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optoelectronic industries, flexible opto-
electronic devices have been attracting 
more and more attention owning to their 
lightweight, better portability, wearable, 
and low manufacturing cost.[4] Recently, 
significant breakthroughs of flexible PDs 
based on various nanomaterials, including 
quantum dots,[5] nanowires,[6] and 2D 
layered materials,[7] have been achieved 
in mechanical stability, flexibility, and 
stretchability.[8] Particularly, organic–inor-
ganic hybrid perovskite materials have 
become a promising candidate for flexible 
PDs with high performances,[9] owning to 
their large optical absorption coefficient 
in visible-light range, tunable bandgaps, 
prolonged carrier life-time, and diffusion 
lengths.[10] However, a few reports are 
available about large-scale high-resolu-
tion and flexible PD arrays based on the 
perovskite materials for the real-time light 
trajectory and the light imaging.

The key challenge for large-scale PD arrays based on the 
perovskite materials is the appropriate and effective synthesis 
technique for the miniaturization and integration of the device. 
Traditional fabrication processes, such as chemical vapor depo-
sition (CVD),[11] vapor-phase epitaxial growth method,[12] and 

The quest for novel deformable image sensors with outstanding optoelec-
tronic properties and large-scale integration becomes a great impetus to 
exploit more advanced flexible photodetector (PD) arrays. Here, 10 × 10 
flexible PD arrays with a resolution of 63.5 dpi are demonstrated based on 
as-prepared perovskite arrays for photosensing and imaging. Large-scale  
growth controllable CH3NH3PbI3−xClx arrays are synthesized on a poly(ethylene  
terephthalate) substrate by using a two-step sequential deposition method 
with the developed Al2O3-assisted hydrophilic–hydrophobic surface treatment 
process. The flexible PD arrays with high detectivity (9.4 × 1011 Jones), large 
on/off current ratio (up to 1.2 × 103), and broad spectral response exhibit 
excellent electrical stability under large bending angle (θ = 150°) and superior 
folding endurance after hundreds of bending cycles. In addition, the device 
can execute the functions of capturing a real-time light trajectory and detecting  
a multipoint light distribution, indicating that it has widespread potential in 
photosensing and imaging for optical communication, digital display, and 
artificial electronic skin applications.
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Optoelectronic devices, including photodetectors (PDs),[1] 
light-emitting diodes (LEDs),[2] and solar cells (SCs),[3] have 
a vast applications in our daily life, such as optoelectronic 
communication, imaging technology, environmental moni-
toring, and digital display. With the development of emerging 
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template method,[13] were not suitable for the fabrication of 
flexible PD arrays due to the introduction of high temperature 
and special substrates. Nevertheless, the solution-processed 
method,[14] with a modest reaction condition, was then con-
sidered as a more effective and low-cost way for large-scale PD 
arrays on flexible substrates. Recently, some groups synthesized 
perovskite single crystal based on the seeded growth process,[15] 
nanoimprinting,[16] micropillar-structured template,[17] and 
blade-coating method for large-scale image sensor arrays.[18] 
Zhu and co-workers and Kim and co-workers demonstrated 
patterned perovskite film based on CH3NH3PbI3 by using the 
spin-coating method,[19] providing the possibility of large-scale 
integrated PD arrays through the lithography technology. Addi-
tionally, the mixed halide perovskite film (CH3NH3PbI3−xClx) 
was synthesized with improved morphology due to the intro-
duction of chlorine, which possessed much higher carrier 
mobility and much longer exciton diffusion lengths.[20] Hence, 
future works on large-scale high-resolution PD arrays based 
on CH3NH3PbI3−xClx film are necessary for applications in 
integrated flexible electronics and optoelectronics.

Here, we introduced 10 × 10 flexible CH3NH3PbI3−xClx-based 
PD arrays with a resolution of 63.5 dpi on polyethylene tereph-
thalate (PET) substrate as a demonstration for an image sensor. 
A two-step sequential deposition method with our developed 
Al2O3-assisted hydrophilic–hydrophobic treatment process, a 
more controllable preparation technique, was employed for the 
fabrication of large-scale CH3NH3PbI3−xClx arrays. Flexible PD 
arrays exhibited outstanding optoelectronic performances with 
high detectivity, large on/off current ratio, and broad spectral 
response. Besides, the device presented excellent electrical 
stability under large bending state (θ  = 150°) and superior 
folding endurance after hundreds of bending cycles. In addi-
tion, flexible PD arrays were applied to capture real-time light 

trajectory and detect multipoint light distribution. The fabri-
cated device may have potential in photosensing and imaging 
for optical communication, digital display, and artificial elec-
tronic skin applications.

