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ABSTRACT: Patterned growth of periodic perovskite film arrays is essential for application in
sensing devices and integrated optoelectronic systems. Herein, we report on patterned growth
of addressable perovskite photodetector arrays through an uncured polydimethylsiloxane
(PDMS) oligomer-assisted solution-processed approach, in which a periodic hydrophilic/
hydrophobic substrate replicating the predesigned patterns of the PDMS stamp was formed
due to the migration of uncured siloxane oligomers in the PDMS stamp to the intimately
contacted substrate. By using this technique, MAPbI3 film photodetector arrays with
neglectable pixel-to-pixel variation, a responsivity of 2.83 A W−1, specific detectivity of 5.4 ×
1012 Jones, and fast response speed of 52.7/57.1 μs (response/recovery time) were achieved.
An 8 × 8 addressable photodetector array was further fabricated, which functioned well as a
real-time image sensor with reasonable spatial resolution. It is believed that the proposed
strategy will find potential application in large-scale fabrication of other photodetector arrays,
which might be potentially important for future integrated optoelectronic devices.

Photodetectors are significant due to their potential
applications in fields such as optical communication,

high-density optical information technology, chemical and
biological imaging/sensing, night vision and safety monitoring,
etc.1−3 Among the great variety of photosensitive semi-
conductor materials, metal halide perovskites (MHPs) stand
out due to their superior physical and optoelectronic
properties.4−6 To date, various perovskite materials in the
form of bulk polycrystalline films, single crystals, and low-
dimensional nanostructures have been intensively studied and
tremendous efforts have been focused on the development of
high-efficiency photodetectors.7−10 More importantly, practical
device application of perovskites in integrated optoelectronic
devices such as artificial eyes, electronic skin, camera modules,
and digital displays has led to an increasing demand for
optoelectronic device arrays.11−13 The conventional photo-
lithography process cannot be directly applied to the
patterning of perovskite materials due to the solubility of
perovskites in commonly used solvents and the sensitivity of
the organic component to moisture.14,15 Until now, a variety of
technologies have been developed for the nondestructive
patterning of perovskite arrays with precisely controlled shapes
and positions.16−25 However, despite the exciting progress,
expensive apparatuses, complex templates, or high-quality and
continuous hydrophobic layers are normally required, which
makes the fabrication process time-consuming and costly. A
facile and cost-efficient strategy for the patterned growth of
perovskite arrays is still urgently required.

PDMS has been widely used for soft lithographic patterning
due to its high hydrophobicity as well as good thermal and
oxidative stability. For example, well-aligned perovskite
nanowire arrays can be obtained by polydimethylsiloxane
(PDMS) template-assisted geometrically confined growth26

and nanoimprinting technology.14 Highly ordered full-color
light-emitting diodes with ultrafine pixels can be conformally
integrated by microcontact printing (μ-CP)27 and intaglio
transfer printing processes using PDMS as a stamp.28 Notably,
unexpected “contaminant” PDMS material is known to remain
on the substrate, leaving an unfavorable hydrophobic surface.
The contaminant is believed to be the small uncured siloxane
oligomers in PDMS migrating from the inner-space to the free-
surface and then to the substrate as a result of the
concentration gradient.29 Herein, inspired by this, we propose
an uncured PDMS oligomer assisted patterned growth of
perovskite film arrays by using a predesigned PDMS stamp.
With this technique, MAPbI3 perovskite film arrays have been
obtained, which present decent photoresponse characteristics
with the responsivity (R), specific detectivity (D*), and
response speed of 2.83 A W−1, 5.4 × 1012 Jones, and 52.7/57.1
μs (response/recovery time), with satisfactory uniformity.
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Furthermore, an 8 × 8 addressable perovskite photodetector
arrays without crosstalk has been fabricated. With the
assistance of a customized data acquisition system, the
photodetector arrays can function as a real-time visible light
image sensor with reasonable spatial resolution. This work
suggests that the addressable photodetector arrays derived
from the present synthetic method may find application in the
field of integrated optoelectronic devices.
PDMS stamps with predesired patterns were fabricated

