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A general printing approach for scalable growth of
perovskite single-crystal films
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Perovskite single-crystal films, which exhibit exceptionally low trap density and nearly perfect translational
symmetry, are believed to achieve the highest performance of perovskite-based optoelectronic devices. However,
fabrication of these perovskite single-crystal films is quite difficult because of the uncontrollable nucleation caused
by the rapid reaction of two perovskite precursors. We report a facile seed printing approach to selectively create
millimeter-sized perovskite single-crystal films with controlled thickness and high yield. We show that perovskite
single-crystal films can be perfectly transferred to almost arbitrary substrates through the printing process. The
as-grown perovskite single-crystal films have excellent crystalline quality and morphology. We further demonstrate
that perovskite single-crystal films can be directly printed for scalable fabrication of photodetectors and effective
image sensors. This strategy allows high-yield fabrication of large perovskite single-crystal films for functional de-
vices and may extend to other solution-processed materials for wide applications.
INTRODUCTION
Solution-processed hybrid perovskites have been widely investigated in
solar cells (1, 2), light-emitting diodes (LEDs) (3–6), transistors (7–9),
photodetectors (10), and lasers (11) because of their superior opto-
electronic properties, such as high absorption coefficients, tunable
optical properties, and long-ranged balanced electron and hole transport
(12–14). Perovskite solar cells have reached a 22.1% power conversion
efficiency since they were first reported in 2009 (15, 16). Perovskite
photodetectors have achieved high detectivity of light (10) and x-ray
(17). Unfortunately, the perovskite films produced so far are typically
polycrystalline (18–20) because of the uncontrollable nucleation of the
deposited materials, consisting of many small grains separated by grain
boundaries. Reports have demonstrated that a large density of traps
exists at the grain boundaries and surfaces of perovskite polycrystalline
films (21, 22), which is expected to be themain reason for the obstruction
of the ultimate performance of perovskite devices (23). Growing perov-
skite single-crystal films is a promising way to overcome this obstacle.
However, to date, most attention has been paid to the spatial confine-
ment method with the pressure to break the crystal isotropous growth
for perovskite single-crystal films (24–27). Few works focus on the nu-
cleation process for the film formation. The wide variation in film size,
thickness, and film quality under similar growth conditions from labo-
ratory to laboratory suggests that crucial nucleation and film growth
parameters still remain uncontrolled. The ability to manipulate the nu-
cleation and growth is important to controllably and repetitively achieve
perovskite single-crystal films. However, unlike the traditional small or-
ganic molecules (28, 29) and inorganic materials (30, 31), hybrid perov-
skites create difficulty in controlling thenucleation for the film formation
due to the rapid reaction of the two precursors (18, 32, 33). The un-
controllable nucleation, including random nucleation and random in-
duced nucleation, makes the perovskite single-crystal film formation
uncertain. For example, the uncontrollable nucleation density will result
in polycrystalline films or stochastic pieces of single-crystal films, and the
unstable nucleus size is of disadvantage to the control of film thickness.
This remains a critical challenge to perovskite single-crystal film prepa-
ration. To this end, a radically controllable crystallization strategy to re-
petitively fabricate perovskite single-crystal films will allow scalable
fabrication of high-performance perovskite devices.

