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SUMMARY

High-quality circularly polarized light (CPL) detection is essential for many fields, such as optical communi-
cation and computing. However, current CPL photodetectors (PDs) face challenges in device integration and
exhibit weak circular dichroism, which makes it difficult to precisely determine the polarization state of arbi-
trarily polarized light. Here, we report a CPL-PD configuration, named PeLC-PD, consisting of a soft helix
layer and a perovskite photodiode. PeLC-PD exhibits strong circular dichroism, achieving an anisotropy fac-
tor of photocurrent (gph) up to 1.96 for visible wavelengths, which far exceeds the current state of the art.
Quantitative detection of polarization states, including ellipticity and direction of circular polarization, is
demonstrated using a paired PeLC-PD layout constructed with a pair of twinned perovskite photodiodes
and soft helices of opposite handedness. The paired PeLC-PDs can be used in a pixelated integrated array,
thereby enabling circular polarization imaging. Our work resolves a long-standing bottleneck of chiroptical
detection and analysis, unlocking the potential for advancements in many fields that depend on precise
CPL detection.

INTRODUCTION

Circularly polarized light (CPL), with photons carrying spin

angular momentum, plays a pivotal role in various photonic tech-

nologies, such as optical quantum communication, polarization-

sensitive imaging, and information encryption.1–3 Detecting CPL

is indispensable for a fundamental understanding of chiroptics,

including quantum spin, photon resonances, and the precise

manipulation of light. Conventional CPL detection (left image in

Figure 1A) relies on complicated optical elements like quarter-

wave plates (QWPs), linear polarizers, and common optical po-

wer meters, which pose challenges in terms of miniaturization

ACCESSIBLE OVERVIEW Polarization is a property of light describing the plane in which the light wave os-
cillates as it propagates. In the case of circularly polarized light, this plane rotates as light travels. Circularly
polarized light is crucial for many applications, such as quantum communication and computing, as it can be
used to encode information. As such, it is important to be able to detect and analyze circularly polarized light.
Yet, existing solutions face challenges with miniaturization, integration, and sensitivity, which reduces their
applicability. In view of these limitations, this work presents a circular polarization detector made up of a chi-
ral liquid crystal layer that is sensitive to circular polarization and a perovskite photodiode, resulting in a de-
vice that can precisely analyze circularly polarized light. Moreover, the device can be adapted to work at
different visible wavelengths and integrated into flexible substrates for applications such as wearable de-
vices. The state of polarization can be quantitatively and precisely determined using a pair of these devices,
while circular polarization imaging is possible by arranging the devices in an imaging array.
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and integration.4,5 Thin-film CPL photodetectors (CPL-PDs)

based on chiral semiconductors, which can directly detect

CPL without the need for additional optical elements, is one of

the viable strategies to develop CPL detection with simplicity

and miniaturization (right image in Figure 1A).6–16 However,

because of the relatively weak circular dichroism (CD) of avail-

able chiral semiconductors, these CPL-PDs only generate a

tiny electrical difference when exposed to left-handed CPL and

right-handed CPL (L- and R-CPL, respectively) with identical in-

tensity. This is characterized by low values of the anisotropy fac-

tor (gph), which is a key figure-of-merit parameter to evaluate the

performance of CPL-PDs that is calculated as gph = 2 (IL � IR)/

(IL + IR), where IL and IR refer to the photocurrents generated un-

der L-CPL and R-CPL illumination, respectively.17,18 Existing

CPL-PDs made of chiral semiconductors typically have gph
values below 10�1. Moreover, when the incident light is a single

beam and the polarization state is unknown, these CPL-PDs are

unable to provide effective polarization information like the direc-

tion of the circular polarization and the ellipticity of imperfect

CPLs, namely elliptically polarized light.

Chiral liquid crystals (CLCs) are a class of soft heliceswith one-

dimensional (1D) photonic crystals, and they have been demon-

strated as fascinating materials for near-perfect modulation of

CPL.19–27 Such a self-assembled helical superstructure selec-

tively transmits CPL with the opposite handedness but reflects

CPL with the same handedness in their photonic band gap

(PBG)28–30 and enables precise control of the transmission of

CPL. Compared to traditional optical elements like linear polar-

izers and QWPs, incorporating a CLC layer in perovskite-LC

PDs (PeLC-PDs) offers several advantages. First, the self-

assembled CLC structure is easier and more cost effective to

fabricate. Second, it enables more compact and flexible device

designs in complex integrated optical systems. Third, the CLC

layer minimizes propagation losses by efficiently manipulating

light without increasing the physical path length. While chal-

lenges like reproducibility and uniformity arise in large-scale

Figure 1. Strategies for CPL detection

(A) Schematic illustration of traditional CPL-PDs based on conventional optical systems and intrinsic chirality-sensitive semiconductors.

