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Ultrathin flexible optoelectronic devices, 
employing novel materials (e.g., 2D 
materials and perovskite materials),[1] 
are emerging as a candidate in the rap-
idly advancing fields, such as wearable 
devices,[2] soft robotics,[3] and healthcare 
monitoring,[4] due to the lightweight fea-
ture, ultra-flexibility, and conformal con-
tact.[5] In particular, perovskite materials 
with remarkable physical properties,[6] as 
one of the most promising semiconductor 
materials, could be synthesized on var-
ious substrates with low-cost solution-
processed methods at modest synthetic 
conditions, opening exciting directions for 
the fabrication of ultrathin flexible opto-
electronic devices.[7] For instance, ultrathin 
and flexible lead halide perovskite solar 
cells (SCs) with improved durability, con-
formability as well as signal quality, have 
been demonstrated and applied on curved 
surfaces.[8] Likewise, as a vital device for 
image sensing, photodetector (PD) arrays 

manufactured into the ultrathin device can reduce their rigidity 
to prevent degradation of photoelectric performances when 
mechanical deformation occurs, making it possible to capture 
images on a 3D curved surface.[9] However, the fabrication of 
ultrathin flexible perovskite-based PD arrays remains a signifi-
cant challenge, due to perovskite materials not being compat-
ible with photolithography techniques, and peeling-off methods 
involving polar liquids.[10]

To realize the array integration of perovskite-based PDs with 
excellent flexibility and satisfying mechanical conformability, 
numerous researchers have made great efforts on the control-
lable synthesis of materials and the design of devices.[11] Cur-
rently, perovskite single-crystal nanowires or microplates and 
polycrystalline films with controlled morphology were synthe-
sized through newly developed technologies (e.g., micropillar-
structured template[12] and spin-coating method[13]), and some 
of them were employed to fabricate PD arrays mainly by 
using polyethylene terephthalate (PET) as substrate, yielding 
flexible device with the imaging capability of light distribu-
tion.[14] Nevertheless, these PD arrays have limited flexibility, 
and thus can only work under simple bending deformation, 
which seriously hinders their practical applications. Besides, 
an ultrathin multiplexed photodetector based on patterned 

Solution-processed lead halide perovskites are considered one of the prom-
ising materials for flexible optoelectronics. However, the array integration of 
ultrathin flexible perovskite photodetectors (PDs) remains a significant chal-
lenge limited by the incompatibility of perovskite materials with manufacturing 
techniques involving polar liquids. Here, an ultrathin (2.4 µm) and conformable 
perovskite-based PD array (10 × 10 pixels) with ultralight weight (3.12 g m−2) 
and excellent flexibility, is reported. Patterned all-inorganic CsPbBr3 perovskite 
films with precise pixel position, controllable morphology, and homogenous 
dimension, are synthesized by a vacuum-assisted drop-casting patterning 
process as the active layer. The use of waterproof parylene-C film as sub-
strate and encapsulation layer effectively protects the perovskite films against 
penetration of polar liquids during the peeling-off process. Benefitting from 
the encapsulation and ultrathin property, the device exhibits long-term stability 
in the ambient environment, and robust mechanical stability under bending 
or 50% compressive strain. More importantly, the ultrathin flexible PD arrays 
conforming to hemispherical support realize imaging of light distribution, 
indicating the potential applications in retina-like vision sensing.
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CH3NH3PbI3 film was reported,[15] but this organic–inorganic 
hybrid perovskite is vulnerable to moisture in the surrounding 
environment.[16] All-inorganic perovskite materials with uncom-
promised photoelectronic properties but enhanced environ-
ment stability, such as all-inorganic CsPbBr3 perovskite, are 
potential alternatives in optoelectronic devices.[17] To date, few 
works on the patterned growth of all-inorganic perovskite films 
are reported, due to the lack of controlled nucleation and crys-
tallization process.[18] Therefore, it is urgently required to fur-
ther explore the controllable growth of all-inorganic perovskite 
materials as well as device fabrication technologies for ultrathin 
flexible perovskite-based PD arrays.

