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Bioinspired single-shot polarization photodetector
based on four-directional grating arrays capped

perovskite single-crystal thin film
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Polarization photodetectors (pol-PDs) have widespread applications in geological remote sensing, machine vi-

sion, biological medicine, and so on. However, commercial pol-PDs
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use bulky and complicated optical systems

with lenses, polarizers, and mechanical spools, which are complex and cumbersome, and respond slowly. Inspired

by the desert ants’ compound eyes, we developed a single-shot pol-

PD based on four-directional grating arrays

capped perovskite single-crystal thin film without other standard polarization optics. Our pol-PD has a high de-
tectivity, two orders of magnitude greater than that of commercial photodetectors, and exhibits high polarization
sensitivity. The high performance of our pol-PD is due to the highly crystalline perovskite single-crystal thin film
and regular nanograting structure, made by a nanoimprinting crystallization method. Our single-shot pol-PD is a
compact on-chip optoelectronic device that demonstrates excellent performance in a wide range of applications
including accurate bionic navigation, sharp image restoration in hazy scenes, stress visualization of polymers, and

detection of cancerous areas in tissues without histological staining.

INTRODUCTION
Polarization photodetectors (pol-PDs) have widespread applica-
tions in geological remote sensing, machine vision, biological medi-
cine, and other areas due to their capability for full-parameter vector
detection of light waves (I, 2). Commercial pol-PDs, composed of
lenses, polarizers, mechanical spools, and photodiodes, are complex
and cumbersome, and difficult in miniaturization (3, 4). Recently, to
miniaturize pol-PDs, the single-shot on-chip pol-PDs have been de-
veloped by using four directional wire grids and metalenses to re-
place the polarizers and mechanical spools, but there are drawbacks
of precise mechanical alignment, optical cross-talk, and light loss
(5, 6). In addition, pol-PDs are miniaturized by using intrinsic
polarization-sensitive optoelectronic materials including patterned
optoelectronic materials (7, 8) and low-dimensional anisotropic
materials (9, 10). However, the patterned optoelectronic materials
are usually fabricated by photolithography/ion beam etching, which
inevitably induces the deterioration of the optoelectrical perfor-
mance of active layer materials. In addition, the low-dimensional
anisotropic materials are difficult to be arranged in program for
single-shot imaging (11, 12). Thus, it remains a great challenge to
achieve a single-shot on-chip pol-PD with high polarization sensi-
tivity without standard polarization optics.

In nature, the desert ant can travel back to its nest across barren
landscapes without any landmarks that simply rely on the polarized
skylight perception of its compound eyes (13, 14). One of the
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Cataglyphis compound eyes consists of ~400 small eyes (Fig. 1, A and
B), and each eye has eight photoreceptor cells (13). These photorecep-
tor cells have two sets of microvilli perpendicular to each other (Fig. 1C
and fig. S1). The oriented microvilli make these photoreceptor cells
sensitive to the polarization direction of the incident light, empowering
ants with precise navigation. The unique ability of polarization vision
of the desert ant provides the inspiration for fabricating the pol-PD
(15). Herein, we developed a four-directional grating arrays capped
perovskite single-crystal thin film (4D-G-PSCTF) using a one-step
solution-crystallization molding method by nanoimprinting (named
nanoimprinting crystallization). Four-directional perovskite grating
arrays (80 by 80 pixels) are grown and molded directly on the surface
of the PSCTF during the crystallization process. The 4D-G-PSCTF has
the high crystallization and regular nanograting structure, providing
an excellent material for high-performance optoelectronic devices. We
constructed an on-chip photodetector based on the 4D-G-PSCTF and
achieved highly sensitive single-shot polarization imaging. The detec-
tivity of our pol-PD is two orders of magnitude greater than that of
commercial photodetectors. Our pol-PD exhibits high polarization
sensitivity without any assistance of other standard polarization optics.
Moreover, we demonstrate the wide applications of our single-shot on-
chip compact pol-PD in accurate bionic navigation, sharp image resto-
ration in hazy scenes, stress visualization of polymers, and detection of
cancerous areas in tissues without histological staining.