(B) Configuration of soft-helix-layer-decorated perovskite photodiode for CPL detection. The device demonstrates remarkable chiroptical discrimination ability,

broadly tunable detection wavelength range, easy miniaturization and integration, and quantitative detection of polarization states including linear, elliptical, and

circular polarization.

(C) Principle of identification and quantitative detection of CPL by the paired PeLC-PDs in an imaging array. Light with varied polarization states is quantitatively

detected by the pixelated PeLC-PD pairs, and the output signals can potentially be utilized to construct high-resolution images with pixelated circular polarization

information.
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production, they can be addressed in miniaturized devices using

advanced deposition techniques such as ink-jet printing. With

this in mind, here we present a CPL-PD that combines a CLC-

based soft helix layer and a perovskite-based photodiode,

named PeLC-PD (left image in Figure 1B). The soft helix acts

as a selective filter to L-CPL or R-CPL, resulting in differential

light transmission. The transmitted light signal is further electri-

cally read out by the perovskite photodiode, allowing for the

identification between L-CPL and R-CPL with a gph value of

1.96, which is a significant improvement over existing solutions.

We further propose a unique structure of paired PeLC-PDs for

quantitative CPL detection, which comprise a pair of perovskite

photodiodes with soft helix layers of opposite handedness (right

image in Figure 1B). As verified by the Stokes parameter S3 ex-

tracted from the Poincaré sphere representation, we achieved a

precise measurement of ellipticity for arbitrary polarized light by

comparing the current output of the paired PeLC-PDs. Such

PeLC-PDs can be fabricated on flexible substrates and designed

to function for any visible wavelength. We further constructed

and demonstrated an imaging array for circular polarization im-

aging by using the paired PeLC-PDs as pixels (Figure 1C), which

paves a promising route to integrable and precise CPL detection

for chiral electronics and quantum cryptography in future optical

communication and computing systems.

RESULTS

Improving homogeneity and performance of perovskite
photodiodes
As mentioned above, the CPL detection by our PeLC-PDs relies

on the high chiroptical activity of the soft helix layer and efficient

photon-to-electron conversion in the perovskite photodiode. The

performance of the photodiode is critical to the final CPL detec-

tion capability, especially for integrated devices with paired

perovskite photodiodes that carry identical optoelectronic be-

haviors (Figure 1C). Any deviations in sensitivity between the

paired PeLC-PDswill lead to discrepancies in the electrical signal

output under the same incident flux, seriously affecting the accu-

racy of subsequent quantitative circular polarization detection.

Therefore, ensuring a consistent and uniform photo-response,

i.e., external quantum efficiency (EQE), from the perovskite pho-

todiodes is pivotal to achieving high-precision, quantitative circu-

lar polarization detection and further pixelated imaging.

Previous works have emphasized the critical influence of

perovskite crystallization quality and filmmorphology on the per-

formance of perovskite photodiodes,31,32 in which the hole-

transporting layer (HTL) at the bottom of perovskite plays an

important role.33,34 The screening of HTL materials holds prom-

ise in improving the detection performance and homogeneity

of photodiodes. With this in mind, we selected two commercially

available hole-transporting materials (PEDOT:PSS, PTAA) and

one homemade molecular hole transporter, (2-(4-(bis(4-methox-

yphenyl)amino)phenyl)-1-cyanovinyl)phosphonic acid (MPA-

CPA), to fabricate the perovskite photodiodes. The device

configuration and molecular structures of hole-transporting ma-

terials are shown in Figure 2A, where the MPA-CPA has been

proven to efficiently minimize interfacial defects between perov-

skite and HTL in photovoltaic devices.35 Three types of devices

all exhibit photocurrent responses (obtained at short-circuit con-

ditions) in the wavelength range from 300 to 850 nm (Figure 2B).

The EQE plateaus of PEDOT:PSS- and PTAA-based devices

are moderate, and their reproducibility is unsatisfactory due to

broad-distributed integrated photocurrents. By sharp contrast,

the perovskite photodiode based on MPA-CPA exhibits a

remarkably improved EQE plateau above 95%, along with better

reproducibility of the integrated photocurrents far transcending

those based on PEDOT:PSS and PTAA (Figure 2C). These re-

sults indicate the superior contribution of MPA-CPA to perov-

skite thin-film deposition.