Here, we report a seed-printing strategy for scalable growth of perov-
skite single-crystal films with controlled thickness and high yield. The
key is to introduce a perovskite seed stamp into the liquid membrane
system, which can significantly inhibit the random nucleation (an ultra-
low random nucleation density of less than 11 nuclei/cm2) and enable
the realization of accurate control of crystal growth. With this method,
millimeter-sized perovskite single-crystal films were controllably
prepared in batches, and the film thickness could be flexibly tailored
in awide range by the seed size.Moreover, because of the perovskite seed
stamp, the perovskite single-crystal films can be perfectly transferred to
almost arbitrary substrates including two-dimensional (2D) functional
materials such as graphene and molybdenum disulfide (MoS2) for ex-
ploring novel devices. Optical and electronic transport studies demon-
strated that the as-grown perovskite single-crystal films exhibit high
crystalline quality comparable with the best bulk perovskite single
crystals reported to date. The perovskite single-crystal filmswere directly
printed for high-yield fabrication of photodetectors, which have an
ultralow dark current of 1.7 nA and a large responsivity of ~40 A/W.
Furthermore, the perovskite single-crystal film was printed on high–
optical-quality quartz glass to fabricate an effective image sensor. This
printable strategy allows controlled growth of large perovskite single-
crystal films on various substrates with high yield and enables the scal-
able fabrication of diverse perovskite devices.
RESULTS
Single-crystal film growth and structure characterization
To control and scale the production process of perovskite single-crystal
films, we fabricated perovskite seeds on a substrate using an inkjet print-
ingmethod (seeMaterials andMethods). Inkjet printing is a facile tech-
nology that can achieve the selective deposition of functional materials
and their patterns (34, 35). On this basis, perovskite solution droplets
were selectively deposited onto a substrate. As the droplets evaporated,
patterned perovskite seeds formed on the substrate, namely, the perov-
skite seed stamp, which was then covered on a target substrate with the
saturated perovskite solution. With the solvent room temperature
drying, single-crystal films grew in situ on the seeds uniformly across
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thewhole substrate. Taking away the covered stamp, we directly printed
the perovskite single-crystal films on the substrate (Fig. 1A). The seeds
have a decisive effect on the single-crystal film formation, because they
can effectively inhibit the random nucleation and trigger the growth of
single-crystal films. Using this method, we controllably prepared
millimeter-sized perovskite single-crystal films (for example,
CH3NH3PbBr3) in batches (Fig. 1A). The quantity and dimensions
of the perovskite single-crystal films can be controlled by the number
and size of the prepared seeds. To confirm the detailedmorphology of
the as-grown perovskite single-crystal films, we performed scanning
electron microscopy (SEM) and atomic force microscopy (AFM).
SEM images (fig. S1) show that the perovskite single-crystal films have
a regular profile and smooth surface. AFM images (Fig. 1D and fig.
S2) further ascertain the extremely smooth surface of perovskite
single-crystal films with a root mean square roughness of 1.1 nm in
the 30 mm × 30 mm area, which is one order of magnitude smoother
than the polycrystalline films (2). To determine the single-crystal struc-
ture and phase purity of the films, we used synchrotron-radiated single-
crystal x-ray diffraction (XRD) with a 2D detector and powder XRD.
The observation of Bragg reflections (Fig. 1B and fig. S3) provides
unambiguous evidence that the perovskite films are single crystalline
with a long-range translational symmetry. The set of narrow peaks at
(100), (200), and (300) (Fig. 1C) indicates the room temperature cubic
structure and high crystal quality of the as-grown perovskite single-
crystal films (14). The printing approach to fabricate single-crystal films
can be extended to other perovskites.We prepared CsPbBr3, MAPbCl3,
MAPbI3, (BA)2PbBr4, and (BA)2(MA)3Pb4Br13 [MA+ = CH3NH3

+,
BA+ = CH3(CH2)3NH3

+] single-crystal films using this seed printing
method (figs. S4 and S5). The results indicate that this method can be
Gu et al., Sci. Adv. 2018;4 : eaat2390 29 June 2018
used as a general approach to fabricate perovskite single-crystal films
with high yield.

Crystallization model for perovskite single-crystal
film growth
We suggest that the controllable growth of the perovskite single-crystal
films by seed printing at room temperature reflects the dominant role of
the introduced perovskite seeds, which can effectively suppress the ran-
dom nucleation by influencing the mass transport and changing the
distribution of perovskite precursor ions in the crystallization system.
This has essential advantages over other temperature-induced nuclea-
tion methods for the growth of perovskite single-crystal films (25–27),
which make the perovskite single-crystal film formation uncertain.