RESULTS

Characterization of the eyes of desert ants and the structure
of the pol-PD

Figure 1D illustrates the nanoimprinting crystallization method to
fabricate the 4D-G-PSCTE First, we dropped the perovskite solution
into a cold substrate (2°C). Second, we covered the solution by a
polydimethylsiloxane (PDMS) stamp with 80 by 80 four-directional
grating arrays and applied a pressure of 9.8 kPa. The sample was an-
nealed at 100°C for 3 min. Last, the PDMS stamp was peeled off and
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Fig. 1. Desert ant eyes inspired single-shot on-chip pol-PD for polarization imaging. (A) SEM image of the head of Cataglyphis. Scale bar, 200 pm. (B) SEM image of
the Cataglyphis compound eyes. Scale bar, 100 pm. (C) TEM image of the cross section of one small eye of the Cataglyphis compound eyes. Scale bar, 0.5 pm. There are
two sets of photoreceptor microvilli perpendicular to each other. (D) Illlustration of the fabrication process of a one-step solution-crystallization molding method by na-
noimprinting (named nanoimprinting crystallization) for the 4D-G-PSCTF. PVK solution, perovskite solution. (E) Structure of the pol-PD device. The pol-PD is a simple
4D-G-PSCTF with Au electrodes on a glass substrate. (F) Optical image of the 4D-G-PSCTF (80 by 80 pixels). Scale bar, 1.5 mm. The samples exhibit vibrant structural colors
due to nanograting diffraction. (G) Optical microscope image and SEM image of a polarization unit. Scale bar of the optical microscope image, 50 pm. Scale bar of the SEM
image, 10 um. The polarization unit consists of two sets of perpendicular gratings. (H) XRD patterns of the G-PSCTF. The insets are the top-view and cross-sectional im-
ages of the G-PSCTF. Scale bars, 1 pm. The gratings have a period of 1.5 pm and a height of 150 nm. a.u,, arbitrary units. (I) Polarization imaging systems. Our polarization
imaging system consists of a light source, a sample, and our pol-PD. The 700-nm light that passes through the sample is converted into light with different polarization
directions.
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the 4D-G-PSCTF was obtained. The 4D-G-PSCTF has 80 by 80 mul-
tidirectional grating units (grating-0°/45°/90°/135°) (fig. S2). A set of
parallel Au electrodes (30 pm in channel width) is deposited on each
grating unit to construct a photoconductive device unit (pixel) (fig.
S3). Thus, the pol-PD based on the 4D-G-PSCTF consists of 6400
pixels (Fig. 1E). The size of the 4D-G-PSCTF is 12.79 mm by 12.79 mm.
The 4D-G-PSCTF shows a vibrant structural color due to grat-
ing diffraction (Fig. 1F). Similar to the two sets of perpendicular mi-
crovilliin the desert ant eye, four directional grating units (grating-0°L
grating-90°, grating-45°1, and grating-135°) formed a polarization
unit for Stokes polarization detection (Fig. 1G). Figure 1H shows the
x-ray diffraction (XRD) pattern of a G-PSCTF (~300 by 300 pmy; fig.
S4). A set of narrow peaks at (110), (220), and (330) agrees well with
the standard pattern of the CH;NH3Pbl; (MAPDI3) single crystal (fig.
S5) (16). The result of a rocking curve (fig. S6) shows that the full
width at half maximum for the (110) plane is 0.37°, which is close to
that of the bulk MAPbI; single crystals grown in solution (0.33°) (16).
In addition, the selected-area electron diffraction (SAED) pattern
shows a tetragonal diffraction pattern along the [101] zone axis (fig.
S7), which is consistent with the tetragonal structure of MAPbI; sin-
gle crystals (17). The 4D-G-PSCTF is ~400 nm in thickness and has
uniform grating structures with 150 nm in height and 1.5 pm in pe-
riod (insets in Fig. 1H and fig. S8). All results demonstrate the high
crystallization and the uniform grating structures of the 4D-G-
PSCTE which are crucial to the highly sensitive polarization response
of the pol-PD. We exploited the prepared pol-PD for polarization
imaging. Figure 11 shows a schematic of our polarization imaging
system, which consists of a light source, a sample, and our pol-PD. We
designed a portrait of E.-L. Malus encoded by polarization patterns in
memory of Malus’s discovery of the polarization of light (fig. S9). Our
pol-PD displays all of the facial features of the portrait, while the pla-
nar PD only shows a profile (Fig. 1I). These results demonstrate the
polarization sensitivity of our pol-PD and its ability to detect multiple-
dimensional information of the objects.

