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A P P L I E D  P H Y S I C S

Focus-tunable real-time imaging system based on 
ultrathin perovskite curved image sensor with 
hierarchical mesh design
Zeping He1,2†, Boning Sun1†, Hui Lu1,2, Xidi Sun1, Zhangsheng Xu1,2, Yegang Liang1, Qiuchun Lu1, 
Yang Yu1, Kaiyu Hu1, Swapnadeep Poddar3, Wenqiang Wu4*, Wenchao Gao1*, Xun Han5*,  
Zhiyong Fan3*, Caofeng Pan1,4,6*

The human visual system’s real-time focus-tunable imaging capability has inspired curved imaging system devel-
opment. However, curved image sensors mimicking the human retina typically lack tunable curvature to match 
the curved Petzval surface throughout the focus-tunable range. Here, we propose a focus-tunable real-time 
curved imaging system based on a tunable-curvature perovskite curved image sensor. Using parylene C film for 
waterproofing and encapsulation, the ultrathin perovskite curved image sensor with the hierarchical mesh design 
is demonstrated, which conforms to spherical surfaces of different radii while maintaining mechanical stability 
during deformation. The image sensor exhibits low detection limit (10 nanowatts per square centimeter) and 
long-term stable dynamic photoresponse. Combining the image sensor with a tunable lens achieves clear images 
at different distances via simultaneously adjusting both sensor and lens radii. Furthermore, through integrating 
image sensor with a readout matrix and wireless data collection component, the real-time imaging system is dem-
onstrated with real-time focus-tunable imaging capabilities.

INTRODUCTION
The visual system is the most crucial tool for humans to perceive 
information from the external environment (1). With its exquisite 
structure, including an adjustable lens and a curved retina, the hu-
man eye can achieve focus-tunable imaging, inspiring the development 
of bioinspired imaging systems (2–4). One of the key components of 
the bioinspired imaging system is the curved image sensor. Com-
pared with the planar image sensor, the curved image sensor adapts 
to the curved focal plane, which not only improves the image qual-
ity, especially in the corners, but also simplifies the optical system 
(5–9). Notably, the simple lens forms a strongly curved image sur-
face (known as the Petzval surface), which is precisely matched with 
the curved image sensor. This configuration eliminates the require-
ment for optical elements used to correct the focal plane and address 
issues such as field curvature and vignette. In the focus-tunable im-
aging system, the curved image surface of the lens changes as the 
focal length is adjusted. To maintain low aberration images through-
out the focus-tunable range, the curvature radius of the curved im-
age sensor needs to be simultaneously changed (note S1). Therefore, 
variable-curvature image sensors are essential components in focus-
tunable imaging systems.

Currently, two main strategies are used for manufacturing curved 
image sensors. One approach involves the in situ growth of the active 
materials and fabrication of the image sensors directly on rigid hemi-
spherical substrates (10–16). The curvature of the curved image sen-
sors obtained by this method is fixed, which limits their application in 
focus-tunable imaging system. The alternative approach refers to fab-
ricating the image sensor on a planar flexible substrate and subse-
quently transforming it into a curved form (17–27). However, the 
flexible image sensors with large thickness have limited flexibility and 
can only perform simple bending deformation. The curved Petzval 
surface is nondevelopable and cannot be matched by simple bending 
of the flexible devices. Therefore, the devices with good conformity 
(such as the ultrathin designs) are needed to realize the excellent 
alignment. In addition, during the transformation process, large stress 
concentrations are typically generated in the relatively rigid active 
layer due to the limited stretchability of continuous flexible substrates. 
Patterning the curved image sensor is a straightforward strategy to 
endow it with stretchability, while the mesh structural design can also 
effectively adjust the stress distribution to minimize maximum strain 
(19, 28–31). Thus, combining the ultrathin curved image sensor de-
sign with a meshed structure allows the device to achieve superior 
conformity with the curved Petzval surface while maintaining good 
mechanical stability, which could be crucial for constructing curved 
imaging systems with tunable curvature for focus-tunable imaging.