Here, we introduce an ultrathin (2.4  µm) and conformable 
perovskite PD array (10 × 10 pixels) by employing stable all-inor-
ganic CsPbBr3 perovskite films as photosensitive material and 
waterproof parylene-C films as substrate and encapsulation layer 
for potential applications in artificial vision sensing. To satisfy 
the demand of PD arrays for independent photosensing units, 
a vacuum-assisted drop-casting patterning (VADP) process was 
proposed, achieving the controllable synthesis of the CsPbBr3 
film arrays with precise pixel position, controllable morphology, 
and homogenous dimension. Benefiting from the ultrathin 
property, the fabricated device with ultralight weight (3.12 g m−2) 
could be attached to an irregular 3D surface, showing excellent 
flexibility and conformal contact characteristics. Meanwhile, the 
device exhibits long-term stability with a slight photocurrent 
decay of about 5%, ensuring the dynamic photoresponse 

capability after storing in the ambient environment for 6 weeks 
and robust mechanical stability with nearly unchanged photo-
sensing ability under bending or 50% compressive strain. More 
importantly, the ultrathin PD arrays conforming to hemispher-
ical support with homogenous photoresponse from all pixels, 
can realize imaging of light distribution, indicating the potential 
applications in artificial vision sensing.

The overall structure of ultrathin flexible PD arrays is sche-
matically displayed in Figure 1a. The device is comprised of 
10 × 10 individually addressable pixels, which contain five layers 
of materials with a layer of parylene-C film as the substrate, Au 
film, SiO2 film, CsPbBr3 film, and another layer of parylene-C 
film as the encapsulation layer. Figure  1b shows the cross-sec-
tional schematic of the individual pixel. Transparent 1.1 µm-thick 
parylene-C film with uniform and dense surface was adopted as 
the substrate and encapsulation layer, due to its water resist-
ance and excellent flexibility (Figure 1c). The customized circuit, 
which was made of 50  nm-thick Au film, and a 30  nm-thick 
SiO2 film, which served as a hydrophilic/hydrophobic treatment 
auxiliary layer, were formed on the substrate, respectively. Sub-
sequently, the CsPbBr3 film arrays were neatly arranged on the 
electrodes, each with dimensions of 100 × 100 µm; the scanning 
electron microscopy (SEM) image is displayed in Figure  1d. 
Considering that the increased thickness of perovskite film can 
enlarge the risk of material destroying under deformation, thin 
film (≈150 nm-thick) was employed in the device with satisfying 
film formation quality (Figure 1e). Finally, the entire device was 

Figure 1. Structural characterization of ultrathin photodetector arrays. a,b) Schematic structure of the ultrathin device and the cross-section of an 
individual pixel. c) The thickness of the ultrathin parylene-C film. d) SEM image of the active area. e) The thickness of the CsPbBr3 films. f) Photograph 
of the peeled-off device with ultra-lightweight (3.12 g m−2) floating on the NaCl solution. g) Photograph of the ultrathin device attached on a finger, 
forming a surface that is consistent with the complex topography of the fingerprint. h) The ultrathin device is laminated on the skin and survives being 
compressed like the elastomers.
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encapsulated by another layer of parylene-C film, which can 
effectively prevent the destruction of the perovskite films by 
polar liquids during the peeling-off process. As the thickness of 
each layer is determined, the total thickness of the ultrathin PD 
arrays was calculated at about 2.4 µm, to our knowledge, which 
is the thinnest as well as the most flexible perovskite-based PD 
arrays (Detailed comparisons are summarized in Table S1, Sup-
porting Information). Besides, the weight of the device is only 
3.12 g m−2, which is 25 times lighter than a standard A4 paper 
(80 g m−2) (Figure S1, Supporting Information).