In the surface growth model, the growth process of thin films is
described by the DDA (deposition, diffusion, and aggregation) model
(36), which demonstrates a typical diffusion-controlled length scale:
ld ≈ (DF)

1/6, where ld is the distance of the region where no deposition
occurs, D is a diffusion constant, and F is a flux of monomer. In our
crystallization system, because of the existence of perovskite seeds, the
crystal growth rate on the seeds is faster than in the blank area. As soon
as the seeds begin to grow, mass transport to the seeds leads to the de-
pletion of themethylammonium, lead, and bromine ions over the blank
regions to the undersaturation point. Consequently, randomnucleation
is inhibited. To confirm this mechanism, we investigated the perovskite
seed crystallization system (Fig. 2A). The experimental conditions were
as follows: seed array, 10 × 10; seed distances, l = 0.1 to 2 mm; crystal-
lization time, 30 min. The suppression ability of random nucleation is
defined asN0/N, whereN0 is the number of the origin seeds (N0 = 100)
and N is the total number of crystals within the seed regions after a
Fig. 1. Seed printing of perovskite single-crystal films. (A) Schematic illustration of the scalable growth of perovskite single-crystal films. First, perovskite seed stamp
is fabricated using an inkjet printing method. Second, the prepared seed stamp is covered on the target substrate with perovskite solution, and perovskite single-crystal
films in situ grow as the solvent dries. Taking away the covered stamp, we printed the perovskite single-crystal films on the substrate. Scale bar, 1 mm. (B) Synchrotron-
radiated single-crystal XRD photograph of the perovskite film on quartz glass by rotating the incident x-ray angle of ±22.5°. All the diffraction rings belonged to the
quartz glass substrate. (C) XRD pattern for the perovskite single-crystal film. a.u., arbitrary units. (D) AFM profile of the perovskite single-crystal film surface.
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certain crystallization time. It was observed that the introduced seeds
can suppress random nucleation (Fig. 2B). When the seed distance l is
less than 1 mm, the suppression ability of random nucleation can be
greater than 90% (an ultralow randomnucleation density of less than
11 nuclei/cm2), and the growth of the perovskite single-crystal film was
only observed in the seed region (hardly any nucleation occurredwithin
~1.0 mm of the active area) (fig. S6). In this case, perovskite single-
crystal films were controllably prepared in batches (fig. S7). The perov-
skite single-crystal film growth processwasmonitored, and it was found
that the growth of perovskite single-crystal films actually underwent a
two-step growth process (fig. S8). When the perovskite seeds contacted
the liquid membrane, the rapid depletion of the methylammonium,
lead, and bromine ions over the blank regions led to fast growth of pe-
rovskite single-crystal films (first 30 min). As the solvent gradually eva-
porated from the open side of the liquid membrane, the increment of
solution concentration enabled the secondary slow growth of perovskite
single-crystal films. This two-step growthmechanismwas believed to be
the key to the formation of high-quality single-crystal films: The fast
growth process, which rapidly depleted the saturated ions, would inhibit
the random nucleation in the early stage of the crystallization, and the
slow growth process ensured the high quality of the film. Indeed, perov-
skite single-crystal filmgrowth in thismethodpresents high crystal qual-
ity (discussed in detail in Fig. 3). As an example, Fig. 2C shows the seed
pattern growing on quartz glass for 24 hours. It is obviously found that
the outside films are larger than the inside ones and that no excrescent
nucleation exists between the single-crystal films, which also proves the
two-step growth process with the retraction of the liquid membrane.
Gu et al., Sci. Adv. 2018;4 : eaat2390 29 June 2018
Different perovskite film thicknesses can meet the requirement of
various optoelectronic devices, and at the same time, the proper thick-
ness is recognized as a key parameter to the device performance. Here,
the introduced perovskite seeds can not only inhibit the random nu-
cleation but also flexibly tailor perovskite single-crystal film thickness.
The thickness relationship between the seed size and perovskite single-
crystal film is shown in Fig. 2D (details in fig. S9). It shows that the
thickness of the perovskite single-crystal film increases with the origin
seed size, which can be well controlled by the concentration of printed
perovskite solution. By tailoring the seed size, we can approximately lin-
early control the perovskite single-crystal film thickness from hundreds
of nanometers to more than ten micrometers. These results will extend
perovskite single-crystal films for exploring high-performance devices
and various applications.