through UV photolithography and replica molding schemati-
cally shown in Figure 1a (please refer to the Supporting
Information for details).30 The as-prepared PDMS stamp was
gently placed face down on the surface of the precleaned
substrate, which was then put in a vacuum drying oven with
the chamber pressure set to be 0.03 MPa and kept at room
temperature for about 4 h (Figure 1b). Figure 1c shows the
contact angles of the perovskite precursor solution on different
regions of the substrate after peeling off the PDMS stamp.
Clearly, region ① that has not been contacted with the PDMS
stamp shows a small contact angle of 17.3°, verifying the good
hydrophilicity of the substrate. Region ② shows a larger
contact angle of 104.1°, suggesting the formation of a
hydrophobic layer in the region. We believe that the
hydrophobic layer consists of the uncured PDMS oligomers
that migrate to the substrate from the PDMS stamp.29 Further
atomic force microscopy (AFM) imaging reveals that the
thickness of the uncured PDMS oligomers on the substrate is
about 4 nm (Figure 1d). During the process of spin-coating,
the hydrophilic region would be wetted by the perovskite
precursor solution while the excess solution on the hydro-
phobic region would be removed from the substrate by the
centrifugal force due to the dewetting property. A perovskite
film with desired micropatterns would then be formed on the
substrate after thermal annealing (please refer to the
Supporting Information for details).
Figure 2a displays the SEM images of the perovskite films

with periodic square arrays, and the corresponding XRD
pattern (Figure 2b) is consistent with a previously reported
MAPbI3 film.31 Apparently, the obtained films possess a regular
and uniform shape with sharp edges. No obvious pinholes and
cracks can be observed, verifying the selective growth on the
substrate. The magnified SEM image (Figure 2a inset) further
presents a compact and uniform surface, implying the
homogeneous growth of the perovskite within the hydrophilic
region. In addition to square array, MAPbI3 perovskite film

arrays with other morphologies and different diameters can
also been easily obtained (Figure 2c, d). Interestingly, the
proposed process has also been applied to prepare perovskite
films arranged in other complex micropatterns, including
“HFUT” characters and meandering lines with widths of 100,
50, and 25 μm, respectively (Figure 2e−h). Specifically, even
for the line width and space width of only 25 μm, a continuous
line of perovskite film with clear edges can still be realized.
Apart from the SiO2/Si substrate, the patterned growth of

MAPbI3 perovskite film arrays can also be realized on other
substrates including SiO2/Si, FTO, ITO, and flexible

Figure 1. (a) Schematic illustration for fabricating the concaved PDMS stamp. (b) Schematic illustration of the process for patterned growth of
perovskite film arrays. (c) Contact angles of the perovskite precursor solution on the substrate regions without (top panel) and with (bottom
panel) uncured PDMS oligomers, respectively. (d) AFM image of the patterned substrate with uncured PDMS oligomer molecules.

Figure 2. (a) SEM images and (b) XRD pattern of the perovskite
films with the patterns of periodic square arrays. (a inset) Magnified
SEM image. SEM images of the perovskite films with the patterns of
periodic circular arrays with diameters of (c) 150 and (d) 75 μm,
respectively. SEM images of the perovskite films arranged in (e) a
HFUT pattern and a meandering line with widths of (f) 100, (g) 50,
and (h) 25 μm, respectively.
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fluorophlogopite mica [KMg3(AlSi3O10)F2]. SEM images
(Figure S4) show that well-patterned squares with sharp
edges and uniform morphologies have been obtained. This
verifies the compatibility of PDMS stamps with various
substrates, and we believe that it may be ascribed to the
good flexibility of PDMS. Unlike a conventional hard template,
the PDMS stamp has a high tolerance with the substrate as
well as the surface roughness. Intimate contact can be formed
between the PDMS stamp and the substrates. With the
migrating of the uncured siloxane oligomers, a uniform
hydrophobic layer can be formed in the intimately contacted
region while the uncontacted region remains hydrophilic.
Further study also finds that this growth process can actually
be used to grow other perovskite materials, such as Cs doped
FAPbI3 perovskite film arrays and MAPbI3−xClx perovskite film
arrays. As shown in Figures S5 and S6, both materials show the
well-defined square patterns and remarkable photoresponse.
Therefore, the proposed PDMS oligomer-assisted patterned
growth method provides a facial and versatile strategy for the
solution-based fabrication of perovskite film arrays, which
holds great potential for application in integrated optoelec-
tronic devices as well as wearable optoelectronic devices.
For optoelectronic characterization, 50 nm parallel Au

electrode arrays with 20 μm channel length were deposited
onto the as-obtained MAPbI3 perovskite film arrays through a
shadow mask. The SEM image of a representative pixel device