To get an insight into the enhanced EQE performance and ho-

mogeneity, we carefully compared photodiode devices based

on different HTLs. In general, EQE is considered to be affected

by the quality and thickness of the perovskite film, which directly

impacts the generation and transport of photogenerated car-

riers.36–38 Cross-sectional scanning electron microscopy (SEM)

images of perovskite photodiodes based on these HTLs show

similar thicknesses (�530 nm) of the perovskite layer (Figure S1),

ruling out thickness-related effects on EQE variation. The MPA-

CPA-based device exhibits better macro-uniformity as revealed

by the electroluminescence (EL) images (Figure S2). The crystal-

linity andmorphology of the bottom surface of the perovskite film

deposited on different HTLs are further characterized by ultravi-

olet-visible (UV-vis) absorption, X-ray diffraction (XRD), top-view

SEM, and atomic force microscopy (AFM), verifying the

enhanced micro-homogeneity and reduced nano-pinhole for-

mation for MPA-CPA-based samples (Figures S3–S7). The

MPA-CPA-based perovskite film achieves a Shockley-Read-

Hall lifetime of 6.52 ms, which is also much longer than those

on PEDOT:PSS and PTAA (Figure S8). The result is consistent

with the reduced nano-pinholes observed, further confirming

the reduced traps due to the chemical passivation of MPA-

CPA to the ionic and deep-level electronic defects. As shown

in Figure 2D, the MPA-CPA-based devices also show the lowest

dark current density, which is preferable for the sensitivity of

photodetection. These results indicate that high-quality contact

between the HTL and perovskite can efficiently improve the pho-

toelectric performance of perovskite photodiodes, which is

essential to the further design of our CPL-sensitive devices, as

shown below.

Decorating perovskite photodiodes with soft helix for
CPL detection
The device structure of the proposed CPL-sensitive PeLC-PD is

shown in Figure 3A, in which the perovskite photodiode is

covered by a 5-mm-thick CLC layer that functions as a soft helix

and CPL filter. The detailed fabricating process is described

in Figure S9. The CLC can hinder the propagation of the same-

handed CPL while permitting the penetration of opposite-

handed CPL at wavelengths located in the PBG. Taking a

green-light-responsive PeLC-PD as an example, we constructed

right- and left-handed CLCs, denoted as R-CLCs and S-CLCs.

Their molecular structures are shown in Figure S10. As illustrated

in Figure 3B, the R-CLC and S-CLC layers show a typical PBG

effect from 500 to 560 nm. More importantly, they exhibit

opposite CD signals with quite high intensity up to 104 mdeg

within the PBG (Figure 3C). The anisotropy factor (gCD) is defined
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by gabs = Dε/ε = (AL � AR)/A = CD[mdeg]/(32,980 A), where AL

and AR are the absorbance of left and right CPL, respectively,

A is the corresponding absorbance of nonpolarized light, and

CD[mdeg] is the chiral intensity of samples. gCD values of CLC

layers are calculated to be 1.7 (Figure S11), which is 1–3 orders

of magnitude larger than that of the typical chiral semiconduc-

tors (10�1–10�3 mdeg).8–10 The result indicates the strong

chiroptical discrimination ability of the CLC layer, which is also

verified by the simulated transmittance spectra shown in

Figures S12 and S13. The R-CLC and S-CLC show almost

100% transmittance to CPL with opposite handedness while

little transmittance to CPL with same handedness, thus enabling

the remarkable difference in the photocurrent outputs of the

PeLC-PD under L-CPL and R-CPL illumination. In addition, the

perovskite film covered with the CLC layer shows a slightly

longer charge carrier lifetime than the pure perovskite film, which

stems from the decreased light intensity received by the perov-

skite film due to the selective reflection of the CLC layer

(Figure S14). We also measured the CD spectrum of a pure

perovskite film (Figure 3C). As the used perovskite film is achiral,

no obvious CD signals are observed, which indicates that excel-

lent discrimination toward CPL stems completely from the CLC

layer. The photocurrent of the device without bias potential

was measured under pure L-CPL and R-CPL with varying light

intensity from 10�1 to 103 mW cm�2, where CPL with opposite

handedness is generated from a beam of a green laser

(532 nm) followed by a linear polarizer and a QWP. As shown

in Figure 3D, the photocurrent of the PeLC-PD with S-CLCs

under R-CPL is two orders of magnitude higher than that under

L-CPL with identical intensity, hundreds of times larger than

the difference in traditional chiral semiconductor-based CPL-

PDs. Similarly, the device with R-CLCs shows a larger current

under L-CPL than R-CPL (Figure S15). Moreover, the PeLC-PD

exhibits a linear photocurrent response to both L-CPL and R-

CPL with varying light intensity from 10�1 to 103 mWcm�2, which

achieves a linear dynamic range (LDR) of 55 dB (Table S1). The

result lays a solid foundation for the subsequent quantitative

detection. The device exhibits a gph value up to 1.96 and a re-

sponsivity of 294 mA W�1 under light illumination of 1 mW

cm�2, which is the highest gph value among reported CPL-PDs

and far transcends CPL-PDs based on chiral semiconduc-

tors.13,39 We further measured the time-dependent photocurrent

of the PeLC-PD by switching the incident circular polarization di-

rection (Figure 3E). The large difference in current under L-CPL

and R-CPL confirms the excellent chiral discrimination ability

of the device. Also, the constant current under multiple switches

of CPL indicates remarkable stability. The demonstration of

PeLC-PD breaks the performance limitations of traditional

CPL-PDs based on chiral semiconductors, representing a prom-

ising route for efficient CPL detection.