Optical and trap density property
The absorbance of perovskite single-crystal films (Fig. 3A) presents a
clear absorption cutoff at 535 nm with no excitonic signature, and film
interference after 550 nm is observed, which indicates a minimal trap
density and high flatness of the perovskite single-crystal films. The nar-
row photoluminescence (PL) peak near the bandgap also manifests a
lower trap density in the perovskite single-crystal films (Fig. 3A). A flu-
orescence microscopy image of perovskite single-crystal films is shown
in Fig. 3B, and the uniform bright luminescence of the film shows high
quality with no visible defects.

The trap density of the as-grown perovskite single-crystal films was
estimated using the space charge–limited current technique (26). As
Fig. 2. The inhibitionof randomnucleationand filmgrowth. (A) Optical image of the patterned perovskite seeds for the growth of perovskite single-crystal films. Scale bar,
100 mm. (B) Suppression ability of random nucleation as a function of the distance of seeds. The suppression ability of random nucleation was defined as N0/N, where N0 is the
number of the origin perovskite seeds (N0 = 100) and N is the total number of crystals within the seed regions after a crystallization time of 30 min. (C) Photo of perovskite
seeds with the distance l = 0.5 mm growing on quartz glass for 24 hours. It can be observed that the outside films are larger than the inside ones, and no excrescent nucleation
exists between the seeds. Scale bar, 100 mm. (D) Thickness of perovskite single-crystal films on quartz glass as a function of the seed size, which is controlled by the con-
centration of printed perovskite solution. It shows that the perovskite single-crystal film thickness approximately linearly increases with the seed size and that the thickness of
the perovskite single-crystal films can be flexibly tuned by the origin seed size from hundreds of nanometers to more than ten micrometers.
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shown in Fig. 3C, at low bias, the I-V traces presented an ohmic re-
sponse, as confirmed by the linear fit of the I-V relation. At high bias,
the traps were markedly filled with the rapid nonlinear rise of the cur-
rent, which suggested the trap-filled limit (TFL) regime. The trap den-
sity determined by VTFL was calculated as 2.6 × 10−10 cm−3, which is
comparable with the best bulk perovskite single crystals reported to date
(13, 14). To investigate the exciton lifetime of the perovskite single-
crystal films, wemonitored the PL decay of the perovskite single-crystal
films using the transient steady-state spectrometer. The PL time decay
trace strictly fitted to the biexponential mode. Two dynamics, including
a fast component of t = 43 ns together with a longer-lived decay of t =
391 ns, were observed in the perovskite single-crystal films (Fig. 3D),
which can be assigned to the surface and bulk recombination (14).
All these results above suggested the high quality of the as-grown perov-
skite single-crystal films.

Printing perovskite single-crystal films on various substrates
Optoelectronic applications require not only high-quality perovskite
single-crystal films but also their controllable growth on various sub-
strates. For the traditional materials, such as graphene and MoS2, the
transfer approaches aremostly based on the complete etchingmethods.
It leads to inevitable damage to the original films and increases the pro-
duction cost (37, 38). The perovskite seed stampwe used here allows the
direct printing of perovskite single-crystal films on various substrates
nondestructively during the growth process (Fig. 4), including glass,
quartz glass, silicon wafer, fluorine-doped tin oxide (FTO) glass, poly-
ethylene terephthalate (PET) film, polyethylene (PE) film, and poly-
imide (PI) film. What is more, perovskite single-crystal films can
Gu et al., Sci. Adv. 2018;4 : eaat2390 29 June 2018
directly grow on graphene and MoS2 to form heterostructures for ex-
ploring novel devices.

Scalable fabrication of photodetectors
The seed printing method allows facile production of high-quality
perovskite single-crystal films with high yield. Using this method, we
directly printed perovskite single-crystal films for scalable fabrication of
photodetectors. The device structure used is depicted in Fig. 5A. The
dark I-V trace of the device (Fig. 5B) shows an ultralow dark current of
1.7 nA, which further demonstrates the low trap density of the single-
crystal films and predicts high signal-to-noise ratio of the photo-
detector. The transient photocurrent of the photodetector exhibits
good on/off photoswitching behavior (Fig. 5D). The responsivity in-
creases with the decrease of incident light intensity in a weak light
range, and a large responsivity up to ~40 A/W (at 54 mW/cm2) was
measured under a 450-nm monochromatic source (Fig. 5C and fig.
S10). The results show that this method allows high-yield fabrication
of perovskite functional devices.