In this work, we developed a focus-tunable real-time curved im-
aging system to mimic the human visual system, based on an ultra-
thin perovskite curved image sensor with the hierarchical mesh 
design. The ultrathin thickness of 5.4 μm allows the device to easily 
bend into the hemispherical shape, while the soft and narrow inter-
connects deform to absorb the twist and stretch forces from adjacent 
pixels, ensuring excellent conformation under different curvature 
conditions. The image sensor demonstrated good mechanical stabil-
ity under bending states with a low detection limit of 10 nW cm−2, 
which is beyond the capabilities of human eye photoreceptor cells. To 
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mimic the focusing capability of the human eye, a shape-tunable con-
vex lens was integrated with the curved image sensor, allowing coor-
dinated curvature adjustments. Through changing the focal length of 
the convex lens and the radius of the image sensor, object images with 
low optical aberration at different distances were achieved. Further-
more, the designed circuit connected the pixels of the curved image 
sensor to the thin-film transistor readout matrix, enabling the real-
time display of captured grayscale images. This curved image sensor 
design and real-time imaging system provide a method to integrate 
these optoelectronic devices with commercialized circuits, achieving 
the function of simulating human visual system.

RESULTS
Design and fabrication of the curved image sensor
The intricate structure of the human visual system enables it to 
achieve visual accommodation. As shown in  Fig.  1A, light passes 
through the refractive system of the human eye (comprising the cor-
nea, lens, and vitreous body) and is received by the photoreceptor 
cells on the hemispherical retina. The light signal is then converted 
into the electrical signal, which is transmitted through the optic 
nerve and processed in the visual cortex, thus enabling vision (32). 
The lens with changeable shape and the hemispherical retina are the 
keys to a focus-tunable visual system. The curvature-tunable lens, 
controlled by the contraction and relaxation of the ciliary muscle, 
enables light from near or distant object to be focused on the retina 
(2, 33). The hemispherical retina corresponds to the curved focal 
plane of the refractive system, which greatly simplifies the complex-
ity of the visual system while achieving low aberration imaging. 
Inspired by the human visual system, we developed a focus-tunable 
real-time curved imaging system with visual accommodation. As 
illustrated in  Fig.  1B, the system consists of a tunable lens with 
adjustable focal length, a curved perovskite image sensor, and a 
matrix readout system. To achieve focus-tunable imaging with low 

aberration, the curvature of the curved perovskite image sensor 
could be adjusted in accordance with the lens to match the focal 
plane under different focal lengths (34,  35). The captured image 
then can be read and processed by matrix readout system and up-
loaded to a terminal device via Bluetooth or wireless fidelity (WIFI) 
to achieve real-time imaging.

To achieve conformal contact with the hemispherical structure of 
various curvatures, the image sensor should have excellent flexibility 
and deformability. The thickness of the device has a notable impact 
on these properties. Thick devices can only perform simple bending 
and cannot adequately conform to the hemispherical structures, re-
sulting in additional optical aberrations (Fig.  2A). In contrast, the 
ultrathin device can conform well to different nondevelopable sur-
faces, which is conducive to the construction of the curved imaging 
system. The thickness of the device also affects the strain generated 
during deformation. As shown in  Fig.  2B, finite element analysis 
(FEA) was performed for the deformation of devices with different 
thicknesses. The results demonstrate that with the increase in thick-
ness, the average strain of both substrate and active layer of the de-
vice increases. In the thick devices, the average strain of the active 
layer is lower than that of the substrate due to the enhanced strain 
isolation, while these average strains are very similar in ultrathin 
structure. Mesh structure is an effective method to enhance the 
stretchability of flexible electronic devices while optimizing the 
strain distribution and reducing the strain of the active layer during 
deformation (36, 37). We proposed a serpentine hierarchical mesh 
(SHM) structure, which includes the hexagonal pixels containing the 
active layers, narrow connecting lines along the latitudinal direction 
forming 120° angles with the pixels to connect them into rings, and 
wide connecting lines with a serpentine structure along the longitu-
dinal direction to link different pixel rings into a mesh [Fig. 2C(a)]. 
During deformation, strain is uniformly distributed throughout the 
mesh through changes in the angles between the narrow connecting 
lines and pixels, as well as the deformation of the serpentine structure 