High crystallization mechanism of the 4D-G-PSCTF
We fabricated samples by dropping 5 pl of a perovskite precursor
solution onto a cold substrate (2°C) with different drying processes.
Three kinds of samples were obtained: a control sample, an unan-
nealed sample, and a 4D-G-PSCTE. The control sample was air
dried (fig. S10A). The solutions of the other two samples were first
confined by covering a patterned PDMS stamp (fig. S11) under a
pressure of 9.8 kPa. One sample was subsequently dried naturally
and referred to as the unannealed sample (fig. S10B). The other sam-
ple was subsequently annealed in an oven at 100°C for 3 min (fig.
S10E), referred to as the 4D-G-PSCTE As in situ photolumines-
cence (PL) is often used as an indicator of the performance of
perovskite crystallization (16), we used the in situ PL spectrometry
and optical microscopy (fig. S12) to scrutinize the structural evolu-
tion and perovskite crystallization for revealing the mechanism of
high crystallization of the 4D-G-PSCTE. Figure 2A shows the snap-
shots during the growth process of the 4D-G-PSCTF at different
times. The in situ PL spectra of the 4D-G-PSCTF and unannealed
sample (Fig. 2B and fig. S13) were acquired by an in situ PL mea-
surement system with a temporal resolution of 1 frame/s. A diagram
of the perovskite crystallization kinetics was generated based on the
in situ PL spectra and optical microscopy imaging results (Fig. 2C).
We designate three crystallization stages during the crystalliza-
tion process: stage I, natural evaporation of the solution induced
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nucleation; stage II, space-confined annealing regulated ripening;
and stage III, space-confined crystal growth over a large area. In the
first stage, the solvent spread on the substrate and evaporated rap-
idly in the air, quickly surpassing Cyin and bursting many nuclei. In
Fig. 2B and fig. S13B, there were no PL signals during the process in
the first 25 s because there were few initial nuclei. When the process
proceeded for 25 s, the PL signals of the unannealed sample (fig.
S13B, 1, 0 to 101 s) and the 4D-G-PSCTF (Fig. 2B, I, 0 to 61 s) both
appeared and then gradually increased, indicating the continuous
production of the perovskite nucleus (18). In the second stage, the
solution was confined between the PDMS stamp and the substrate.
The solvent evaporation rate decreased. For the unannealed sample,
the temperature of the solution increased from 2°C to room tem-
perature (the blue curve in Fig. 2C). For the 4D-G-PSCTE, the tem-
perature of the solution increased from 2°C to 100°C (the red curve
in Fig. 2C). The relative PL intensities of the unannealed sample (fig.
S13B, II, 101 to 166 s) and 4D-G-PSCTF (Fig. 2B, II, 61 to 145 s)
both decreased, indicating the reduction of perovskite nuclei and
the growth of large perovskite grains caused by the Oswald ripening.
Moreover, in situ microscopy revealed the gradual generation and
enhancement of structural color during the second stage (Fig. 2A
and fig. S13A). The 4D-G-PSCTF showed a brighter structural color
than the unannealed sample, which demonstrated that the grating
structure of the 4D-G-PSCTF was better than that of the unan-
nealed sample. In the second stage, the solution concentration of the
unannealed sample remained between Cs and Cy;, at 25°C. For the
4D-G-PSCTE the solution concentration remained between C’s and
C'min at 100°C. The homogeneous nucleation in the crystallization
process of the unannealed sample and 4D-G-PSCTF was inhibited.
The ripening process lead to a decrease in perovskite nucleation and
an increase in solute, which favored the growth of large grains. For
the crystallization process of the 4D-G-PSCTE, the annealing step
promoted early ripening. The ripening process of the 4D-G-PSCTF
started at 61 s (Fig. 2B, II), while that of the unannealed sample
started at 101 s (fig. S13B, II). Moreover, the ripening time of the
4D-G-PSCTF (At = 84 s) was increased by 19 s compared with that
of the unannealed sample (At; = 65 s), resulting in sufficient ripen-
ing. Therefore, the annealing process provided sufficient ripening
and facilitated the complete dissolution of small grains and the for-
mation of large perovskite crystals. In the third stage, the PL intensi-
ties of the unannealed (fig. S13B, III, 166 to 300 s) and 4D-G-PSCTF
(Fig. 2B, III, 145 to 300 s) gradually increased, and their PL peak
positions were both red shifted, indicating the growth of perovskite
grains (Fig. 2B and fig. S13B) (16). The PL intensity of the 4D-G-
PSCTF (Fig. 2B) was stronger than that of the unannealed sample
(fig. S13B). Moreover, the 4D-G-PSCTF showed bright structural
colors (Fig. 2A) as its grating structure was uniform and regular (in-
set in Fig. 2C). On the other hand, the unannealed sample showed
weak structural colors (fig. S13A) due to the presence of many de-
fects and an irregular structure (inset in Fig. 2C). We obtained a
grain boundary-free 4D-G-PSCTF via our nanoimprinting crystal-
lization method. Space-confined growth and the annealing process
can well control the nucleation and growth of perovskite, facilitating
the formation of high-quality perovskite.