Image sensor based on the perovskite single-crystal film
As this method can directly print high-quality perovskite single-
crystal films on different substrates, we further printed the perovskite
single-crystal filmon a high–optical quality quartz glass and fabricated
an effective image sensor to demonstrate its usefulness. An array of Au
electrodes with a thickness of 120 nm was deposited on the perov-
skite single-crystal film (Fig. 6A). We investigated different region
photoresponses of individual perovskite single-crystal films. The photo-
current mapping (180 mm× 180 mm) of the perovskite single-crystal film
Fig. 3. Optical and trap density property. (A) Steady-state micro-area absorbance and PL of the perovskite single-crystal films. PL excitation wavelength is 405 nm.
(B) Fluorescence microscopy image of the perovskite single-crystal film. The uniform luminescence of the film verifies its high quality without visible defects. Scale bar, 50 mm.
(C) Current-voltage trace of perovskite single-crystal films. It shows a linear ohmic region followed by the trap-filled region at VTFL = 0.36 V. The trap density determined by VTFL
was calculated as ntrap = 2.6 × 10−10 cm−3. (D) PL time decay trace of the perovskite single-crystal films at 540 nm showing a fast component (t1 = 43 ns) and a slow
component (t2 = 391 ns).
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(Fig. 6B) shows that all the regions under the illumination present a
strong photoresponse. Compared to the reported 1D perovskite micro-
wire array and the 2D perovskite thin film (39), only 2.6% photocurrent
fluctuationwas observed at the perovskite single-crystal film. In particular,
Gu et al., Sci. Adv. 2018;4 : eaat2390 29 June 2018
there is no obvious photocurrent change along the horizontal and ver-
tical directions, which reveals the high uniformity of the device. This can
beattributed to thehomogeneous structureof theprinted single-crystal film,
such as the exceptionally low trap density and lack of grain boundaries.
Fig. 4. Printing perovskite single-crystal film on various kinds of substrates. Optical microscopy images of the perovskite single-crystal film on (A) glass, (B) quartz
glass, and (C) silicon wafer. (D) SEM image of the perovskite single-crystal film on graphene. Optical microscopy images of the perovskite single-crystal film on (E) MoS2,
(F) FTO glass, (G) PET film, (H) PI film, and (I) PE film. Scale bars, 50 mm (A to C and E to I) and 5 mm (D).
Fig. 5. Scalable fabrication of photodetectors. (A) Schematic device structure of the perovskite single-crystal photodetectors. (B) Current-voltage characteristic measured in
the dark condition. (C) Current-voltage curve in different incident light intensities. (D) Transient photocurrent of the photodetector (bias, 3 V; l = 450 nm).
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To this end, an optical image character “10” was illuminated from the
back of electrode arrays (Fig. 6C). The photoresponse from the electrode
arrays shows that all the regions exposed to the illumination present a
clear and uniform photocurrent response with 100% yield (Fig. 6D).
The photocurrent mapping generated by the device based on the
single-crystal film shows a clear number 10 image (Fig. 6D). There is
no obvious photocurrent variation on the optical image, which demon-
strates that this homogeneous printed single-crystal film can be applied
as an effective image sensor.
DISCUSSION
Here, we demonstrate a facile seed printing strategy for scalable
growth of perovskite single-crystal films with controlled thickness
and high yield. The process relies on the introduced perovskite seeds
in the crystallization system, which can effectively suppress the ran-
dom nucleation by influencing the mass transport and changing the
distribution of perovskite precursor ions. On this basis, we show that
this method can be used as a general approach to fabricate different
kinds of perovskite single-crystal films, including CsPbBr3, MAPbCl3,
MAPbI3, (BA)2PbBr4, and (BA)2(MA)3Pb4Br13. The as-grown perov-
skite single-crystal films can be directly printed on various substrates,
and the film thickness can be flexibly tailored in a wide range by the
seed size. The perovskite single-crystal films show high crystalline
quality compared with the best quality of bulk perovskite single crystals
reported to date. We further show that the perovskite single-crystal
films can be directly printed for high-yield fabrication of photodetec-
tors. Moreover, the perovskite single-crystal film was printed on a
high–optical quality quartz glass to fabricate an effective image sensor.
The present results show that perovskite single-crystal films were con-
Gu et al., Sci. Adv. 2018;4 : eaat2390 29 June 2018
trollably fabricated with high yield, but for practical film applications,
perovskite single-crystal films with centimeter size or a larger size are also
very important. Preliminary results from our laboratory suggest that this
is possible using multiple growth processes. This method offers an effec-
tive way to controllably fabricate different kinds of perovskite single-
crystal films with high yield and high reproducibility. It will be of great
significance for the development of diverse perovskite functional devices,
such as solar cells, LEDs, transistors, and laser diodes, and can also be pos-
sibly extended to other solution-processed materials for wide application.
MATERIALS AND METHODS
Materials
Cesium bromide (CsBr; 99.999%), lead chloride (PbCl2; 99.999%), lead
bromide (PbBr2; 99.999%), and lead iodide (PbI2; 99.999%) were pur-
chased from Sigma-Aldrich. Methylammonium chloride (MACl;
>99.5%), methylammonium bromide (MABr; >99.5%), methylammo-
nium iodide (MAI; >99.5%), and butylammonium bromide (BABr;
>99.5%) were purchased fromXi’an Polymer Light Technology Corpo-
ration. Dimethyl sulfoxide (DMSO; 99.9%), g-butyrolactone (GBL;
99.9%), and N,N-dimethylformamide (DMF; 99.9%) were purchased
from Aladdin Reagent Ltd. All these materials were used as received
without further purification.