An appropriate and effective synthesis technique looks 
forward to necessary resolution to synthesize large-scale 
CH3NH3PbI3−xClx arrays on flexible substrate for the integration 
of flexible and high-resolution PD arrays. From the previous 
report on the synthesis of perovskite film, it was difficult to 
obtain the continuous, smooth and higher-quality perovskite  
film by a one-step spin-coating method due to the rapid crys-
tallization process.[21] However, the two-step sequential deposi-
tion method,[22] a typical heterogeneous phase reaction process, 
became a more suitable preparation technique to easily control 
the film shape and significantly enhance the film coverage 
because the precursor deposition (e.g., PbI2/PbCl2) was control-
lable, and thus was adopted in this work for the synthesis of 
CH3NH3PbI3−xClx arrays. Figure  1a shows the main synthesis 
processes of the large-scale perovskite arrays. First, a patterned 
Al2O3 film was covered on the flexible PET substrate by a photo
lithograph. The key point to obtain a patterned perovskite film 
was the hydrophilic–hydrophobic surface treatment of a sub-
strate, whose super-hydrophobic regions were favorable to the 
subsequent growth of PbI2/PbCl2 arrays while no crystal growth 
on those hydrophobic regions. Due to the high transparent and 
insulating properties, the Al2O3 film was thus employed as an  
auxiliary layer to facilitate the hydrophilic–hydrophobic surface 
treatment (Figure S1, Supporting Information). Then, a mixed 
solution of PbI2 and PbCl2 in N,N-dimethylformamide (DMF), 
which served as the first-step precursor, was spin-cast on the 
prepared substrate. After complete dewetting, the PbI2/PbCl2 
arrays were formed on the patterned hydrophilic regions of the 
flexible substrate (Figure S2, Supporting Information). It was  
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Figure 1.  Synthesis process and characterizations of perovskite arrays. a) Schematic illustration of synthesis process of CH3NH3PbI3−xClx arrays.  
b) XRD diffraction measurements of as-synthesized CH3NH3PbI3−xClx arrays. Inset: Lattice structure of a tetragonal perovskite. c) SEM images of pat-
terned CH3NH3PbI3−xClx arrays and magnified SEM images of the film surface. d,e) Photographs of large-scale CH3NH3PbI3−xClx film with different 
geometry or more complex patterns on PET substrate.
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noteworthy that the morphology of final CH3NH3PbI3−xClx 
arrays is significantly determined by that of this PbI2/PbCl2 
layer because of the controllability of the reaction. Finally, with  
the CH3NH3I solution being spin-cast, PbI2/PbCl2 arrays 
were instantly converted into CH3NH3PbI3−xClx arrays, which 
were then annealed at 100 °C for 30 min to enhance the crystal-
lization of as-synthesized perovskite arrays.

Subsequently, phase and morphological analyses of the as-
synthesized perovskite arrays were carried out with X-ray dif-
fraction (XRD) and scanning electron microscopy (SEM). As 
shown in Figure 1b, the strong diffraction peaks of the sample 
were found at 14.17°, 28.51°, and 43.30°, which are ascribed to 
(110), (220), and (330) planes of a tetragonal perovskite struc-
ture, similar to the previously reported,[23] revealing well crys-
tallinity of the synthesized perovskite arrays by the two-step 
sequential deposition method. Figure  1c displays the SEM 
images of CH3NH3PbI3−xClx arrays, which possess a regular 
and uniform shape with sharp edges and compact surface. It 
was also found that there was a few hole defects and cracks on 
the film surface from the magnified SEM image, compared 
with the perovskite arrays synthesized through the one-step 
spin-coating method (Figure S3, Supporting Information). 
Consequently, we believed that it was the more appropriate 
and effective technique to obtain large-scale and high-quality 
CH3NH3PbI3−xClx arrays by using the two-step sequential depo-
sition method, because the film surface was more compact and 
the preparation technique was more controllable. In addition, 
various kinds of CH3NH3PbI3−xClx arrays were demonstrated 
with different geometry or more complex patterns, of which the 
optical photographs were shown in Figure  1d,e, further illus-
trating that the synthesis method we designed was versatile.