A crucial step in the device fabrication process is complete 
exfoliation of the ultrathin device from the p-Si support wafer 
without wrinkles and damage. In this work, the use of water-
proof parylene-C film as the substrate and encapsulation layer 
solves the incompatibility issue between perovskite materials 
and peeling-off methods involving polar liquids. Therefore, 
we employed the electrochemical delamination method as a 
high-efficiency approach to achieve non-destructive exfoliation 
within 1 min.[19] This process was conducted in 2 m sodium 
chloride (NaCl) electrolyte solution with p-Si support wafer 
connecting to the positive of the power supply (20V) and a Pt 
flake as the counter electrode. The detailed fabrication process 
of the device could be found in the Experimental Section and 
Figures S2 and S3, Supporting Information. As presented in 

Figure 1f, the ultrathin device was floating on the NaCl solution 
after being completely exfoliated from the Si wafer, showing 
the smooth surface without damage. The ultrathin device could 
be scooped and laminated on the various irregular 3D surface 
covered by small features, forming intimate contact. Figure 1g 
shows a photograph of the ultrathin device attached to a finger, 
demonstrating a curvilinear and uneven surface of the device 
that is consistent with the complex topography of the finger-
print. The unprecedented mechanical properties of the device 
are illustrated in Figure 1h and Figure S4, Supporting Informa-
tion, in which it survives being bent and compressed like the 
elastomers without delamination from the skin.

Under the requirement of PD arrays for independent 
photosensing units, we proposed a patterning strategy for all-
inorganic CsPbBr3 perovskite film arrays with precise pixel posi-
tion, controllable morphology, and homogenous dimension. 
This strategy consists of the patterning of the precursor solution 
through a pretreated substrate followed by the vacuum-assisted 
crystallization at room temperature. The drop-casting method 
was adopted to pattern precursor solution, which allowed suf-
ficient precursor solution remained in the hydrophilic areas, 
facilitating the formation of compact CsPbBr3 perovskite film. 
The overall growth process for CsPbBr3 film arrays is sche-
matically shown in Figure  2a. Briefly, the precursor solution 

Figure 2. CsPbBr3 arrays synthesis process and characterization. a) Schematic illustration of the CsPbBr3 film arrays synthesis process. b) Photograph 
of large-scale CsPbBr3 arrays grown on 4-in. p-Si wafer covered with parylene-C film. Inset: the corresponding SEM image. Scale bar: 500 µm. c) Peeled-
off CsPbBr3 arrays sandwiched by two ultrathin parylene-C layers. Inset: photograph of magnified CsPbBr3 arrays. Scale bar: 2 mm. d–f) As-grown 
CsPbBr3 arrays with different geometries, including triangular, circular, and alphabetical patterns. g) X-ray diffraction profile of CsPbBr3 film. h) EDS 
mapping images of the Cs, Pb, and Br elements distribution.

Adv. Mater. 2021, 33, 2006006



© 2021 Wiley-VCH GmbH2006006 (4 of 9)

www.advmat.dewww.advancedsciencenews.com

was first drop-casted onto the pretreated substrate, leading to a 
homogeneous distribution of liquid domains in the hydrophilic 
areas (Figures S5 and S6, Supporting Information). Then, the 
substrate was immediately put into a vacuum drying oven to 
make it crystallized at room temperature. When the sample 
was exposed to a low-pressure environment, the evaporation 
rate of the solvent was accelerated, boosting the rapid crystal-
lization of CsPbBr3 films.[20] With the evaporation of the dime-
thyl sulfoxide (DMSO), the CsPbBr3 films were crystallized in 
the hydrophilic areas, realizing patterned growth of compact 
CsPbBr3 film. To improve the film quality, an annealing process 
was performed at 100 °C for about 10 min. In the contrast, large 
crystalline perovskite islands formed when CsPbBr3 perovskite 
crystallized in the atmospheric environment (Figures S7, Sup-
porting Information). This is because the relatively low solvent  
evaporation rate allows fewer nucleation sites forming during 
the crystallization process and facilitates the growth of large 
crystals, however, sacrificing the coverage rate of a single 
pixel. The detailed process can be found in the Experimental  
Section. We envision that a similar fabrication process can 
apply to other solution-processed semiconductors.