(inset in Figure 3a) shows that a continuous and compact
perovskite film was obtained across the device channel. Figure
3a plots the current−voltage (I−V) curves of the pixel device
in the dark and upon illumination with different wavelengths. It
can be observed that the photocurrent depends almost linearly
on the applied voltage. At a bias voltage of 3 V, the device
displayed a low dark current of about 52 pA. When illuminated
by visible light (450 and 660 nm) and NIR light (810 nm) at a
fixed power density of 1.02 mW cm−2, the channel current
increased remarkably to about 32, 39, and 4.4 nA, respectively,
revealing a high-performance photoresponse of the device to
incident illumination. What is more, the device exhibits a
higher sensitivity to visible light (450 and 660 nm) than NIR
light (810 nm), which is consistent with previously reported
photoresponse of the MAPbI3 perovskite film.32 Time-
dependent photoresponse of the device was also measured at
3 V bias voltage. As displayed in Figure 3b, the device can be
readily switched between on- and off-states upon illumination
of periodically switched incident light, showing good stability
and reproducibility. The Ilight/Idark ratio was up to 1.09 × 102 at
810 nm illumination, suggesting potential as a high-perform-
ance visible−NIR photodetector.
The photoresponse of the device shows a strong dependence

on the intensity of the incident light. As illustrated in Figure 3c,
the channel current increases monotonously from 0.83 to
119.1 nA with increasing light intensity from 4.57 μW cm−2 to

Figure 3. (a) Current (I)−voltage (V) curves and (b) time-dependent photoresponse of the MAPbI3 film based photodetector upon illumination
with different wavelengths at a fixed power density of 1.02 mW cm−2. (a inset) Typical optical photograph of the photodetector. (c) I−V curves
upon 660 nm illumination with varied light intensities. (d) Photocurrent as a function of incident light intensity at 3 V bias voltage. (e)
Responsivity and specific detectivity as a function of light intensity. (f) Single magnified photoresponse curve at the frequency of 6 kHz to calculate
the response time. Distribution of the channel current for the perovskite photodetector arrays (g) in the dark and (h) upon homogeneous white
light illumination light (1.25 mW cm−2) under 3 V bias voltage. (i) 3D diagram showing the Ilight/Idark ratio for each pixel device.
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10.2 mW cm−2 at 3 V bias voltage. This may be ascribed to the
increased photogenerated electron−hole pairs when illumi-
nated by the incident with stronger light intensity. The
photocurrent curve as a function of light intensity was further
fitted to be I ∝ P0.54 over the wide light intensity range (Figure
3d). The noninteger exponent θ suggests the existence of
recombination loss in the device, which may arise from the
carrier recombination occurred at the grain boundaries and
surface trap states in the perovskite film.33

To quantitatively assess the performance of the present
perovskite photodetector, key performance parameters, includ-
ing responsivity (R), specific detectivity (D*), and external
quantum efficiency (EQE), were calculated according to the
following equations34,35

λ=
−

=R
I I

P S
e
hc

EQE
light dark

in

i
k
jjj

y
{
zzz

(1)

* =D
RS
eI(2 )

1/2

dark
1/2

(2)

where Ilight, Idark, Pin, S, e, λ, h, and c represent the channel
current upon illumination, dark current, incident light
intensity, the effective illuminating area (300 μm × 20 μm
for this device), the elementary electronic charge (1.6 × 10−19

C), the incident light wavelength, Planck’s constant, and the
speed of light, respectively. As plotted in Figure 3e, R and D*
decrease with the increase of the incident light intensity and
reach 2.83 A W−1 and 5.4 × 1012 Jones upon 660 nm
illumination with the lower light intensity of 4.57 μW cm−2,
respectively, which are slightly smaller than those of the
devices based on MAPbI3 single crystals

36 and aligned MAPbI3
microwires,37 but are more than those of previously reported
MAPbI3 film based devices.38 In addition, EQE reaches the

highest value of 5.32 × 102%, which suggests that internal gain
plays a significant role in the photoconductive device.
Transient photoresponse of the device to pulsed light of

various frequencies from 500 Hz to 10 kHz was recorded on
the setup shown in Figure S7a and displayed in Figure S7b−e.
According to the relative balance as a function of frequency
shown in Figure S7f, the −3 dB bandwidth can be deduced to
be about 6.2 kHz, suggesting that the detector can work
properly over a wide switching frequency range. A single
magnified cycle at a frequency of 6 kHz is then plotted in
Figure 3f, from which the response time (τr) and recovery time
(τf) can be extracted to be 52.7 and 57.1 μs, respectively.
Significantly, the fast response speed of the photodetector
ensures the ability to track rapidly changing optical signals.
Figure 3g and h recorded the channel current of all pixels in