Fig. 1. Overall comparison of the human visual system and the focus-tunable real-time curved imaging system. (A) Schematic of the human visual system. 
(B) Schematic of the focus-tunable real-time curved imaging system. FPC, flexible printed circuit.
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in the longitudinal wide connecting lines (note S2). This design en-
sures both uniform strain distribution and minimal deformation of 
the pixels. We compared this structure with common cross mesh 
(CM) structure and honeycomb mesh (HM) structure. As shown 
in Fig. 2C [(b) and (c)], when deformation occurs in these two mesh 
structures, the strain tends to concentrate at the connecting lines and 
the edges where they join the pixels. Figure 2D demonstrates the fi-
nite element analysis results of these three mesh structures with the 
total thickness of 6 μm under the same deformation conditions. The 
strains in both substrate and active layer of the SHM structure ex-
hibit notable decrease, confirming its capability to transfer mechani-
cal forces to the uniform small scales (38,  39). Consequently, the 
ultrathin SHM structure can effectively reduce the possibility of 
curved image sensor damage during deformation.

The curved image sensors were then fabricated using the ultrathin 
SHM structure. Figure 2E depicts the structure of the device, which 
can be divided into five layers. The parylene C film with a thickness 
of ~1.8 μm was served as the substrate, followed by a 50-nm-thick 

gold electrode film with an interdigitated structure. A 30-nm-thick 
SiO2 film was patterned for selective hydrophobic treatment. The 
perovskite array, containing 127 pixels with thickness of 1.8 μm, 
formed the active layer align well with the interdigitated electrodes. 
Another 1.8-μm-thick parylene C film then encapsulated the entire 
device to provide good water resistance and flexibility. The cross-
sectional schematic of the device is shown in fig. S3, and the overall 
thickness of the device is ~5.4 μm. To obtain the SHM structure, the 
device needs further patterning process after encapsulation (Fig. 2E). 
The detailed fabrication process of the device is illustrated in figs. S4 
and S5 (note S3). After patterning, the entire device was effectively 
transformed into the mesh structure (fig. S6). Then, the ultrathin 
device was peeled off from the rigid Si support substrate and trans-
formed to the target surface (fig. S6, B and C). Because of its ultrathin 
and mesh structure, the device can fit well with any shaped curved 
structure, including the convex surface (Fig. 2F), the three-dimensional 
(3D) printed concave supports (fig. S6C), and structures with com-
plex surfaces (fig. S7).