The performance of pol-PD based on a G-PSCTF

Researchers usually use the planar perovskite films to prepare photo-
detectors (19, 20). However, there is notable light loss due to Fresnel
reflection. Our group first constructed a grating structure on the
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Fig. 2. High crystallization mechanism of the 4D-G-PSCTF. (A) Snapshots during the growth process of the 4D-G-PSCTF at different times. Scale bar, 2 mm. To observe the
structural color change of the 4D-G-PSCTF more clearly, we enlarged the single pixel area to 2 mm by 2 mm. (B) In situ PL spectrum of the 4D-G-PSCTF. At =84 s is the ripening
time of perovskite. (C) Diagram of the crystallization kinetics of three kinds of samples. C; and C's are defined as the minimum critical concentration for heterogeneous nucleation
at 25° and 100°C, respectively. Crin and C'min are defined as the minimum critical concentration for homogeneous nucleation at 25° and 100°C, respectively. Scale bars, 20 pm.

surface of perovskite films to improve the light harvesting capability
of the photodetectors and endow the polarization sensitivity of the
photodetectors (21-24). In this work, we integrated four-directional
grating arrays with a PSCTF and obtained a 4D-G-PSCTE Figure 3
(A to C) and fig. S14 show the antireflectivity, absorption, light har-
vesting efficiency (LHE) (21), carrier lifetime, and carrier mobility of
a grating unit (G-PSCTF), which are increased greatly compared with
those of the planar PSCTE. Compared with that of the planar PSCTE
the reflectivity of the G-PSCTF is decreased by 4.6% and its absorp-
tion is increased by 4% at wavelengths ranging from 400 to 800 nm
(Fig. 3A). The grating structures can reduce the reflection and pro-
long the optical path length in the active layer of the G-PSCTF
through multiple scattering (Fig. 3D) (25), leading to a 6% increase in
the LHE (Fig. 3A). In addition, we simulated the time-averaged