Figure 2. Screening HTLs to improve the detection performance of perovskite photodiodes

(A) Configuration of a perovskite photodiode and the molecular structures of three HTLs, including PEDOT:PSS, PTAA, and MPA-CPA.

(B) EQE spectra of perovskite photodiodes based on three HTLs.

(C) Statistical distribution of integrated current density obtained from EQEs of perovskite photodiodes based on three HTLs (20 devices each).

(D) Dark current density-voltage (J-V) curves of perovskite photodiodes based on three HTLs.
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Integrating devices for quantifying ellipticity of arbitrary
polarized light
Despite the ultrahigh distinguishability to CPL, when facing an

unknown polarized light source in practice, it is still challenging

for the PeLC-PD to identify circular polarization direction and

quantify the ellipticity of incident polarized light. With this in

mind, we further designed a green-light-responsive CPL-PD de-

vice comprising a pair of twinned perovskite photodiodes and

CLC layers of opposite handedness, where the left and right di-

odes were covered with S-CLCs and R-CLCs, respectively. The

photograph of the real device and its working principle are illus-

trated in Figures 4A and 4B. BothR-CLC and S-CLC layers show

typical oil-silk textureswith remarkably uniformmorphology (Fig-

ure 4C). The light of arbitrary polarization can be seen as a super-

position of left and right CPL, and theCLC reflects one of theCPL

components while allowing the other to pass through. Therefore,

given the sensitivity in the transmission of the LC layers to CPL of

opposite handedness, the twinned perovskite photodiodes will

output photocurrents that can be compared to obtain informa-

tion regarding the direction of circular polarization. For instance,

if the device is exposed to a beam of CPL and the current from

the left diode is larger than the right diode, then the incident light

should be right-handed circular polarization, and vice versa.

In addition to the identification of circular polarization direc-

tions, our PeLC-PD device can further quantify the ellipticity

of including elliptically and linearly polarized light. Traditionally,

this information is acquired from complicated optical systems

and processes and expressed by the Stokes parameter S3 on

the Poincaré sphere (see Figure 4F and Note S1 for de-

tails).40–43 S3 refers to the difference in intensity between R-

and L- CPL; it varies from �1 to 1, in which ‘‘S3 = 1’’ and

‘‘S3 = �1’’ represent pure right- and left-handed circular polar-

ization, respectively, while ‘‘S3 = 0’’ refers to linear polarization.

In fact, most of the existing commercial CPL-PDs lack the

ability to measure S3, hindering their practical application in

chiroptical detection. As such, we attempt to obtain this infor-

mation for arbitrary polarized light by using the integrated de-

vices. Thanks to the enhanced uniformity of the perovskite

layer, the twinned perovskite photodiodes show almost the

same photon-to-electron conversion behavior, i.e., perfor-

mance synchronism, as revealed by their identical EQE

spectra (Figure S16). Moreover, they exhibit a good linear

photocurrent response to light intensity across a broad range.

These features provide a prerequisite for the integrated device

to quantitatively detect the ellipticity of polarized light. As

shown in Figure 4E, the right photodiode with R-CLCs exhibits

Figure 3. Schematic illustration and performance of PeLC-PD device

(A) Construction of the PeLC-PD by combining a soft helix layer (R- or S-CLC) and a perovskite photodiode.

(B) Transmittance spectra of the green-light-responsive CLC layer.

(C) CD spectra of the green-light-responsive CLC layer and pure perovskite film.

(D) Photocurrent recorded by the S-CLC-based PeLC-PD under L- and R-CPL with varied intensities (from 10�1 to 103 mW cm�2) at 0 V bias.

(E) Time-dependent photocurrent response of the S-CLC-based PeLC-PD under alternate R-CPL and L-CPL irradiation.
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a higher photocurrent than the left one with S-CLCs under L-

CPL illumination. Similarly, the left photodiode with S-CLCs

exhibits a higher photocurrent than the right one with R-CLCs

under R-CPL (Figure S17). The twinned photodiodes show

identical photocurrents under linearly polarized light (Fig-

ure S18). In order to describe the polarization state based on

photocurrent, we define a circular polarization degree PI, which

can be calculated as PI = (IL� IR)/(IL + IR), where IL and IR refer to

the photocurrents generated from the left and right PeLC-PDs,

respectively. Figure 4D shows the polarization-dependent

photocurrent of the paired PeLC-PDs, and the twinned perov-

skite photodiodes exhibit differential photocurrents under var-

ied polarization states, which is further verified by the simulated

transmittance (Figure S19). By calculating the PI values ex-

tracted from different photocurrents of the paired PeLC-PDs,

we compared them with the Stokes parameter S3 that was

measured by optical elements. As shown in Figure 4G, all the

PI values fit well with the Stokes parameter S3. These results

Figure 4. Device engineering for quantitative detection of polarization states

(A)Mechanism andworking principle of the paired PeLC-PDs. The different photocurrent outputs of the paired devices under the same polarized light can be used

to calculate the ellipticity, which enables quantitative detection of light with varying polarization states.