Fig. 2. Design of device structure. (A) Schematic diagram of the thick (top) and ultrathin (bottom) devices attached on spherical structures. (B) Average strain (εaverage) 
of substrate and active layer obtained by FEA after the devices are deformed into the sphere with a radius of 15.5 mm. (C) FEA results of the device with different structures 
after deformed into the sphere with a radius of 15.5 mm. (D) Average strain (εaverage) of substrate and active layer obtained by FEA. (E) Schematic structure of the ultrathin 
curved perovskite image sensor with the hierarchical mesh design. (F) Optical image of the curved perovskite image sensor attached on a hemispherical surface.
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Characterization of the perovskite arrays
2D Ruddlesden-Popper (RP) perovskites have a unique layered struc-
ture, which results in enhanced stability while maintaining the advan-
tages of low-temperature solution method preparation for flexible 
substrates (40–42). 2D RP perovskite (PEA)2(MA)n−1PbnI3n+1, where 
PEA refers to phenylethylammonium, MA refers to methylamine, 
and n = 1, 2, 3, and ∞, was used as the active layer of curved image 
sensors. The corresponding crystal structure is shown in fig. S8. The 
bulky organic PEA cation serves as a spacer among the lead halide 
octahedral planes, forming perovskite layers with different n values. 
The perovskite arrays with different patterns and arrangements can be 
achieved through one-step spin coating on patterned substrates (note 
S4 and fig. S9). The perovskite array demonstrated uniform shape and 
clear edge with a dense and flat film surface and without the existence 
of pinholes (fig. S10). Figure S11 shows the x-ray diffraction (XRD) 
pattern of the perovskite film. The diffraction peaks observed at 14.2° 
and 28.5° correspond to the (111) and (202) crystal planes of the 2D 
perovskite, respectively (43). Both XRD and scanning electron micro-
scope (SEM) results indicated that the prepared perovskite films have 
good crystal quality. The optical properties of the PEA2MA3Pb4I13 
film were characterized using ultraviolet-visible (UV-vis) absorption 
and photoluminescence (PL) spectra. Distinctive absorption peaks 
around 514, 564, 603, and 750 nm were observed, corresponding to 
the n = 1, 2, 3, and ∞ phase compositions, respectively (fig. S12) (44). 
PL spectra excited from the front side and back side were collected to 
characterize the phase composition distribution of the perovskite film 
in the vertical direction (fig. S13). The front-side PL spectrum exhib-
ited a single emission peak at ~729 nm, emitted by multiple quasi-2D 
n > 4 phases and quasi-3D phases. In contrast, the emission peak 
of the back-side PL spectrum demonstrated a notable redshift to 
743 nm, potentially due to the presence of larger-n phases and efficient 
transfer of carriers from the low-n to the high-n phases (45). Further-
more, the back-side PL spectrum revealed additional emission peaks 
at around 524, 575, and 615 nm, corresponding to the n = 1, 2, and 3 
phase compositions, respectively. This suggests a higher concentra-
tion of small n (n ≤ 4) quasi-2D phases at the bottom of the perovskite 
film. The absorption and PL spectra indicate that the prepared 2D 
perovskite films have cascade-stacking multidimensional phases from 
large-n values to small-n values, which is consistent with the literature 
reports (43, 45, 46).

Performance and stability of perovskite image sensor
The image sensor arrays were obtained by growing perovskite on the 
substrate with interdigital electrodes, followed by the encapsulation, 
patterning, and peeling-off processes. We first characterized the 
photoresponse of the device after peeling-off and transferring onto a 
hemispherical structure. As shown in Fig. 3A, there is no notable 
change in either dark current or photocurrent of the image sensor 
array, indicating the reliability of patterning and peeling-off process. 
The photoresponse of an individual pixel was then investigated by 
the current-voltage (I-V) measurement. The I-V curves of the device 
were obtained under 532-nm illumination with different light inten-
sities (Fig. 3B). At 4-V bias, the dark current was ~8 pA, and the 
output current gradually increased with increasing light intensity. 
At 10.88 mW cm−2, the output current reached 11.5 nA, corre-
sponding to an on/off ratio of 1.4  ×  103.  Figure  3C shows the 
current-time (I-t) curves under 4-V bias with different light intensi-
ties, exhibiting stable on/off behavior. As shown in Fig. 3D, the de-
vice demonstrated reliable photoresponse under both ultraweak 

(10 nW cm−2) and strong (10.88 mW cm−2) light illumination con-
ditions. Considering that the dark current of the device is ~8 pA, the 
on/off ratios based on its photoresponse under ultraweak and strong 
illumination conditions were calculated as 3.5 and 1.8 × 103, respec-
tively. The response time (from 10 to 90%) and decay time (from 90 
to 10%) are ~5 and 4 ms, respectively (fig.  S14). The intensity-
dependent photocurrent (Iph = Ilight − Idark) was calculated from the 
I-t curves and plotted in Fig. 3E (purple curve), fitted by Eq. 1

where α is the content, P is the illumination power density, and β is 
the exponent related to the photoresponse. The fitting value of β is 
0.63, indicating a sublinear power-law behavior. Specific detectivity 
(D*) is the key index of a photodetector. D* was calculated accord-
ing to the Eq. 2 and plotted it in Fig. 3E (blue curve) (47)