Large-scale CsPbBr3 perovskite film arrays were fabricated 
through the VADP process on a 4-in. p-Si wafer covered with 
parylene-C film, as shown in Figure 2b. The SEM image of the 
perovskite films illustrates neatly arranged film arrays with uni-
form shape and clear edge (Inset in Figure 2b). Figure 2c dem-
onstrates the photograph of the large-scale CsPbBr3 film arrays 
after peeling off, sandwiched by two ultrathin parylene-C layers. 
It is also found that the dimensions of a single pixel are con-
sistent with the corresponding hydrophilic area prepared on the 
substrate. Thus, various CsPbBr3 arrays with different geom-
etries, including triangular, circular, and alphabetical patterns, 
are achieved through the VADP process by changing the mask 
in the photolithography process, as shown in Figure 2d–f and 
Figure S8, Supporting Information. The CsPbBr3 film arrays 
with different dimensions were also synthesized, as presented 

in Figure S9, Supporting Information. Besides, the thickness 
of as-synthesized CsPbBr3 films is mainly determined by the 
dimensions of hydrophilic regions and the concentration of 
the precursor solution. As shown in Figure S10a, Supporting 
Information, the larger dimensions of the hydrophilic surface 
gave rise to thicker perovskite films, which is because a hydro-
philic surface with larger areas can store more precursor solu-
tion. Figure S10b, Supporting Information summarizes the 
relation between film thickness and precursor concentration 
at the same dimension of 100 × 100 µm2. The thickness of the 
as-synthesized films decreases by reducing the concentration of 
the precursor. Consequently, we believe that this VADP method 
is versatile with controllable pixel geometry, dimensions, and 
thickness. Figure 2g shows the X-ray diffraction (XRD) profile; 
two strong characteristic diffraction peaks were found at 15.2°, 
30.7°, which was indexed to (110), (220) orthorhombic crystal-
lographic planes of CsPbBr3 perovskite structure. The clear 
splitting of the (004) and (220) peaks further indicates that it 
is consistent with the previously reported room-temperature 
orthorhombic phase.[21] The elementary composition of our 
fabricated perovskite film was analyzed by energy-dispersive 
X-ray spectroscopy (EDS), as shown in Figure 2h, all elements 
were distributed homogeneously across the whole film. Quan-
titative analysis was shown in Figure S11, Supporting Informa-
tion, revealing that the Cs, Pb, and Br elements atomic ratio is 
0.88:1:3.06, which is close to the CsPbBr3 ideal stoichiometry.

The photoresponse of an individual pixel was investigated 
to evaluate the optoelectronic properties of the PD arrays. 
Figure 3a presents the current-voltage (I–V) curves of the device 
in the dark and under 450 nm illumination with different power 
density. The dark current of the device at 5 V bias voltage was 
as low as 2 × 10−10 A, while it increased to 5.8 × 10–7 A under 
the illumination of 10.37 mW cm−2, which exhibits three orders 
of magnitude higher than the dark current. The current-time 
(I–t) curves of an individual pixel were tested under the illu-
mination of 5.8 mW cm−2 (5 V bias) to investigate the dynamic 