Fang et al., Sci. Adv. 10, eadr5375 (2024) 4 December 2024

electromagnetic energy density with respect to the x-z plane at 700-nm
wavelength and the absorption at wavelengths ranging from 400
to 800 nm of the G-PSCTF and planar PSCTF (Fig. 3E and fig. S15, A
and B). Clearly, more light energy is confined in the G-PSCTF (Fig.
3E), leading to highly efficient interactions between the light and the
perovskite. In contrast, the light energy in the planar PSCTF is con-
centrated at the interface between the air and the perovskite, resulting
in large energy losses. The PL intensity (fig. S16) and carrier lifetime
(Fig. 3B) of the G-PSCTF are two and four times greater than those of
planar PSCTE, respectively. The enhanced PL intensity and the in-
creased carrier lifetime indicated a decrease in nonradiative recombi-
nation in the G-PSCTE. The carrier mobility of the G-PSCTF
(41.56 cm* Vs is 22% greater than that of the planar PSCTF
(32.72cm*Vv7lsh (Fig. 3C). Compared with that of the planar PSCTF,
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Fig. 3. Performance of the pol-PD based on a G-PSCTF. (A) LHE and reflectance of the G-PSCTF and planar PSCTF. The G-PSCTF shows higher LHE and lower reflectance
than the planar PSCTF at wavelength of 400 to 800 nm. (B) TRPL curves of the G-PSCTF and planar PSCTF. The carrier lifetime of the G-PSCTF (t = 85.24 ns) is four times
higher than that of the planar PSCTF (t; = 21.82 ns). (C) -V curve showing three different regions for the G-PSCTF and planar PSCTF. The regions are marked for ohmic
(I < V=), TFL (trap-filled limited) (/ & V"=3), and Child’s regime (/ x V"=3). The carrier mobility of the G-PSCTF (41.56 cm? V™' s7") is higher than that of the planar PSCTF
(32.72cm?V~" s7"). (D) Grating structure enhances light trapping facilitating more carrier generation. (E) Field plots of time-averaged electromagnetic energy density with
respect to the x-z plane at the light wavelength of 700 nm for the G-PSCTF. The G-PSCTF exhibits excellent light harvesting ability. (F) Schematic of carrier collection for

the pol-PD. (G) Photocurrent and responsivity at the powers of 700-nm incident light ranging from 2.2 pW cm™ to 3.59 mW cm

pol-PD compared with other works.

the contact area between the G-PSCTF and Au increased by 20%, facili-
tating more efficient carrier transport and extraction in the device
(Fig. 3F and fig. S15, C and D). In summary, our pol-PD exhibited a
large improvement in light trapping capability and carrier extraction
efficiency, which contributed to its high performance.

We tested the optoelectronic performance of the pol-PD. Under
illumination (3-V bias, 700 nm, and 3.59 mW cm™?), the photocur-
rent (fig. S17) and on/off ratio (fig. S18) of the pol-PD are 3 times
and 10 times greater than those of the planar PD, respectively. The
dark current of the pol-PD (15 pA) is three times smaller than that
of the planar PD (48 pA; fig. S19). Moreover, the pol-PD exhibited a
fast response time of 1.67 ms and recovery time of 1.89 ms (fig. S20).
These results demonstrate that the pol-PD has greater light sensitiv-
ity than the planar PD and has a fast response. Furthermore, we
tested the dependence of the photocurrent and responsivity on the
illumination intensities ranging from 2.2 pW c¢m™2 to 3.59 mW
cm™2 The pol-PD has a linear dynamic range (LDR) value of 84 dB,
which is larger than that of the planar PD (60 dB) and commercial