where e, S, and Idark denote the elementary charge, the effective area 
of an individual pixel, and the dark current, respectively. The maxi-
mum D* was calculated to be 2.3 × 1013 Jones, while the responsiv-
ity (R = Iph / PS) could reach 3.95 A W−1. Figure 3G presents the I-t 
curve of the device operating continuously for 6 hours under peri-
odic illumination at 10.56 mW cm−2. The performance of the device 
did not notably decline during long-term operation, demonstrating 
excellent stable dynamic photoresponse of the photodetector. Fur-
thermore, the device exhibited a wide photoresponse range from 
300 to 800 nm (Fig. 3F).

The human eye adjusts its lens shape to focus on objects at differ-
ent distances (48). To simulate this capability of adjusting focus, we 
used a tunable lens and the curved image sensor to mimic the lens 
and retina, respectively. Optimal image quality requires simultane-
ous adjustment of the lens focal length and image sensor radius (R) 
as the object distance (u) changes (Fig. 4A). For example, at a fixed 
image distance, both the lens focal length and R decrease as the ob-
ject approaching. Ray-tracing simulations were used to simulate the 
curved imaging conditions at varying object distances, generating 
three imaging conditions (u = 198 mm, R = 17.8 mm; d = 108 mm, 
u = 16.8 mm; u = 73 mm, R = 15.5 mm). The imaging qualities were 
then evaluated under these conditions. As illustrated in figs. S15 to 
S17, the aberration of the image captured by the curved image sen-
sor was less than that of the planar image sensor under identical 
conditions (note S5).

The mechanical stability of the curved photodetectors array was 
then characterized to confirm its capability for tunable curva-
ture.  Figure  4B shows the photoresponse of device with different 
bending angles under 532-nm illumination with the light intensity 
of 10.56 mW cm−2. The optical images of the device under compres-
sion and tensile strain are illustrated in fig. S18 (note S6). The device 
exhibited stable on/off switching response in both upward and 
downward bending tests due to its ultrathin structure, effective 
packaging, and hierarchical mesh structure that could avoid stress 
concentration. Even under the bending state with a large angle of 
±100°, the performance of the device was basically unattenuated. To 
further characterize the mechanical robustness of the device, we 
tested the I-t curves after different bending periods (Fig. 4C). After 
2500 bending cycles with an angle of 60°, the device demonstrated a 

Iph = αPβ (1)

D
∗ =

Iph

P
(

2eSIdark
)1∕2 (2)
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stable response to periodic illumination. The light and dark currents 
remained basically unchanged compared to the initial state, indicat-
ing consistent electrical performance under bending state. The 
strain of the curved photodetectors array during deformation was 
analyzed by FEA. Figure 4D shows the strain distribution of the de-
vice with hierarchical mesh structure deformed into a sphere with a 
radius of 17.8 mm. The strain was mainly concentrated on the flex-
ible parylene C substrate, especially in the connection and edge re-
gions. The maximum strain of the substrate is 5.72%, which is 
smaller than the fracture limit of parylene C (~25%) (49). Hexago-
nal perovskite arrays were strategically placed at the center of the 
hexagonal parylene C islands to minimize the induced strain on the 
perovskite, which is identical with the device. FEA results reveal that 
the maximum strain on the perovskite arrays is 0.13% and the strain 
in the majority of perovskite film is below 0.1%, notably below the 
fracture limit of perovskite (~1%) (Fig. 4E) (50–52). The strain dis-
tribution of the devices deformed into spheres with radii of 16.8 and 
15.5 mm was also analyzed (fig. S19). Under these two conditions, 

the strains remained concentrated in the connection and edge regions 
of the parylene C substrate, with minimal strain in the perovskite 
layer. While maximum strains on both substrate and perovskite in-
creased as the sphere radius decreased, they remained below their 
respective fracture limits. Table S1 summarizes the strain behavior 
of our work with the representative curved image sensors. These re-
sults confirm that the hierarchical mesh structure can effectively 
minimize strain in both the parylene C substrate and the perovskite 
when deformed into the curved image sensor with different curva-
tures, ensuring mechanical and electrical stability.