(B) Photograph of a paired green-light-responsive PeLC-PD. Green-R and green-S subunits use R-CLC and S-CLC, respectively. Scale bar: 5 mm.

(C) Polarized optical microscopy (POM) images of R- and S-CLCs integrated in the paired PeLC-PDs measured in reflection mode. Scale bars: 100 mm.

(D) Photocurrent recorded by the paired PeLC-PDs under a green laser beam (1 mW cm�2 at 532 nm) with continuously varied polarization states by rotating the

angles between the linear polarizer and the QWP from 0� to 360� at an interval of 10� at 0 V bias and plotted in a polar coordinate system. The polar angleu stands

for the transmission angle of the polarizer, and the radius r stands for the photocurrent intensity. The solid line and dashed line refer to photocurrents of the PeLC-

PDs with R-CLCs at the right and S-CLCs at the left side, respectively.

(E) Photocurrent response of the paired PeLC-PDs under L-CPL and R-CPL with varied intensities at 0 V bias.

(F) Poincaré sphere representation for the polarization states.

(G) Comparison of polarization-dependent S3 (ellipticity) extracted from Poincaré sphere representation and PI values obtained from the paired PeLC-PDs.
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verify the realization of precise detection of polarized light with

integrable and miniaturizable thin-film PDs.

Expanding detection wavelength range
The detection spectral range of traditional CPL-PDs based on chi-

ral semiconductors is severely restricted by a narrow-band chi-

roptical response. For instance, traditional chiral perovskite- or

organic semiconductor-based CPL-PDs only exhibit the cotton

effect in a narrow wavelength range (about 100 nm), posing

huge difficulties in CPL detection toward practical application. In

contrast, the wide-band photo-response of perovskite photodi-

odes and the facile modulation of the PBG of CLCs endow

PeLC-PDs with the capability of broadband CPL detection.44–46

Here, we further demonstrate blue- and red-light-responsive

paired PeLC-PDs by tuning the concentration of chiral dopant in

the LC matrix layer. As shown in Figures 5A and 5B, the CLC

layers in fabricated PeLC-PDs exhibit varied and uniform reflec-

tion color regardless of the chirality, which is consistent with their

PBG induced by different helical pitches in the transmittance

spectra (Figure S20). Based on the identical working principle of

the above-mentioned green-light-responsive PeLC-PD, both R-

and S-CLC-based PeLC-PDs (blue and red) exhibit identical CD

intensities and wavelength ranges but opposite signal values (Fig-

ure S21), verifying the specific chiroptical discrimination in differ-

ential wavelength ranges (Figure S22). As a result, all devices

achieve extremely large gph values above 1.9, demonstrating

remarkable CPL-distinguishing capability across the whole visible

region (Figure S23; Table S1). Furthermore, these paired devices

show opposite variations in polarization-dependent photocur-

rents against polar angle u (Figure 5C), which can be used to

quantify arbitrary polarization states for blue and red light. The ex-

tracted PI values from the blue-, green-, and red-light-responsive

paired PeLC-PDs are all well fitted with the Stokes parameter S3

(Figures 5D–5F). These results manifest the realization of wide-

band detection of polarization light, which perfectly overcomes

the bottleneck toward wavelength selectivity of traditional CPL-

PDs based on chiral semiconductors, further broadening its cus-

tomizability and applicability.

We further demonstrate the applicability of our strategy in flex-

ible devices. Given the simple solution-based fabrication of

perovskite diodes and the soft helix, flexile PeLC-PDs made of

perovskite photodiodes and CLC polymers were constructed

on an indium tin oxide (ITO)-coated poly(ethylene terephthalate)

(PET) substrate (Figures 5G, S24, and S25). Similar to the rigid

PeLC-PD, the flexible device exhibits specific EQE responses

with varying PBGs of the CLC polymer (Figure S26), confirming

the perfect regulation of the CLC polymer to the EQE shape of

the perovskite photodiode. The obvious variation in the EQEs

of PeLC-PDs based on rigid and flexible substrates stems from

the different transmittances of ITO/glass and ITO/PET (Fig-

ure S27). These flexible PeLC-PDs also exhibit comparable chi-

ral discrimination abilities and maintain linearity in a broad range

(Figures 5H, 5I, and S28), having similar abilities of quantitative

detection of arbitrary polarization states (Figures 5J and S29).

Such high performance of flexible devices is indicative of their

immense potential in diverse application scenarios such as

smart wearables, remote sensing, and chiroptical microelectro-

mechanical systems.