Fang et al., Sci. Adv. 10, eadr5375 (2024) 4 December 2024

=2, (H) Responsivity and detectivity of the

InGaAs PD (66 dB) (26). The large LDR indicates that the pol-PD
can be used over a wide range of light powers. Under illumination
(3-V bias, 700 nm, and 2.2 yW cm™?), the responsivity of the pol-PD
(22,680 mA W) is approximately twice higher than that of the pla-
nar PD (11,640 mA W 1) (Fig. 3G and fig. S21). The detectivity
based on the dark current of our pol-PD (6.5 X 10" Jones) is 3.6
times greater than that of the planar PD (1.8 X 10" Jones) and 10 to
100 times greater than that of commercial InGaAs or silicon PD
(10" to 10" Jones) (fig. S22). Besides, if the detectivity is calculated
based on photoresponse and noise current results, the detectivity of
our pol-PD is 4.5 times greater than that of the planar PD (fig. S23).
Compared with the reported MAPbI3-based PDs, the key parame-
ters of the device are summarized in Fig. 3H (table S1). The respon-
sivity and detectivity of our pol-PD exceeds those of all previously
reported MAPbI;-based PDs. Moreover, our pol-PD exhibited good
cycling stability and long-term stability. At a light intensity of
1.71 mW cm™>, the pol-PD showed smooth light on/off cycles at 1to 5 V
(fig. S24). The unencapsulated devices were stored at 25°C with
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~30% humidity, and the photocurrent was tested every 10 days. As
shown in fig. 25, after 2160 hours of storage, the photocurrent of
the pol-PD remained at 90% of its initial value, while the perfor-
mance of the planar PD drops to 70% of its initial value (fig. S26).

Application of bionic navigation and polarization imaging
Inspired by the compound eyes of desert ants, we constructed a

single-shot on-chip pol-PD with a 4D-G-PSCTF for bionic naviga-
tion and polarization imaging (Fig. 4A). A 4D-G-PSCTF with four

A

Polarization unit

Single-shot on-chip pol-PD

different grating directions (0°, 90°, 45°, and 135°) formed a polar-
ization unit. The pol-PD exhibited an excellent polarization ratio of
1.73 at the wavelength of 700 nm (Fig. 4B and fig. S27), which fa-
cilitated successful bionic navigation and polarization imaging. The
polarization ratio of the device reached a maximum value of 2.22 at
750 nm (fig. S28). We integrated the pol-PD (6 by 6 pixels) with the
open-source electronic platform of Arduino UNO for digital testing
(figs. S29 to S31). When polarized light is irradiated onto the pol-
PD, each polarization unit of the pol-PD feeds back four current
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Fig. 4. Application of bionic navigation and polarization imaging. (A) Working mechanism diagram of our single-shot on-chip pol-PD. (B) Photocurrent dependence
of the pol-PD on AoP of incident light (0° to 360°). The pol-PD has a high polarization sensitivity (/max//min = 1.73). (C) Relationship between the AoP of device output and
the AoP of incident light. The error between the AoP of incident light and the output angle is +1.2. (D) Applications of polarization imaging. We exploited our pol-PD to
realize dehazing imaging (scale bar, 1 cm), fingerprint detection (scale bar, 2 mm), stress detection of the ruler, and the detection of the cancerous area in rectal tissue

(scale bar, 2 mm).
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values, Iy, Iog, 145, and I;3s. The angle of polarization (AoP) and de-
gree of polarization (DoP) of the polarized light are calculated based
on the algorithm of the Stokes vector (Supplementary Text). The test
accuracy of the AoP and DoP is only +1.2° and +0.1, respectively
(Fig. 4C and fig. $32). These results show that our pol-PD enables
accurate bionic polarization navigation.