Large-scale flexible PD arrays were then designed based 
on the two-step sequential deposition method, consisting of 
CH3NH3PbI3−xClx arrays as the light-sensitive materials and 
metal electrodes as the circuit configuration, as illustrated in 

Figure  2a. Considering the disadvantage influence on the sta-
bility of the perovskite material by the polar solvent, designed 
electrode arrays should be deposited on the substrate before 
the growth of perovskite arrays. Hence, two more extra steps 
should be added in the fabrication process for the PD arrays 
compared with the CH3NH3PbI3−xClx arrays. One was the prep-
aration of a PET substrate with a complex circuit design, and 
the other one was the packaging of the device, as displayed in 
Figure  2b (Section SA, Supporting Information). As the most 
critical part, each perovskite film was grown in the hydrophilic 
region where the interdigital electrode was exposed by etching 
the overlying Al2O3 film and then treated with oxygen plasma 
to be hydrophilic. Figure 2c presents the SEM images of the PD 
arrays with regular shape and compact surface. Additionally, a 
polydimethylsiloxane (PDMS) layer was employed as an encap-
sulation layer on the top of the device to prevent the decompo-
sition of perovskite arrays due to its fine adhesion and excellent 
stretchability. Here, flexible 10 × 10 pixelated PD arrays with a 
resolution of 63.5 dpi were demonstrated; all pixels share one 
common electrode, and each pixel has an individual electrode 
(Figure 2d; Figures S4 and S5, Supporting Information).

Photoresponse characteristics of PD arrays were then inves-
tigated by the current–voltage (I–V) measurement of each 
pixel. Figure  3a shows the logarithmic I–V characteristic of 
an individual pixel, measured in the dark and under illumina-
tion by using a 650  nm laser diode. The current was signifi-
cantly enhanced with the light intensity increased from 0 to 
38.3 mW cm−2, which was attributed to the increasing number 
of generated electron–hole pairs. It should be pointed out that 
the I–V curves possessed the asymmetrical behavior even 
under the symmetry electrode structure, which may be influ-
enced by the undesired interface states at the perovskite/Au 
interface.[24] The on/off current ratio of the device under dif-
ferent light intensities was further characterized, as illustrated 
in Figure  3b,c. It is as high as 1.2 × 103 under illumination  
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Figure 2.  Structure and fabrication process of flexible PD arrays. a) Schematic structure of the device. Inset: The design of complex circuit. b) Schematic 
illustration of the device fabrication process. c) SEM image of PD arrays and enlarged SEM image of a single pixel in device (the scale bar is 20 µm). 
d) Optical image of 10 × 10 pixelated flexible PD arrays.
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of 38.3  mW cm−2, which is comparable with the PD arrays 
based on other materials (Table S1, Supporting Information). 
Moreover, the device exhibited a fine reversibility and stability 
with the response time of 0.48 s and the recovery time of 0.26 s  
(Figure  3d). As for the detectivity (D*), assuming that shot 
noise from the dark current is the major contributor to the total 
noise, it can be calculated by the equation

( )=* / 2 dark
1/2

D R qJ � (1)

where R, q, and Jdark are responsivity, elementary charge, 
and dark current density, respectively. Generally, the respon-
sivity is defined as Iph/PS, where Iph is the photocurrent 
(Iph = Ilight − Idark), P is the illumination power density, and S 
is the effective illuminated areas. As shown in Figure 3e, it is 
clear that the Iph shows a nearly linear relationship with the 
light intensity in the range of 10−5–10−2 W cm−2, and the D* 
value can reach as high as 9.4 × 1011 Jones at a light intensity 
of 0.033  mW cm−2 (R  = 2.17 A W−1). Additionally, the I–V 
curves were measured under illumination by laser diodes with 
different wavelengths to detect the spectral response range of 
the device, as shown in Figure  3f. It could be obtained that 
the current under 650 nm illumination was obviously higher 
than those under other wavelengths, and it had the min-
imum value under 808 nm illumination corresponding to the 
absorption spectral range of the CH3NH3PbI3−xClx perovskite 
(Section SC, Supporting Information). We also investigated 
the photoresponse characteristics of the CH3NH3PbI3-based 
photodetector fabricated process without the introduc-
tion of Cl, which could be found in Figure S8 (Supporting 
Information).

The electrical stability of flexible PD arrays under bending 
state was, subsequently, carefully characterized for the prac-
tical application. Figure  4a displays output currents of the 

device with different bending angles from 0° to 150° under 
650  nm illumination with a light intensity of 6.5  mW cm−2 
at a bias voltage of 5 V. It was clear that the light current and 
dark current had no obvious change under various bending 
angles, indicating that this flexible PD arrays maintained excel-
lent electrical stability after large angle bending. Furthermore, 
logarithmic I–V curves of flexible PD arrays after different 
bending cycles were acquired, as illustrated in Figure 4b. After 
bending 500 times, there was just a slight decrease in the light 
current possibly due to the increase of the electrode resistance, 
while flexible PD arrays could still work normally (Section SE, 
Supporting Information). To further verify the electrical sta-
bility of the device, the time-dependent photoresponse was 
detected after different bending cycles. Figure  4c shows the 
normalized on/off switching behaviors of the flexible PD after 
different bending cycles. It could be clearly found that the 
photoswitching characteristic was kept very well after hundreds 
of bending, indicating that the device possessed a superior 
folding endurance and flexibility.