Figure 3. Optoelectronic performances and environmental stability. a) Logarithmic current–voltage (I–V) curves of the device measured in the dark and 
under 450 nm illumination with incident light power density from 0 to 10.37 mW cm−2. b) Current-time (I–t) curves of the device under bias voltage of 
5 V and the illumination of 5.8 mW cm−2. c) The response time and decay time of the device. d) Normalized photoresponse versus the input signal fre-
quency. e) The dependence of the photocurrent and detectivity on illumination power density. f) The responsivity of device under different wavelengths. 
The inset is the corresponding absorption spectrum of CsPbBr3 film. g) XRD diffraction peaks of the CsPbBr3 film arrays sandwiched by parylene-C 
films within 6 weeks. h) Current-time (I–t) curves of the device within 6 weeks (Bias voltage of 5 V and illumination power density of 5.8 mW cm−2).
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photoresponse (Figure 3b). It can be seen that the performance 
of the device remained nearly unchanged after operating 1500s 
(about 100 cycles), indicating the device's stable and reversible 
photoswitching characteristic. The response speed of the photo-
detector was further investigated under a pulsed light with dif-
ferent frequencies. Figure S12, Supporting Information, shows 
the stable temporal response to the pulsed signal with frequen-
cies ranging from 1 to 800  Hz. The response time and decay 
time of the device measured at 1Hz  are about 8 and 6.5  ms, 
respectively, which are much faster than the response and 
recovery speed of the human eye (Figure  3c).[22] As shown in 
Figure 3d, the −3 dB cutoff frequency (f−3dB) of the device was 
calculated to be ≈300 Hz. The dependence of the photocurrent 
(Iph) on illumination power density was plotted in Figure  3e 
(Pink dashed line); it can be fitted by the following equation:

α= β
phI P  (1)

where Iph is photocurrent (Iph = Ilight – Idark), P is illumina-
tion intensity, α is a constant, β is an exponent related to the 
photoresponse corresponding to the illumination power den-
sity. The best-fitting value of β is 0.87, exhibiting a sublinear 
power-law behavior. Besides, the specific detectivity (D*), as 
a key figure-of-merit of PD, was calculated and presented in 
Figure 3e (Blue dashed line). Assuming that the total noise lim-
iting the detectivity is major contributed by shot noise from the 
dark current, it could be calculated by the following equation:[23]

( )
=∗
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= phR
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where R, Idark, P, q, and A are responsivity, dark current, inci-
dent light power density, elementary charge, and the effective 
area of an individual pixel, respectively. The detectivity decreases 
as illumination intensity increases and it could reach as high 
as 3.94 × 1012 Jones at an illumination intensity of 4 µW cm−2 
(R  = 3.15 A W−1). Figure  3f depicts the spectral responsivity of 
the device, showing a broad photoresponse range from 350 to 
530 nm, which is consistent with the absorption spectral range 
of the CsPbBr3 perovskite films. In addition, the dependence 
of device performances on film thickness was investigated, as 
shown in Figure S13, Supporting Information. The responsivity 
increases with the increase of the average film thickness because 
the thick film can generate more photo-generated carriers under 
illumination. The response time and decay time decreases non-
linearly as the average thickness increases and tends to be stable 
when the average thickness increases to 150 nm. Thus, a 150 nm-
thick perovskite film was employed for the ultrathin device, con-
sidering the optoelectronic and mechanical performances.

The poor tolerance of the perovskite materials to moisture 
has greatly hindered its practical applications. Especially for 
polycrystalline perovskite films, water molecules surrounding 
the atmosphere can easily penetrate into the perovskite mate-
rial and diffuse due to the inevitable existence of many grain 
boundaries and pinholes, eventually causing degradation in 
optical and electrical properties. In this work, the introduction 

of the waterproof parylene-C film as an encapsulation layer 
not only prevents the destruction of the perovskite films by 
polar liquids during the peeling-off process but also blocks the 
penetration of water molecules in the surrounding environment 
into perovskite films. As shown in Figure 3g, the as-synthesized 
CsPbBr3 perovskite films, sandwiched by two ultrathin parylene-
C layers, were placed in the ambient environment to investigate 
the structural stability by monitoring the XRD peaks. All XRD 
peaks remain unchanged and no new peaks appeared within  
6 weeks, proving the long-time structural stability of encapsu-
lated CsPbBr3 perovskite films. In addition, the working stability 
of the fabricated device in the ambient environment was investi-
gated. As recorded in Figure 3h, the device experienced a slight 
photocurrent decay of about 5%, ensuring its dynamic photo-
response ability after 6 weeks, which indicates our fabricated 
ultrathin PD arrays with outstanding environmental stability.