We constructed a high-performance 80 by 80 pixels pol-PD (fig.
S$33) and exploited it for polarization imaging. We simulated the
time-averaged electromagnetic energy density with respect to the x-y
plane and the x-z plane at a wavelength of 700 nm for a polarization
unit (fig. S34). There is no optical cross-talk between the four pixels.
In addition, we randomly tested the electrical stability and the cor-
relation between the photocurrent and AoP of 80 pixel units. Each
pixel unit showed a stable current intensity with the incident light
intensities ranging from 1.02 to 3.59 mW c¢m ™ (fig. $35). The current
values of each pixel unit are sinusoidal to the AoP of incident light
ranging from 0° to 720°, indicating the good polarization responsiv-
ity of the pol-PD (fig. $36). Each polarization unit has four photocur-
rents, which are denoted as Iy, Iog, I45, and I;35. The DoP and AoP are
reconstructed based on the Stokes vector (Supplementary Text and
fig. S37). Polarization imaging can enhance the contrast between ob-
jects, capture detailed features, and dehaze and is widely applied in
the fields of machine vision and biomedicine (27, 28). To demon-
strate the polarization dehazing ability of our pol-PD, we constructed
a polarization imaging system that included polarized light, a sample,
a simulated haze scene, and the pol-PD (fig. S38). The sample was
made of yellow transparent laminating tapes, and the layer numbers
of the laminating tapes vary in different zones (fig. S39). Figure 4D
shows an optical image and a polarization image of the sample under
haze conditions. Our pol-PD achieved sharp image restoration in
hazy scenes via a dehazing algorithm (Supplementary Text) because
the polarization information of multilayer tapes varied according to
the layer number. In contrast, the optical image of the sample became
invisible under haze conditions. In addition, we used the pol-PD to
detect fingerprint impressions and the stress distribution in the plas-
tic ruler compared with the common camera. The polarization image
of the fingerprint impression obtained by our pol-PD is sharp and
has many details, while no fingerprint image was obtained by the
camera. Similarly, the stress distribution in the plastic ruler was ob-
served by the pol-PD due to the birefringence effect of the plastic
ruler, while only a topographic image of the ruler was observed by
the camera (Fig. 4D). Furthermore, the pol-PD can directly display
the cancerous area of rectal tissue under polarized light without his-
tological staining (Fig. 4D).

DISCUSSION

We developed a simple nanoimprinting crystallization method for
preparing highly crystalline 4D-G-PSCTF and constructed a single-
shot high-performance pol-PD (80 by 80 pixels) without standard
polarization optics. We optimized our fabrication method and well
controlled the nucleation and the ripening time to ensure the high
crystallinity of the 4D-G-PSCTE. Our pol-PD exhibited a record-
high responsivity (22,680 mA W™') and detectivity (6.5 x 10"
Jones) among all reported MAPbI3-based PDs. In addition, the uni-
form grating structure endows the device with a polarization sensi-
tivity of Imax/Imin as high as 1.73. The high performance of our
pol-PD endows it with great potential for polarization imaging. We
have achieved success in bionic navigation, visual dehazing, sharp
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fingerprint imaging, stress visualization of polymers, and detection
of cancerous areas in tissues without histological staining. Thus, our
pol-PD provides a simple cost-eftective polarization imaging system
with high sensitivity and enables the widespread adoption of polar-
ization imaging.

MATERIALS AND METHODS

Materials

Methylammonium iodide (MAI; 99%), lead iodide (PbI; 99.999%),
acetonitrile (ACN; 99.9%), and methylamine ethanol solution
(33 wt %) were purchased from Sigma-Aldrich. A four-directional array
template was customized at Suzhou Impression Technology Co. Ltd.
Au particles were purchased from Zhong Nuo Advanced Material
Technology Co. Ltd. Frozen sections of rectal tissue with cancerous
areas were obtained from the Second Affiliated Hospital of Soochow
University. All experiments were performed in compliance with rel-
evant Chinese and institutional laws and guidelines. Informed con-
sent was obtained from all patients.