Imaging performances of flexible PD arrays under white 
light illumination have great practical application value in 
the large-scale photoelectric imaging system. Actually, it is 
crucial to verify the uniformity of photoresponse performance 
of all pixels with homogeneous illumination. As shown in 
Figure 5a, the statistical dark current is 1.14 ± 0.64 nA (97.5% 
confidence interval) under 5  V bias voltage. On the other 
hand, Figure  5b displays the average light currents of PD 
arrays under different illumination intensities of the mercury 
lamp light source (Figure S10, Supporting Information). All 
above results illustrate that all pixels of integrated PD arrays 
possess satisfactory uniformity. Notably, the on/off current 
ratio of the device could reach as high as 3 × 102 under a 
white light intensity of 40.5 mW cm−2. To exhibit the imaging 
performance of the device, a customized multichannel data 
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Figure 3.  Photoresponse characteristics of PD arrays. a) Logarithm I–V characteristics of individual pixel under dark and illumination by using a 650 nm 
laser diode with the light intensity varying from 0.033 to 38.3 mW cm−2. b,c) Transient photoresponse properties and the on/off current ratio of indi-
vidual pixel under different illumination intensities. d) Repeatable photoresponse of the individual pixel, with a bias voltage of 5 V under an illumination 
intensity of 38.3 mW cm−2. e) The detectivity and photocurrent under different illumination intensities. f) The I–V curves of individual pixel under dark 
and illumination with different wavelengths at a fixed power density of 2 mW cm−2.
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acquisition system was then designed (Figure S11, Supporting 
Information), which was controlled by a computer with self-
developed software to carry out the image processing, as 
shown in Figure  5c. Each external resistor (from 100 MΩ to 
1 GΩ) was in series with a perovskite film. When the pixel 
was under illumination, the resistance of the perovskite film 
dramatically decreased, leading to the enhancement of the ter-
minal voltage on the external resistor. Hence, it could observe 
the photoresponse feature of each pixel by detecting the 
change in terminal voltage. Additionally, the voltage acquisi-
tion of each resistor was synchronous, and thus it was easy 
to obtain the photoelectric characteristics of multiple pixels at 
the same time. In this work, one single line (10 pixels) was 
selected to verify the imaging performances of the device. As 
shown in Figure S12 (Supporting Information), significant 
voltage changes of each pixel could be measured no matter 
with a pulse illumination or with different illumination inten-
sity, indicating the fine uniformity and excellent photoelectric 
properties of the device. Moreover, each pixel channel works 
independently, demonstrating no cross-talk among pixels, as 
shown in Figure 5d.

Finally, we present device applications in the real-time light 
trajectory and the multipoint light distribution by applying 
white light (40.5  mW cm−2). As shown in Figure  5e, a pre-
designed shadow mask was placed between the light source 
and the device to form a small light spot. Then, the light spot 
was moved from pixel #1 to pixel #5 by moving the mask in 
a straight line. It was clear that the terminal voltage increased 
when the light spot went through the corresponding pixel. 
In addition, the multipoint light distribution was obtained by 
using a multiswitch scanning method (Figure S13, Supporting 
Information) that could acquire output differences among all 

pixels in one circular scanning. As shown in Figure  5f, the 
pixels in the area of letter pattern, with white illumination, 
had higher voltage values, while others that are blocked by 
the designed mask had no obvious change in the voltage. A 
clear letter “H” can be identified in the mapping results, indi-
cating the fine imaging performance of flexible PD arrays. In a 
word, the fabricated photodetector arrays enable real-time light 
trajectory and imaging. Of course, there are several aspects to 
be improved for the commercialized applications, such as the 
size of pixels and the response speed. The focus of future work 
is to optimize device performance and apply the device to inte-
grated optoelectronics.