Developing integrated arrays for circular polarization
imaging
Using the above-mentioned paired PeLC-PDs as pixels, we

further construct an integrated array and demonstrate circular

polarization imaging (Figure 6A). The array containing 4 3 4

pixels was designed as shown in Figure S30 and fabricated using

a modified process. The area of each light-exposing region was

kept consistent by covering a metal mask with pre-defined aper-

tures (note that a couple of neighboring apertures correspond to

one pixel for CPL imaging; one is S and the other is R). We

demonstrate the circular polarization imaging by building a

patterned vector beam that carries a hidden message of ‘‘LC’’

with spatially orthogonal circular polarization states in a 4 3 4

square light spots, and the detailed light path as well as the vec-

tor beam are illustrated in Figure 6B. By rotating the QWP behind

the vector beam generator, the circular polarization state of each

spot can be synchronously switched (Figures 6C and 6D), which

can be confirmed by a beamanalyzer or a complementarymetal-

oxide semiconductor (CMOS) camera equipped with a circular

polarizer. As the QWP can only change the phase and not the

amplitude, the 16 spots with consistent light intensity were

simultaneously observed under the CMOS camera (Figure S31).

By inserting a left-handed circular polarizer in front of the camera

or the beam analyzer, which allows the same-handed CPL to

pass through while inhibiting the opposite-handed one, an

obvious bright and dark LC pattern appears, demonstrating

the construction of the vector beam (Figures 6E–6H).

Encouragingly, suchavectorbeamcanbe imagedbyourPeLC-

PD array without using any additional optical elements. When the

PeLC-PDarraywasexposed to thevectorbeam,eachpixel gener-

ated two individual photocurrents, which were used to calculate

thePI values. Figures6I and6Jshowthe imaging results of thevec-

torbeamusing the integratedPeLC-PDarray.TheprofileofLCcan

be clearly captured for both complementary imageswith opposite

contrast colors. This verifies that our PeLC-PD array can clearly

distinguish the varied circular polarization state of each light spot

in the vector beam, resulting in the successful imaging and resto-

rationof thecircularpolarization informationof the light field. To the

best of our knowledge, this is the first time that CPL imaging was

realizedby thin-film-diode-basedPDs.Given thehighsolutionpro-

cessability of the perovskite and CLCs, our strategy has huge po-

tential for device miniaturization, which not only facilitates easier

integration into existing systems but also improves sensitivity

and responsivity due to reduced path lengths for light interaction.

Webelieve that thepreciseminiaturizationofmicro-devicescanbe

further achieved through advanced techniques such as photoli-

thography and ink-jet printing, paving a promising route to inte-

grable and precise CPL detection for quantum information pro-

cessing and quantum cryptography in next-generation optical

communication and computing systems.

DISCUSSION

Considering the complexity, miniaturization, and integration chal-

lenges from conventional CPL detection with complicated optical

elements likeQWPs, linear polarizers, and common optical power

meters, we have developed a high-performance and integrable

CPL-PD configuration that combines perovskite photodiodes
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and CLCs (PeLC-PD). Using CLCs, a class of soft helices with 1D

photonic crystals, the proposed prototype exhibits remarkable

chiroptical discrimination ability with a large anisotropy factor of

photocurrent up to 1.96, which significantly surpasses the perfor-

mance of current chiral semiconductor-based CPL-PDs. By utiliz-

ing a pair of twinned perovskite photodiodes and soft helices of

opposite handedness, we successfully realized the quantitative

detection of ellipticity for arbitrarily polarized light, as verified by

the Stokes parameters S3 extracted from the Poincaré sphere. In

addition, we demonstrated the adaptability of the PeLC-PDs by

customizing them to function for different visible wavelengths, as

well as integrating them onto flexible substrates to achieve flexile

devices with detection performance comparable to their rigid

counterparts. We further showed that the paired PeLC-PDs can

beusedaspixels in a pixelated integrated array, thereby achieving

circular polarization imaging of a vector light field. This work

Figure 5. Tunable detection wavelength range and flexible PeLC-PD device

(A) Photographs of blue- and red-light-responsive PeLC-PDs. Scale bars: 5 mm.

(B) POM images of CLC in the PeLC-PDs measured in a reflection mode. Scale bars: 100 mm.

(C) Polarization-dependent photocurrent recorded by the blue- and red-light-responsive PeLC-PDs in a polar coordination system. The solid line and dashed line

refer to the photocurrents from PeLC-PD device based on R-CLCs at the right and S-CLCs at the left side, respectively. The incident light is a laser beam (405 or

633 nm) with a power of 1 mW cm�2.

(D–F) Comparison of PI values (dark dots) obtained from the PeLC-PDs and S3 (shallow lines) extracted from Poincaré sphere representation.

(G) Photograph of a flexible green-light-responsive PeLC-PD.

(H and I) Photocurrent response of the flexible PeLC-PDs at 0 V bias under L-CPL and R-CPL with varied intensities.