Perovskite saturated solution preparation
To prepare the perovskite saturated solution, stoichiometric quantities
of the perovskite precursors were fully dissolved in DMF [for CsPbBr3,
CH3NH3PbBr3, (BA)2PbBr4, and (BA)2(MA)3Pb4Br13], DMSO (for
CH3NH3PbCl3), and GBL (for CH3NH3PbI3) to obtain a high concen-
trationof perovskite solution.Then, theprepared solutionwas transferred
Fig. 6. Image sensorbasedontheperovskite single-crystal film. (A) Optical imageof electrode arrays on theperovskite single-crystal film. Scale bar, 200 mm. (B) Photocurrent
mapping of the perovskite single-crystal film. (C) Optical image of the number 10. Scale bar, 100 mm. (D) Photocurrent intensity profile of the optical image 10.
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to a 20-ml opened bottle for evaporation at room temperature to obtain a
saturated solution that contained small single crystals. The solution was
filtered using a polytetrafluoroethylene filter with a 0.1-mm pore size to
obtain clear perovskite saturated solution for the growth of perovskite
single-crystal films.

Perovskite seed stamp preparation
The perovskite seeds were prepared using an inkjet printing
method. First, diluted perovskite inks were prepared by dissolving
stoichiometric quantities of perovskite precursors in DMSO (for
CsPbBr3, CH3NH3PbBr3, and CH3NH3PbCl3), DMF [for (BA)2PbBr4
and (BA)2(MA)3Pb4Br13], and GBL (for CH3NH3PbI3). Then the pe-
rovskite inks were printed on a fluorosilane-functionalized silicon
wafer using a Fujifilm Dimatix DMP-2800 printer. As the droplets
evaporated, ordered perovskite seeds formed on the silicon wafer. The
seed crystal size and distance can be controlled by the concentration of
perovskite inks and the printer. We used the perovskite seeds together
with their supporting substrate to form the perovskite seed stamp.

Substrate preparation
Silicon wafer, glass, quartz glass, FTO glass, PET, PI, and PE films
were rinsed in an ultrasonic bath in alcohol and ultrapure water for
30 min each. The single-layer graphene was prepared by the chemical
vapor deposition (CVD) method on the Cu substrate (30). The MoS2
was prepared by the CVD method on the SiO2/Si substrate (38).