The mechanical robustness of the ultrathin flexible device 
was characterized under compressive and bending states. As 
shown in Figure 4a, we first laminated the ultrathin device on 
a pre-stretched elastomer, then carefully released them to intro-
duce a compressive stain inside the device along the direction 
of pre-stretching. The measurement setups could be found in 
Figure S14, Supporting Information. Due to the asymmetric 
structure of the device, irregular wrinkles were formed by the 
compressive strain. Figure 4b presents the cross-sectional SEM 
image of the device at 50% compression, showing an extreme 
mechanical deformation. And wrinkles with a bending radius 
of fewer than 20  µm have appeared in the folded networks. 
Despite being subjected to the exfoliation process and extreme 
compression deformation, the performances of the device are 
virtually no degradation. As presented in Figure 4c, there is no 
significant change in output currents of 20 pixels before and 
after peeling off, which indicates that there is no adverse effect 
on the device performances during the peeling-off process. The 
output currents of the device in different compressive strain 
states were measured, as shown in Figure  4d. No irreversible 
output current degradation in both dark and illumination con-
ditions was observed until the compressive strain increased 
to 50%. Figure  4e depicts the corresponding time-dependent 
photo response of the device under 30% and 50% compressive 
strains. The device shows stable on/off photoswitching behavior, 
indicating that the ultrathin device can work normally with 
extreme deformation. To further verify the mechanical durability 
of the device, the fatigue test of the device at a 50% compressive 
strain was performed. This test was conducted at a low speed of 
0.5 cm s−1 to avoid abrupt damage caused by high stretching and 
releasing speed. As shown in Figure S15, Supporting Informa-
tion, the photocurrent experienced approximately a 30% decay 
after 200 compressing cycles while the dark current presented a 
slight fluctuation, which may attribute to the new wrinkles gen-
erated across the perovskite film or the contact change between 
the electrodes and the perovskite films. In addition, the ultrathin 
device demonstrates superior mechanical robustness at bending 
states. As shown in Figure S16, Supporting Information, the 
dark current and photocurrent were well preserved after 5000 
bending cycles and the device exhibited stable photoswitching 
characteristics. The above investigation results exemplify the 
excellent mechanical stability of the ultrathin device under the 
mechanical deformation of bending and compression.

Adv. Mater. 2021, 33, 2006006



© 2021 Wiley-VCH GmbH2006006 (6 of 9)

www.advmat.dewww.advancedsciencenews.com

To further understand the mechanical stability of the 
ultrathin device under compressive deformation, the strain-
stress behavior of the devices with different substrate thick-
nesses was simulated via the finite element analysis (FEA) 
method. The model consists of an encapsulation layer of thick-
ness tencapsulation, a perovskite layer of thickness tperovskite, and a 
substrate layer of thickness tsubstrate. The thickness of the sub-
strate exhibits a crucial influence on the suffered stress of the 
perovskite films when the device was compressed. Figure S17, 
Supporting Information shows the simulation results of the 
device with tencapsulation of 1 µm, tperovskite of 150 nm, and tsubstrate 
ranging from 1  to 25 µm at compression state. When the whole 
device was compressed, the pixels (perovskite films) distributed 
at the peaks and valleys of the fold networks were subjected to 
greater stress compared with other pixels. With the thickness of 
the substrate decreasing to 1µm, (Figure S17, Supporting Infor-
mation), the suffered stress of all pixels was reduced, lowering 
the possibility of damaging pixels. In other words, the device 
with an ultrathin substrate can effectively withstand higher 
compressive deformation than the thick devices.

The artificial retina, which mimics the biological functions of 
human eyes, relies on large-scale PD arrays to realize the recog-
nition function of perceiving images (Figure 5a). The ultrathin 
device with excellent mechanical robustness, which can form 
conformal contact on irregular surfaces, demonstrates potential 
application in artificial vision sensing. As shown in Figure 5b,c, 
our fabricated ultrathin PD arrays were conformed to a walnut, 