In summary, we have demonstrated the large-scale flexible 
photodetector arrays based on the CH3NH3PbI3−xClx film for 
photosensing and imaging. Large-scale patterned perovskite 
film on flexible substrate was obtained with fine crystallinity by 
using a two-step sequential deposition method with our devel-
oped Al2O3-assisted hydrophilic–hydrophobic surface treatment 
process. The device possessed fine photoresponse properties 
with high on/off current ratio (1.2 × 103) under a light inten-
sity of 38.3  mW cm−2, high detectivity (9.4 × 1011 Jones) at a 
light intensity of 0.033 mW cm−2, and broad spectral response 
by analyzing the I–V measurement of each pixel. Moreover, 
the device exhibited an excellent electrical stability under large 
bending angle (θ = 150°) and superior folding endurance after 
hundreds of bending cycles. Additionally, 10 × 10 flexible PD 
arrays with a resolution of 63.5 dpi were demonstrated for 
applications in the real-time light trajectory and the multipoint 
light distribution. We predict that the fabricated device has 
widespread potential in photosensing and imaging for optical 
communication, digital display, and artificial electronic skin 
applications.
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Figure 4.  Electrical stability of flexible PD arrays. a) Output currents of the device with different bending angles under dark and 650 nm illumination 
with a light intensity of 6.5 mW cm−2 at a bias voltage of 5 V. The insets are the corresponding optical images of the device under five bending states. 
θ is the bending angle. b) Logarithm I–V curves of the device without bending and after 100, 200, 300, and 500 bending cycles. c) The normalized  
on/off switching behaviors of flexible PD arrays after different bending cycles.
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Experimental Section
Fabrication of Flexible PD Arrays: In order to prepare a substrate, a clean 

PET with the thickness of 100 µm was cut into smaller ones with the size of  
5 × 5 cm2. First, electrodes were fabricated through UV lithography technique 
(MA6 SUSS), metal deposition, and lift-off process. Ni/Au electrodes with 
the thicknesses of 10 nm/30 nm were deposited by radio frequency (RF) 
magnetron sputtering (PVD75 Kurt J. Lesker). Second, a layer of Al2O3 film 
(≈20  nm) was deposited by RF magnetron sputtering. Third, the Al2O3 
film surface was treated by the mixed  solution  of hexane and (octadecyl)
trichlorosilane (OTS) in a ratio of 300:1 for 20 min, and rinsed with acetone 
and deionized water. Fourth, a designed photoresist mask layer on Al2O3 film 
was obtained by the UV lithography technique. Next, the Al2O3 film uncovered 
with photoresist was etched with phosphoric acid solution (a concentration 
of 85%) at 50 °C for 10  min. Subsequently, the processed substrate was 
treated by oxygen plasma (O2, 100 sccm, 0.2 Torr, 50 W, 60 s) to form periodic 
arrays with hydrophilic surface (interdigital electrode regions). Finally, the 
photoresist was removed with acetone. Fifth, CH3NH3PbI3−xClx perovskite 
arrays were synthesized by the previously reported two-step sequential 
deposition method. The precursor solution mixed with 0.8 m PbI2 and 0.4 m  
PbCl2 in DMF (completely dissolved at 75 °C) was spin-cast on the  
prepared substrate at 4000  rpm for 35 s, and subsequently the CH3NH3I 
solution (40 mg mL−1 in 2-propanol) was spin-cast at 4000  rpm for 35 s. 
After that, the sample was cleaned by 2-propanol solution for 5 s and dried 
by N2 to remove the extra CH3NH3I particles on the surface, and annealed 
at 100 °C for 30 min to enhance the crystallization. Finally, the device was 
packaged by PDMS (Sylgard184 Dow Corning).

Characterizations and Measurements: The morphological and phase 
analyses of the as-synthesized perovskite arrays were carried out with 

field-emission scanning electron microscopy (SU8020, Hitachi) and 
X-ray diffraction (X’Pert3 Powder) θ–2θ scan with Cu Kα radiation. 
Optical properties of perovskite film were measured by a UV–vis–
NIR spectrophotometer (UV-3600, Shimadzu) and a full-function 
fluorescence spectrometer (FLS980-S2S2-stm). UV exposure machine 
(MA6 SUSS) and RF magnetron sputtering (PVD75, Kurt J. Lesker) 
were adopted for the fabrication of designed electrodes. The Plasma 
cleaner (PVA TePla/IoN 4) was used for hydrophilic–hydrophobic surface 
treatment. Electrical measurements of the device were performed by 
using a customized multichannel data acquisition system (National 
Instruments, PXIe-4300), a semiconductor parameter analyzer (Keithley 
4200), and a probe station (Semiprobe M-6). Different laser diodes with 
wavelengths of 405, 450, 650, and 808 nm as the illumination source for 
photoresponse measurements and an optical filter were used to achieve 
the various illumination intensities. Parallel white light was obtained 
through a mercury lamp (Lumen Dynamics XI120-Q).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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