an 8 × 8 device unit. Clearly, all the pixels can work properly,
and the statistical analysis presents a decent normal
distribution curve, giving an average value of 68.8 pA for
dark current and 17.1 nA for photocurrent at 3 V bias voltage,
respectively. A minor pixel-to-pixel variation exists, and
according to our previous research, this may be ascribed to
the fluctuation in the thickness of the patterned perovskite
films (Figure S8).25 Due to the difference of the centrifugal
force during spin-coating, the pixels closer to the spin axis tend
to have a smaller thickness than the farther ones. However, all
the pixel devices present an Ilight/Idark ratio exceed 100 (Figure
3i), enabling the clear distinguishing of the optical signals from
the background signals. Meanwhile, the majority of them have
an Ilight/Idark ratio of 200−300, verifying the satisfactory
uniformity of the perovskite photodetector arrays and
suggesting their potential application in integrated optoelec-
tronic devices.
To realize the real-time imaging of the integrated photo-

detector arrays, an addressable 8 × 8 perovskite photodetector

Figure 4. (a) Schematic illustration of the customized data acquisition system for real-time imaging. (b) Photograph of the addressable 8 × 8
perovskite photodetector arrays mounted on a printed circuit board. (c) SEM image of the pixels marked by the red dotted square in b. (d) Letters
“H”, “F”, “U”, and “T” displayed on the screen when the photodetector arrays are illuminated with white light (1.25 mW cm−2), blue light (450 nm,
12.7 mW cm−2), red light (660 nm, 10.1 mW cm−2), and near-infrared light (810 nm, 9.51 mW cm−2), respectively.
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array was fabricated on the SiO2/Si substrate with
predeposited complex metal circuits (please refer to the
Supporting Information for details). As illustrated in Figure S9
and Figure 4c, all pixels share one common electrode, and each
pixel has an individual electrode so that each one can work
individually without crosstalk. A customized data acquisition
system was designed, and the setup is shown in Figures 4a and
S10. Specifically, the device was mounted on a lab-built printed
circuit board (PCB) and the 64 individual electrodes were
connected to four data selections (CD4067) by wire bonding
(Au wires, 25 μm in diameter), thus all the device units can be
individually addressed by selecting the corresponding input
terminal of the data selection (Figure 4b). The channel current
of each device unit was acquired in sequence under the control
of a single-chip microcomputer (SCM, STC12C5A60S2),
which was then converted into a digital signal by the trans-
impedance amplifier (TIA, TLC2201) and analog−digital
conversion (A/D, STC12C5A60S2). The digital signal was
further transmitted to a laptop and self-developed software was
then used to perform the image processing. Typically, when a
lab-built shadow mask with a hollow “H” pattern (4 mm × 4
mm) was placed between the white light and the photo-
detector arrays, light penetrating through the hollow region of
the mask can be projected on the device units, whereas the rest
of the device units were still kept in dark conditions without
illumination. The channel currents of all the device units were
sequentially acquired and displayed on the screen, giving a
well-defined letter “H”. The gray scale map of the letter “H” is
shown in Figure 4d, where the gray value 255 corresponds to
the highest photocurrent upon white light illumination (25
nA) and the gray value 0 corresponds to the dark current of
about 77 pA. The real-time imaging system works for 450, 660,
and 810 nm light illumination as well and different letters
including “F”, “U”, and “T” can also been clearly displayed
(Figure 4d). A video recording the real-time imaging is
presented in the Supporting Information (Video S1). Clearly,
when we turn on the system upon 660 nm light illumination,
the pattern in the mask between the light source and the
photodetector arrays (such as a graphic smiley face and a
number “3” shown in Figure S11) appears immediately on the
screen of the laptop. Limited by the retarding of the readout
circuit, the time for imaging is about 1 s, which can be reduced
by further circuit optimization. Although the spatial resolution
still needs to be further improved by miniaturizing the pixel
devices, the integrated photodetector arrays reveal prominent
performance in the field of visible light real-time imaging and
video capture.
In conclusion, we have demonstrated the uncured PDMS

oligomer-assisted patterned fabrication of 8 × 8 addressable
perovskite photodetector arrays on periodic hydrophilic/
hydrophobic substrates, in which the nanoscale hydrophobic
layer is formed by the transferring of small uncured siloxane
oligomers from the concaved PDMS stamp to the intimately
contacted substrate. The perovskite photodetector arrays
present eminent photoresponse characteristics with a respon-
sivity (R) and specific detectivity (D*) of 2.83 A W−1 and 5.4
× 1012 Jones upon 660 nm illumination at 3 V bias voltage,
respectively, as well as a satisfactory uniformity. Still patterns of
“H”, “F”, “U”, and “T” with reasonable resolution have been
successfully recorded with a customized data acquisition
system, revealing the great potential for real-time visible light
image sensing. It is believed that the present method paves the
way for the facile, universal, and cost-effective fabrication of

addressable photodetector arrays with the potential application
in the field of integrated optoelectronic devices, including
artificial eyes and wearable devices, due to the good
compatibility with solution-based spin-coating processes.
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