L. Shen, Y. Fang, D. Wang, Y. Bai, Y. Deng, M. Wang, Y. Lu, J. Huang, Adv. 
Mater. 28, 10794–10800 (2016)

	25.	 H. Lu, W. Tian, F. Cao, Y. Ma, B. Gu, L. Li, Adv. Funct. Mater. 26, 1296–1302 
(2016)

	26.	 E. Zheng, B. Yuh, G.A. Tosado, Q. Yu, J. Mater. Chem. C. 5, 3796–3806 (2017)
	27.	 M.I. Saidaminov, M.A. Haque, M. Savoie, A.L. Abdelhady, N. Cho, I. Dursun, 

U. Buttner, E. Alarousu, T. Wu, O.M. Bakr, Adv. Mater. 28, 8144–8149 (2016)
	28.	 M.I. Saidaminov, V. Adinolfi, R. Comin, A.L. Abdelhady, W. Peng, I. Dursun, 

M. Yuan, S. Hoogland, E.H. Sargent, O.M. Bakr, Nat. Commun. 6, 8724 
(2015)

	29.	 S.D. Stranks, H.J. Snaith, Nat. Nanotechnol. 10, 391–402 (2015)
	30.	 B.R. Sutherland, E.H. Sargent, Nat. Photonics 10, 295–302 (2016)
	31.	 S.A. Veldhuis, P.P. Boix, N. Yantara, M. Li, T.C. Sum, N. Mathews, S.G. Mhais‑

alkar, Adv. Mater. 28, 6804–6834 (2016)
	32.	 X. Liu, L. Niu, C. Wu, C. Cong, H. Wang, Q. Zeng, H. He, Q. Fu, W. Fu, T. Yu 

et al., Adv. Sci. 3(11), 1600137 (2016)
	33.	 Q. Zhang, R. Su, X. Liu, J. Xing, T. Sum, Q. Xiong, Adv. Funct. Mater. 26, 

6238–6245 (2016)
	34.	 Q. Zhang, S. Ha, X. Liu, T. Sum, Q. Xiong, Nano Lett. 14, 5995–6001 (2014)
	35.	 J. Zhang, Q. Zhang, X. Wang, L.C. Kwek, Q. Xiong, Nat. Photonics 10, 

600–605 (2016)

	36.	 S.T. Ha, C. Shen, J. Zhang, Q. Xiong, Nat. Photonics 10, 115–121 (2016)
	37.	 C. Stoumpos, C. Malliakas, J. Peters, Z. Liu, M. Sebastian, J. Im, T. Chasapis, 

A. Wibowo, D. Chung, A. Freeman et al., Cryst. Growth Des. 13, 2722–2727 
(2013)

	38.	 S. Yakunin, M. Sytnyk, D. Kriegner, S. Shrestha, M. Richter, G. Matt, H. Azimi, 
C. Brabec, J. Stangl, M. Kovalenko et al., Nat. Photonics 9, 444–449 (2015)

	39.	 O. Nazarenko, S. Yakunin, V. Morad, I. Cherniukh, M. Kovalenko, NPG Asia 
Mater. 9(4), e373 (2017)

	40.	 Z. Lian, Q. Yan, Q. Lv, Y. Wang, L. Liu, L. Zhang, S. Pan, Q. Li, L. Wang, J. Sun, 
Sci. Rep. 5, 16563 (2015)

	41.	 Y. Dang, Y. Liu, Y. Sun, D. Yuan, X. Liu, W. Lu, G. Liu, H. Xia, X. Tao, Cryst. Eng. 
Comm. 17, 665–670 (2015)

	42.	 D. Shi, V. Adinolfi, R. Comin, M. Yuan, E. Alarousu, A. Buin, Y. Chen, S. Hoog‑
land, A. Rothenberger, K. Katsiev, Y. Losovyj, X. Zhang, P.A. Dowben, O.F. 
Mohammed, E.H. Sargent, O.M. Bakr, Science 347, 519–522 (2015)

	43.	 Y. Yang, Y. Yan, M. Yang, S. Choi, K. Zhu, J.M. Luther, M.C. Beard, Nat. Com‑
mun. 6, 7961 (2015)

	44.	 T. Zhang, M. Yang, E.E. Benson, Z. Li, J.V.D. Lagemaat, J.M. Luther, Y. Yan, K. 
Zhu, Y. Zhao, Chem. Commun. 51, 7820–7823 (2015)