similar to an eyeball. We first verified the uniformity of all 
pixels by making statistics on the output current. A mercury 
lamp that can emit white light was employed as a light source 
for obtaining a large light spot with uniform light power density 
distribution. As summarized in Figure 5d, the statistical results 
of dark current reveal that 90% value falls in the interval of 
0.33 ± 0.19 nA. Besides, Figure 5e depicts the photocurrent sta-
tistics of 10 pixels (a single row) under the homogenous illumi-
nation. The photocurrents of these pixels for each illumination 
intensity are distributed in a narrow range. All the above results 
indicate that the investigated pixels are functional with satis-
factory uniformity. Subsequently, to demonstrate the imaging 
capability of the device as an artificial retina, the ultrathin device 
was laminated on hemispherical support and patterned illu-
mination was applied to the active area by using the designed 
shadow mask, as demonstrated in Figure S18a, Supporting 
Information. The current of each pixel was collected through 
the testing pixel by pixel (Figure S18b, Supporting Informa-
tion). The pixels under illumination (2.5 mW cm−2) can present 
a higher current, while the other pixels, which are blocked by 
the shadow mask, have a relatively low current level. As shown 
in Figure 5f–h, clear letters of “H,” “N,” and “U” can be identi-
fied from the mapping results, which indicates reliable imaging 
capability of the ultrathin PD arrays on the curved surface.

In summary, we have demonstrated an ultrathin (2.4  µm) 
and conformable CsPbBr3 perovskite-based PD array with ultra-
light weight (3.12 g m−2) and excellent flexibility. All-inorganic 

Figure 4. Characterization of mechanical stability of the ultrathin device. a) Schematic illustration of the ultrathin PD arrays undergoing compressive 
strain. b) Cross-sectional SEM image of the device under 50% compressive strain. c) Output current statistics of 20 pixels in device before and after 
peeling off. d) The dependence of output current on the different compressive strains. e) Current-time (I–t) curve of the device without compressed 
and under different compressive strains (Bias voltage of 5 V and illumination power density of 5.8 mW cm−2).
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CsPbBr3 film arrays with precise pixel position, controllable 
morphology, and homogenous dimension were synthesized 
by the VADP process as photosensitive material. We envision 
that similar fabrication process can be applied to other solution-
processed semiconductors. The waterproof parylene-C film 
was employed as substrate and encapsulation layer, solving the 
incompatibility issue between perovskite material and manu-
facturing techniques involving polar liquids. The optoelectronic 
properties of the as-fabricated device were systematically inves-
tigated, showing long-term stability with a slight photocurrent 
decay of about 5%, ensuring the dynamic photoresponse capa-
bility, after storing in the ambient environment for 6 weeks. 
Besides, owing to ultrathin property, the device remains nor-
mally operational when it experiences bending or 50% com-
pressive strain, presenting outstanding mechanical stability. 
Furthermore, the ultrathin PD arrays conforming to hemi-
spherical support with homogenous photoresponse from all 
pixels can realize imaging of light distribution, indicating the 
potential applications in artificial vision sensing.

Experimental Section
Surface Treatments of the Substrate: First, the whole surface of the 

substrate was treated to be hydrophilic by using oxygen plasma for 60s 
(power 50 W, O2 0.2  Torr). Next, the photoresist mask with designed 

patterns was fabricated by ultraviolet  photolithography. Then, SiO2 
film was deposited through radio frequency magnetron sputtering 
(PVD75 Kurt J. Lesker) as an assisted layer for surface hydrophobic 
treatment. Sequentially, it was soaked with the solutions of (octadecyl) 
trichlorosilane (OTS) and hexane at a volume mixing ratio of 1:200 to 
make the whole surface hydrophobic. After 15 min, the substrate was 
put into an acetone solution to remove the photoresist and the regions 
with hydrophilic surfaces covered by photoresist were exposed. After the 
above treatments, the substrate surface showed hydrophilicity in defined 
regions and hydrophobicity in other regions.