(J) Polarization-dependent photocurrent recorded by the flexible PeLC-PDs.
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combines the optical chirality selectiveness of a soft helix and the

excellent optoelectronic performance of metal halide perovskite

thin-film diodes to create a flexible and integrable polarization de-

tector that is applicable to awide spectral range, creating new op-

portunities for research and applications in many fields, such as

chiroptics. These insights could drive the development of high-

performance, integratedsensinganddetectionchipswithsuperior

sensitivity and accuracy.

METHODS

Characterizations
All characterizations of perovskite films, CLCs, and PeLC-PD

devices are implemented at room temperature (25�C) to ensure

the stability and consistency of the sample performance.

EQE measurements were measured by the Newport-74125

system (Newport Instruments). EL images were then recorded

using an industrial charge-coupled device (CCD) camera

(MindVision) with a prime lens at 2 V forward bias. The CD

spectra were collected on a JASCO-1500 CD spectrometer

with a data pitch of 1 nm, a scanning rate of 500 nm/min, and

a standard sensitivity mode. The photocurrent from the device

was measured using a Keithley 2400 Source Meter at 0 V

voltage. The polarized optical microscopy (POM) images of

the CLC layer were observed under reflection mode and

captured by a CCD camera (Nikon LVPOL 100). SEM images

were obtained using a Helios G4 UC scanning electron micro-

scope. All samples for SEM measurements were coated with

2 nm Au. The atomic force microscope images were obtained

using a Horiba OmegaScope AFM scanning probe microscope

(HORIBA Scientific). The UV-vis absorption spectra and trans-

mittance spectra were recorded on a Shimadzu UV2600 spec-

trophotometer. The time-resolved photoluminescence (TRPL)

spectra were performed with a Edinburgh Instruments Fluores-

cence Spectrometer FLS1000 applied with a pulsed excitation

laser of 510 nm.

Figure 6. PeLC-PD array device for circular polarization imaging

(A) Photograph of the PeLC-PD array device. Scale bar: 5 mm.

(B) Schematic diagram of the circular polarization imaging by PeLC-PD array device.

(C and D) Illustration of spatial distribution of circular polarization states of the vector beam.

(E and F) Photographs of the vector beam detected by a CMOS camera through the left-handed circular polarizer. Scale bars: 3 mm.

(G and H) Profiles of the vector beam detected by a beam analyzer through the left-handed circular polarizer. Scale bars: 3 mm.

(I and J) Image results of the PeLC-PD array device under the vector beam.
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Calculation method
The optical transmittance of the CLC layer was calculated by the

programmed code based on the 3D finite-difference time-domain

(FDTD) method. The mesh accuracy was 2, and a perfectly

matched layer was utilized in the z direction to prevent unwanted

reflections, while periodic boundary conditions were employed in

the x and y directions for all the calculations. The polarized light

with arbitrary circular polarization can be achieved by combining

a linearpolarizer andaQWPwithvaryingangles from0� to360� be-
tween the linear polarization direction and the fast axis. The simu-

lation timewas5,000 fs, and theconvergencecriteriaweresetwith

an automatic shutoff minimum of 1 3 10�5. The extraordinary

refractive index ne of nematic LC SLC1717 is 1.739 and ordinary

refractive index no is 1.519 at a temperature of 20�C and a wave-

length of 532 nm. The refractive index of SiO2 is derived fromPalik.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Wei-Hong Zhu (whzhu@

ecust.edu.cn).

Materials availability

All the chemicals and reagents in this study were purchased and used directly

without further purification. Patterned ITO glass, quartz, organic halide salts

(FAI and MABr), PbI2, and C60 were purchased from Advanced Election Tech-

nology. PbBr2 was purchased from Macklin. CsI was purchased from Sigma-

Aldrich. MACl and BCP were purchased from Tokyo Chemical Industry. PTAA

and PEDOT:PSS were purchased from Xi’an Yuri Solar. All the anhydrous sol-

vents were purchased from Acros Organics. Nematic LC SLC1717 was pur-

chased from Shijiazhuang Slichem Display Material, LC monomer LC242

was purchased from Shanghai Haohong Scientific, chiral dopant R(S)-5011

was purchased from Hecheng Display, Irgacure 184 was purchased from An-

hui Senrise Technologies, sulfonic azo dye SD1 was purchased from Dai-

Nippon Ink and Chemicals, and ITO-coated PET substrate was purchased

from Shanghai Mifang Electronic Technology.