Synthesis of perovskite single-crystal films
To grow perovskite single-crystal films, 0.5 ml of saturated precursor
solution was dropped on the surface of the target substrate. Then, the
target substrate was covered with the perovskite seed stamp (1 cm ×
1 cm) and a 100-g weight. Drying the solvent completely at room tem-
perature and the in situ growth process of single-crystal films occurred
uniformly across the whole substrate.

Measurement and characterization
Optical images of perovskite single-crystal films were obtained using a
Nikon LV100ND optical microscope. The SEM images were captured
using a JEOL JSM-7500 field-emission SEM operated at 15 kV. The
synchrotron-radiated single-crystal XRD was performed in the 15U1
beamline at Shanghai Synchrotron Radiation Facility. The x-ray beam
we used has a wavelength of 0.6199 Å. The monochromated x-ray
beam was focused on the perovskite film on quartz glass with a size
of 3 mm × 3 mm in at least five positions. The Bragg reflections were
detected using a MAR-165 charge-coupled device detector with an ex-
posure time of 50 s. The XRD was measured using a PANalytical Em-
pyrean x-ray powder diffractometer equipped with a 2.2-kW Cu a
radiation. Energy-dispersive spectroscopy (EDS) of perovskite single-
crystal films was carried out using the JEOL JSM-7500 field-emission
SEM equipped with an EDS detector operated at 15 kV. The thick-
ness of the perovskite single-crystal films was measured using a Bruker
ContourGT optical profilometer in a VSI/VXI mode. The scan speed
was 1× with a backscan length of 2 mm. Micro-area absorbance was
measured in transmission mode with a 120-mm light spot using a
Fuxiang micro-area ultraviolet-visible absorbance spectroscope.
The PL spectrum was measured using an Olympus FV1000-IX81 la-
ser scanning confocal microscope equipped with a 405-nm laser. The
I-V traces were measured using a Micromanipulator probe station
with a Keithley 4200 semiconductor measurement system at room
temperature in the dark environment. Perovskite single-crystal films
Gu et al., Sci. Adv. 2018;4 : eaat2390 29 June 2018
were directly grown on quartz glass with the patterned Au electrodes.
The trap density of perovskite single-crystal films ntrap was calculated
using the trap-filled limit voltage VTFL= entrapL

2/2ee0, where e is the
electronic charge, L is the channel width, e is the dielectric constant of
perovskite materials (25.5 for MAPbBr3) (13, 14), and e0 is the vacuum
permittivity. PL decay measurements at 540 nm were performed using
an Edinburgh FLS 980 transient steady-state spectrometer with a
405-nm laser. Perovskite single-crystal films grown on the quartz glass
were chosen for the sample. For the analysis of the time-resolved
traces, multi-exponential profiles were used as trial fit functions.

Photodetector fabrication and characterizations
The printed perovskite single-crystal films on quartz glass were used to
fabricate the single-crystal photodetectors. Two 80-nm-thick Au films
as the top electrodeswere deposited on the filmswith a channel width of
25 mm. The effective illuminated area was 2.5 × 10−9 m2. The respon-
sivity R was calculated using Ilight/Pin, where Ilight is the photocurrent
andPin is the incident light intensity. For the responsivitymeasurement,
a blue monochromatic 450-nm laser source was used. The I-V traces
weremeasured using aMicromanipulator probe station with a Keithley
4200 semiconductor measurement system at room temperature.

Image sensor fabrication and characterizations
The perovskite single-crystal film was directly printed on the high–
optical quality quartz glass to fabricate an image sensor. An array of
Au electrodes with a thickness of 120 nm was deposited on the perov-
skite single-crystal film. A LED light of 450 nm illuminated the appa-
ratus from the back of electrode arrays. For the image light, an optical
maskwith the image character 10was pasted onto the back of the quartz
glass. The I-V traces were measured using a Micromanipulator probe
station with two 6-mm probes and Keithley 4200 semiconductor mea-
surement system at room temperature.
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