Controllable Synthesis of the CsPbBr3 Film: Lead bromide (PbBr2) and 
Cesium bromide (CsBr) at 1:1 mole ratio were mixed in DMSO with 
different concentration as the precursor solution. The patterned CsPbBr3 
film was synthesized by a vacuum-assisted drop-casting patterning 
process. Specific steps were as follows: First, the precursor solution was 
drop-casted onto the pretreated substrate, leading to a homogeneous 
distribution of liquid domains in the hydrophilic area. Second, the 
substrate was immediately put into a vacuum drying oven to make it 
rapid crystallized at room temperature. Accompanying the evaporation 
of the DMSO, CsPbBr3 perovskite tends to crystallize, forming a thin 
film in the hydrophilic regions. To improve the film quality, an annealing 
process was performed at 100 °C for about 10 min.

Fabrication of Ultrathin Flexible PD Arrays: For the preparation of an 
ultrathin flexible substrate, the ultrathin parylene-C film (1.1  µm-thick) 
was employed and deposited on a p-Si wafer through a polymer organic 
vapor deposition system (LH 300, LA CHI ENTERPISE CO,. LTD). During 
the deposition process, the entire system was under vacuum (<30 mtorr) 
and samples were kept rotating at the speed of 10 rpm min−1. The poly-
para-xylylene powders as raw material were first evaporated at 170 °C 
and cracked to monomers at 650 °C, and then entered into the sample 

Figure 5. Demonstration of the ultrathin PD arrays imaging capacity. a) A schematic illustration of the ultrathin device with excellent mechanical robust-
ness could be used for artificial vision sensing. b) Model of the eyeball. c) Photograph of ultrathin PD arrays conformed to a walnut. d) The dark current 
statistics of all pixels under 5 V bias voltage. e) Photocurrent of 10 pixels (a single line) under different illumination. f–h) Light intensity distribution 
imaging results by the PD arrays laminated on hemispherical support with H-shaped, N-shaped, and U-shaped masks.
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chamber. The monomer vapor was polymerized to create even parylene-C 
film on the surfaces of the p-Si wafer in the room temperature chamber. 
2 gram of poly-para-xylylene powders could produce a 1.1  µm-thick 
thin film. Next, designed circuit configuration was fabricated by using 
ultraviolet  photolithography (MA6 SUSS), magnetron sputtering 
deposition, and conventional lift-off process. Then it was treated as 
described by surface hydrophilic/hydrophobic treatment method to 
make the interdigital electrode regions surface hydrophilic and other 
regions surface hydrophobic. After finishing treatments, the CsPbBr3 
film was grown at interdigital electrode regions by vacuum-assisted 
drop-casting patterning process. Finally, the device was encapsulated by 
another layer of parylene-C films (1.1  µm-thick). During the deposition 
process of parylene-C films, all electrode pads were covered through a 
mask (Teflon tape). When the mask was removed, the electrode pads 
were exposed for convenience of measurements. After fabricating, an 
electrochemical delamination method was employed to peel off ultrathin 
PD arrays from the rigid Si wafer support. It was conducted in 2 m NaCl 
electrolyte solution; Si wafer was connected to the positive of the power 
supply (20V), and the Pt flake was used as the counter electrode.

Characterizations and Measurements: The field-emission scanning 
electron microscopy (SEM) equipped with an energy-dispersive X-ray 
analyzer (SU8020 Hitachi) and X-ray diffractometer (XRD) were 
employed to characterize the morphologies, elementary composition, 
and structure of as-fabricated CsPbBr3 perovskite film. The absorption 
spectra of the CsPbBr3 perovskite film were investigated by a UV–vis–
NIR spectrophotometer (UV-3600 SHIMADZU). The thickness of device 
was measured by Step Profiler (KLA Tencor P-7 Profiler). Electrical 
tests were performed by Keithley 4200 SCS, SR570 (Stanford Research 
Systems), and a probe station (Semiprobe M-6). A laser with tunable 
wavelength and a high-power mercury lamp (Lumen Dynamics XI120-Q) 
were used as the illumination source for evaluating the optoelectronic 
performances and imaging capabilities of the device, respectively. 
An optical filter was employed to adjust the illumination intensities. 
A stepping motor (LinMot E1100) was carried out to measure the 
mechanical stability of the device.
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