Focus-tunable real-time imaging applications of curved 
image sensor
To mimic the visual-like imaging system with accommodation, we 
constructed a real-time imaging system (note S7). As shown in Fig. 5A, 
the system consists a curved image sensor, a readout matrix, and an 
image display terminal. A customized flexible circuit board was used 
to connect and align the pixels of readout matrix with those of the 

Fig. 3. Optoelectronic performances of the perovskite image sensor arrays. (A) Light and dark current statistics of 127 pixels in the device before and after peeling 
off. (B) I-V curves of perovskite image sensor arrays in dark and under 532-nm laser illumination with incident light power density ranging from 0 to 10.88 mW cm−2. 
(C) I-t curves of image sensor arrays under 532-nm laser illumination with different incident light power density. (D) Photoswitching property of the device under illumina-
tion with low (10 nW cm−2) and high (10.88 mW cm−2) light power density. (E) Dependence of the photocurrent and detectivity on the light intensity. (F) Responsivity of 
device under different wavelengths. a.u., arbitrary units. (G) Stability of photodetectors in continuous operation for 6 hours under the bias voltage of 4 V and periodic light 
with the intensity of 10.56 mW cm−2.
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curved image sensor. The output current from each pixel of the curved 
image sensor was obtained by the gate selection and the readout. Sub-
sequently, a field-programmable gate array (FPGA) processed the data 
and transmitted it to the image display terminal (a mobile phone) via 
WIFI module for real-time grayscale image display. To focus the light 
from various distances, we integrated a lens with tunable focal length 
into the system. External light with shape of “X” was projected onto the 
tunable lens and then focused on the curved image sensor (Fig. 5B). As 
illustrated in Fig. 5C, with the object approaching (u = 198, 108, and 
73 mm), the focal length of the tunable lens was reduced, and the 
radius of the curved image sensor also decreased correspondingly 
(R = 17.8, 16.8, and 15.5 mm) to ensure that a clear X pattern could 
be obtained. This process fully replicates visual accommodation 
and, furthermore, adjusts the curvature of the image sensor accord-
ingly to ensure image clarity throughout the entire focal length ad-
justment process.

This system also demonstrated the dynamic imaging capabilities, 
where the focal length of the tunable lens was changed while keep-
ing the object distance, image distance, and radius of the curved im-
age sensor constant. As the focal length of the tunable lens decreased 
from infinity, the image transitioned from blurry (underfocused) 
to clear (focused) to blurry (overfocused) (Fig. 5D). Consequently, 
the image of the letter X displayed on the mobile phone underwent 
a synchronized process (Fig. 5E). Movie S1 recorded the entire im-
aging process at four times the normal speed. As the focal length 
of the tunable lens decreased to its minimum and then gradually 

increased, the letter X in the left area of the movie experienced two 
changes from blurry to clear to blurry, perfectly corresponding to 
the image obtained by the imaging system on the right. Movie S2 
demonstrated the same process under another imaging condition 
(u = 108 mm). Movie S3 showed the focus-tunable imaging process 
with an object distance of 73 mm. Under this condition, because of 
the limited focal length of the tunable lens, overfocus was not 
achievable. Therefore, we only observed the letter X gradually be-
coming clear as the focal length of the lens decreased to the mini-
mum and then becoming blurry again as the focal length increased. 
The complete real-time image process was illustrated in Movie S4.