	45.	 G. Maculan, A.D. Sheikh, A.L. Abdelhady, M.I. Saidaminov, M.A. Haque, B. 
Murali, E. Alarousu, O.F. Mohammed, T. Wu, O.M. Bakr, J. Phys. Chem. Lett. 
6, 3781–3786 (2015)

	46.	 J. Gao, Q. Liang, G. Li, T. Ji, Y. Liu, M. Fan, Y. Hao, S. Liu, Y. Wu, Y. Cui, J. Mater. 
Chem. C 7, 8357–8363 (2019)

	47.	 H.S. Rao, W.G. Li, B.X. Chen, D.B. Kuang, C.Y. Su, Adv. Mater. 29, 1602639 
(2017)

	48.	 H.S. Rao, B.X. Chen, X.D. Wang, D.B. Kuang, C.Y. Su, Chem. Commun. 53, 
5163–5166 (2017)

	49.	 Y. Chen, Q. Ge, Y. Shi, J. Liu, D. Xue, J. Ma, J. Ding, H. Yan, J. Hu, L. Wan, J. 
Am. Chem. Soc. 138, 16196–16199 (2016)

	50.	 Y. Liu, J. Sun, Z. Yang, D. Yang, X. Ren, H. Xu, Z. Yang, S. Liu, Adv. Opt. Mater. 
4, 1829–1837 (2016)

	51.	 A. Zhumekenov, V. Burlakov, M. Saidaminov, A. Alofi, M. Hague, B. Turedi, 
B. Davaasuren, I. Dursun, N. Cho, A. El-Zohry et al., ACS Energy Lett. 2(8), 
1782–1788 (2017)

	52.	 W. Peng, L. Wan, B. Murali, K. Ho, A. Bera, N. Cho, C. Kang, V. Burlakov, J. 
Pan, L. Sinatra et al., Adv. Mater. 28, 3383–3390 (2016)

	53.	 Z. Yang, Q. Xu, X. Wang, J. Lu, H. Wang, F. Li, L. Zhang, G. Hu, C. Pan, Adv. 
Mater. 30, 1802110 (2018)

	54.	 Z. Yang, Y. Deng, X. Zhang, S. Wang, H. Chen, S. Yang, J. Khurgin, N. Fang, X. 
Zhang, R. Ma, Adv. Mater. 30, 1704333 (2018)

	55.	 W. Xu, Z. Lan, B. Peng, R. Wen, X. Ma, J. Chem. Phys. 142(5), 054701 (2015)
	56.	 K. Varanasi, M. Hsu, N. Bhate, W. Yang, T. Deng, Appl. Phys. Lett. 95(9), 

094101 (2009)
	57.	 R.A. Sigsbee, Nucleation, in Nucleation, ed. by A.C. Zettlemoyer (Marcel 

Dekker, New York, 1969)
	58.	 D. Anderson, G. McFadden, A. Wheeler, Annu. Rev. Fluid Mech. 30, 

139–165 (1998)
	59.	 G. Eperon, V. Burlakov, P. Docampo, A. Goriely, H. Snaith, Adv. Funct. Mater. 

24, 151–157 (2014)
	60.	 A. Zhumekenov, V. Burlakov, M. Saidaminov, A. Alofi, M. Hague, B. Turedi, 

B. Davaasuren, I. Dursun, N. Cho, A. El-Zohry et al., ACS Energy Lett. 2, 
1782–1788 (2017)

	61.	 M.C. Teich, B. Saleh, Fundamentals of photonics (Wiley, Canada, 1991)
	62.	 J.M. Liu, Photonic devices (Cambridge University Press, New York, 2009)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.nrel.gov/pv/cell-efficiency.html

	Growth of centimeter-scale perovskite single-crystalline thin film via surface engineering
	Abstract 
	1 Introduction
	2 Results and discussion
	3 Conclusions
	4 Methodsexperimental
	4.1 Materials
	4.2 Synthesis of perovskite precursor
	4.3 Preparation of hydrophobic reaction solution
	4.4 Process of surface treatment
	4.5 Growth of perovskite single-crystalline thin films
	4.6 Single-crystalline thin film characterization
	4.7 Preparation and characterization of the photodetector

	References