Preparation of precursor solutions

A solution of methylamine ethanol solution (33 wt %) was placed
into a Dreschel bottle, which was kept in an ice bath. Nitrogen (N)
was then bubbled into the solution, thus degassing the solution of
MA. The produced MA gas was passed through a polyvinylidene
fluoride membrane filter head (0.22 pm) into the perovskite solu-
tion at a concentration of 1 M, which consisted of an ACN solution
and a perovskite precursor (1 M MAIL:1 M Pbl,). The gas was bub-
bled into the perovskite solution until the perovskite particles were
completely dissolved, resulting in a clear, light yellow solution. After
all particulates in the solution were dissolved, the vial containing the
solution was sealed and stored at 2°C until needed. The solution was
removed from the stock as needed, after which the vial was resealed
and returned to the refrigerator.

Fabrication of the PDMS stamp with grating arrays

The PDMS monomer and the cross-linking agent (mass ratio, 10:1)
were evenly stirred, and the bubbles were removed by centrifuga-
tion. A template with four-directional grating arrays was placed in a
petri dish. The configured PDMS solution was poured into the petri
dish and then placed under vacuum at a negative pressure of 5 Pa for
30 min to remove air bubbles. Next, the petri dish was heated on a
hot plate at 70°C for 2 hours to obtain a PDMS stamp with grat-
ing arrays.

Preparation of the 4D-G-PSCTF

The glass substrates were ultrasonically cleaned with deionized wa-
ter, ethanol, acetone, and isopropanol and subsequently treated with
plasma at 200 W for 300 s. First, the treated glass substrates were
placed on a cold platform at 2°C. Then, the perovskite precursor
solution (5 pl) was added dropwise to the glass substrates. A prepat-
terned PDMS stamp was capped on top of the solution, and a pres-
sure of 9.8 kPa was applied. Last, the samples were annealed in an
oven at 100°C for 3 min.

Characterization

SEM, TEM, and AFM images were obtained by scanning electron mi-
croscopy (SEM; JSM-7500F, JEOL, Japan), transmission electron mi-
croscopy (TEM; FEI Tecnai G2 F30, United States), and atomic force
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microscopy (AFM; Bruker, Germany), respectively. Polarized optical
images of perovskite films were obtained by polarization microscopy
(Nikon, ECLIPSE LV100N POL). XRD and grazing incidence wide-
angle x-ray scattering patterns were measured by an x-ray diffractom-
eter (D/max 2500, Rigaku, Japan) and wide-angle x-ray scattering
system (Xeuss 2.0, France). The rocking curves were measured using
a PANalytical Empyrean x-ray powder diffractometer. Absorption
and transmission spectra were collected with a ultraviolet-visible
spectrophotometer (Shimadzu, UV-2600). Steady-state PL and time-
resolved PL (TRPL) were characterized by a steady state transient
fluorescence spectrometer (FLS980, Edinburgh, United Kingdom).
The crystallization process of the perovskite was monitored by a cus-
tom in situ PL measurement system. The optoelectronic performanc-
es were determined by a micromanipulation probe station (Keithley
4200, Keithley, United States). The light was generated from a wide-
band laser source (NKT Photonics). Light intensity was measured by
an optical power meter (PM100D, Thorlabs). The photoresponse time
was measured by a KEYSIGHT oscilloscope (B2912a, China). Long-
term stability was recorded by storing the unencapsulated device in a
box at 30% relative humidity and 25°C.

Optical simulations

The finite-difference time-domain method was used to numerically
calculate the time-averaged electromagnetic energy density in the
perovskite layer. A full three-dimensional model of one unit cell
with periodic boundary conditions and a plane wave excitation nor-
mal to the perovskite was used. The complex valued refractive indi-
ces between the wavelengths of 400 to 800 nm for the perovskite
material were obtained by ellipsometry, and the refractive indices of
the glass substrate were assumed to be constant with 7gass) = 1.5.
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