DISCUSSION
In summary, we demonstrated an imaging system with the focus-
tunable functionality based on the curvature-tunable perovskite im-
age sensor. The ultrathin structure and hierarchical mesh design 
enable the curved perovskite image sensor to achieve excellent con-
formality to hemispherical surface with different radii while main-
taining mechanical stability during deformation. The utilization of 
the waterproof parylene C film as both substrate and encapsulation 
layer endows perovskite devices with uncompromising durability 
during microfabrication processes including photolithography, pat-
terning, and wet transfer, effectively protecting them from decom-
position. By assembling the curved image sensor with a tunable lens 
and readout matrix, the clear images of objects at different distances 

Fig. 4. Deformation of the curved image sensor. (A) Schematic diagram of curved image sensor and motorized lens for focus-tunable imaging. (B) Photoresponse of 
the photodetector at a voltage of 4 V with different compression and stretch bending angles and (C) after different bending cycles under 532-nm laser illumination with 
a light power density of 10.05 mW cm−2. [(D) and (E)] FEA results of the (D) device and (E) perovskite arrays deformed onto a sphere with a radius of 17.8 mm.
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were captured by adjusting the radius of the lens and the image sen-
sor simultaneously. This function demonstrates its capacity to dy-
namically adapt its optical configuration and to mimic the visual 
accommodation, showing its potential for the development ad-
vanced bioinspired imaging systems.

MATERIALS AND METHODS
Materials
Phenylethylamine iodide (PEAI; 99.999%), lead iodide (PbI2; 99.999%), 
and MA iodide (MAI; 99.5%) were purchased from Xi’an Yuri Solar 
Co. Ltd. N,N′-dimethylformamide (DMF; 99.9%) was purchased from 
Aladdin. 1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FAS17; 98%) 
was purchased from Beijing InnoChem Science & Technology Co. 
Ltd. All of the chemicals were used as received.

Fabrication of perovskite array
To obtain the patterning perovskite array, the selective hydrophilic/
hydrophobic treatment was performed on the substrate. Specifically, 
the substrate was treated with oxygen plasma (power, 100 W; O2, 
0.2 torr; 300 s) to make it hydrophilic. The photoresist (HTA116 and 
HTA112, B&C Chemicals) was then used to protect specific areas to 
maintain hydrophilicity in subsequent processes. The SiO2 film was 

deposited on the substrate by magnetron sputtering, and, subse-
quently, FAS17 was self-assembled on the SiO2 film to make the sur-
face hydrophobic. The photoresist was removed, resulting in the 
substrate that was hydrophilic only in certain areas. Then, 60 μl of 
perovskite precursor was spin-coated on the substrate at 6000 rpm 
for 40 s, followed by thermal annealing on a hot plate at 100°C for 
10 min. The perovskite precursor solution with the concentration of 
0.4 M was prepared by mixing PEAI, MAI, and PbI2 in DMF solu-
tion with the molar ratio of 2:3:4 and stirred at 70°C for 3 hours.

Fabrication of curved perovskite image sensor
First, parylene C film was deposited on a p-Si wafer via a polymer or-
ganic vapor deposition system [MQP-3001, Maggie Nano Technology 
(Suzhou) Co. Ltd.]. Then, the designed circuit and electrodes array were 
obtained by the lift-off process, followed by the perovskite array deposi-
tion on the electrodes array. Another 1.8-μm-thick parylene C film was 
used for encapsulation. Next, the device was patterned by inductively 
coupled plasma etching with an aluminum film as etching mask. Then, 
the ultrathin perovskite image sensor was peeled off from the rigid sili-
con wafer by electrochemical delamination method. Specifically, posi-
tive (20 V) and negative (0 V) potentials were applied to the wafer and 
electrolyte solution, respectively, in 2 M NaCl electrolyte solution. Last, 
the device was transferred to a 3D-printed curved structure.

Fig. 5. Demonstration the imaging capabilities of the curved image sensor and the focus-tunable real-time imaging system. (A) Circuit schematic diagram of the 
imaging system integrated with the curved image sensor and a real-time imaging system. IC, integrated circuit. (B) The optical photograph in which the letter X is focused 
on the curved image sensor. (C) Imaging results of targets at different distances obtained by the curved image sensor. (D) Illustration of the underfocus, focus, and over-
focus of the letter X projected on the curved image sensor as the focal length decreased. (E) Images acquired by the focus-tunable real-time imaging system at different 
times during the focal length reduction process.
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Characterizations of perovskite array
The absorption spectrum of PEA2MA3Pb4I13 film was character-
ized by the UV-vis near-infrared spectrophotometer (UV3600). 
PL spectra were measured by the Edinburgh FLS980. The SEM 
(Nova NanoSEM 450) was used to characterize the morphologies 
of perovskite film and cross section of the device. The phase analysis 
of perovskite film was characterized by x-ray diffractometer (Xpert3 
Powder). The step profiler (KLA Tencor P-7 Profiler) was used to 
measure the thickness of device.

Measurements of curved perovskite image sensor
The photoresponse of the device was characterized by using a 532-nm 
laser as the light source. The I-V and I-t curves of the device were 
tested under dark conditions and different light intensities by current 
amplifier (Stanford SR570), function generator (Stanford DS345), 
and a probe station (Semiprobe M-6). The mechanical stability of the 
device was measured by a stepping motor (LinMot E1100).

Finite element analysis
Finite element analysis was carried out using commercial soft-
ware ABAQUS2020. The sphere was modeled using eight-node 
linear bricks with reduced integration and hourglass control, and 
the flexible substrate and perovskite were modeled using four-
node doubly curved thin or thick shells with reduced integration, 
hourglass control, and finite membrane strains. Finite membrane 
strains were used to model flexible substrates and perovskite. 
The meshes of all models were refined sufficiently, and linear 
elastic models were used. Surface-to-surface contact is used to 
define the contact between the substrate and the sphere. In the 
loading configuration, the peripheral edges of the elastic body 
are constrained along the z axis (perpendicular to the substrate 
plane) while remaining unconstrained in the other spatial dimen-
sions. A z-directional displacement is applied to achieve conformal 
attachment of the substrate to the curved surface. This displacement 
parameter maintains load consistency across structural variants in 
FEA by being uniformly set to 20.6 μm in all 15.5-mm curvature 
radius simulations.

For regular hexagon substrates, the edge length is 800 μm and 
the active layer arranged in 2D hexagonal close packing (60-μm 
hexagonal units with 546-μm interunit spacing). In the HM/CM/
SHM structure, active zones are regular hexagons (200-μm edge 
length) with 100-μm-wide interconnects; the active layer maintains 
a hexagonal geometry (60-μm edge length) in 2D hexagonal close 
packing (546-μm lattice spacing). In CM configuration structure, 
active zones are squares (300-μm edge length) with 100-μm-wide 
interconnects; the active layer (60-μm edge length) is arranged in 
2D tetragonal packing (471-μm grid spacing).

The covered areas were quantified using Image-Pro Plus 6.0 soft-
ware for statistical analysis. The regular hexagonal substrate demon-
strated a total area of 1,667,393 μm2. The HM architecture substrate 
exhibited a measured area of 825,641 μm2. Substrate area for the SM 
configuration was calculated as 988,436 μm2. The SHM structural 
design showed a substrate coverage of 1,095,939 μm2. CM-type sub-
strates registered a total area of 774,088 μm2.

Static imaging test of curved image sensor
The tunable lens (EL-3-10, Optotune) was assembled with the 
curved image sensor, maintaining an image distance of 60 mm. 
The tunable lens was controlled by a lens driver (electric lens 

driver 4, Optotune), and the diopter of the lens could be changed 
by changing the amount of the current. A white light source (LTS-
ML70-6-W, LOTS Co. Ltd.) was used to illuminate the Cr mask 
with the letter X at different locations. A homemade external 
measurement circuit with a sourcemeter (Keithley 2612B) and a 
system switch (Keithley 3700A) was used to read out the current 
data from the imaging sensor. The data were then processed to 
produce the image pattern.

Real-time imaging test of the imaging system
The curved image sensor was integrated with a real-time imaging 
system (LZ-03AMR; 64 × 64). With the fast data reading and data 
processing and the app (MR64) developed by Linkzill, real-time im-
aging of the curved image sensor was displayed on the mobile 
phone. In the dynamic focus-tunable test, the current of the tunable 
lens was increased from 0 to the maximum value, which causes the 
focal length to change accordingly, so that the image X appeared 
underfocus, focus, and overfocus.
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