Data and code availability

The published article includes all data analyzed during this study. Any addi-

tional information required to reanalyze the data reported in this paper is avail-

able from the lead contact upon request.
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1. Supplemental Methods 

1.1 Fabrication of rigid and flexible perovskite photodiodes 

Glass/ITO and PET/ITO substrates were sequentially cleaned with soapy water, deionized 

water, and ethanol, by sonication for 20 min in each solution. Then the cleaned substrates 

were treated with UV ozone for 15 min before used. The PEDOT:PSS solution was prepared 

with a concentration of 1.3-1.7 wt% in H2O. The PTAA solution was prepared with a 

concentration of 2.5 mg mL-1 in chlorobenzene. MPA-CPA were dissolved in anhydrous 

ethanol at a concentration of 1.0 mg mL-1. The as-prepared solution was spin coated on the 

glass / ITO substrates at 3000 rpm for 30 s in a nitrogen filled glovebox. After annealing on a 

hotplate at 100oC for 10 min, the HTL coated substrates were cooled down to room 

temperature. 

The “FAMA” perovskite precursor was prepared by mixing 1.4 M FAPbI3 and MAPbBr3 

perovskite precursor in DMF : DMSO (4 : 1 volume ratio, v : v) with 9% PbX2 excess 

respectively (X = I or Br) in a volume ratio of 95 : 5. Then, 40 μL of CsI solution in DMSO (1.5 

M) was mixed with 960 μL of the above-mentioned “FAMA” solution. Additionally, 15 mol% 

MACl was added to the perovskite precursor solution resulting in triple cation perovskite 

precursor. 70 μL of the perovskite precursor was spin-coated onto the HTL coated ITO 

substrates (1.5 cm × 2.0 cm) at 4000 rpm for 40 s (5 s acceleration to 4000 rpm). 200 μL 

mixed antisolvent (chlorobenzene : isopropanol = 9 : 1, v : v, containing 0.5 mM F-PEAI) was 

slowly dripped onto the center of the film at 7 s before the end of spinning program. The 

perovskite film was obtained by annealing at 100oC for 60 min. After the perovskite deposition, 

20 nm of C60, 7 nm of BCP and 100 nm of silver electrode were thermally evaporated. The 

area of each perovskite photodiode is 0.09 cm2. 

 

1.2 Fabrication of rigid PeLC-PDs 

The quartz substrates were sequentially washed with deionized water, ethanol, and acetone 

for 30 min with sonication. The substrates were further cleaned with UV ozone treatment for 

20 min before used. Sulfonic azo dye SD1 solution was spin-coated onto the substrates under 

ambient atmospheric conditions and annealed at 100°C for 10 min to remove DMF. 

Subsequently, three adhesive tapes were stuck on the left, middle and right of the quartz, and 

covered the ITO substrate with perovskite photodiode. Noted that it is vital to make sure the 

close fit of two quartz. Then, the cell was irradiated under ultraviolet polarized light for 5 min. 

Different amounts of chiral dopant S-5011 or R-5011 (weight ratio to SLC1717) was added 

into SLC1717 and was stirred at 100°C for 2 h. Finally, SLC1717 with S- and R-5011 were 



loaded into the left and right cell in the PeLC-PD by capillary action, respectively. 

 

1.3 Fabrication of flexible PeLC-PDs 

The quartz substrates were sequentially washed with deionized water, ethanol, and acetone 

for 30 min with sonication. The substrates were further cleaned with UV ozone treatment for 

20 min before used. Sulfonic azo dye SD1 solution was spin-coated onto the substrates under 

ambient atmospheric conditions and annealed at 100°C for 10 min to remove DMF. 

Subsequently, the adhesive tape was sticked on another quartz, and cover the quartz 

substrate with SD1 coated. Noted that it is vital to make sure the close fit of two quartz. Then, 

the cell was irradiated under ultraviolet polarized light for 5 min. Different amounts of chiral 

dopant S-5011 or R-5011 (weight ratio to LC242) were added into LC242 and stirred at 100°C 

for 2 h. The mixture was loaded into the cell by capillary action and polymerized by ultraviolet 

exposure for 20 min. The cell was peeled off to obtain an individual chiral LC polymer film. 

Finally, a flexible PeLC-PD device was achieved by simply sticking the LC polymer film onto 

the incident side of perovskite photodiode. 

 

1.4 Fabrication of integrated PeLC-PD array 

The customized ITO substrates were sequentially washed with deionized water, ethanol, and 

acetone for 30 min with sonication. The substrates were further cleaned with UV ozone 

treatment for 20 min before used. The Perovskite photodiode was fabricated by the same 

method mentioned above. The area of each perovskite photodiode is 0.03 cm2. Sulfonic azo 

dye SD1 solution was spin-coated onto an ITO substrate under ambient atmospheric 

conditions and annealed at 100°C for 10 min to remove DMF. Subsequently, nine adhesive 

tapes were stuck on the ITO substrate, and cover the ITO substrate with perovskite 

photodiode. Then, the cell was irradiated under ultraviolet polarized light for 5 min. 2.8% chiral 

dopant S-5011 or R-5011 (weight ratio to SLC1717) was added into LC242 and was stirred 

at 100°C for 2 h. The S-handed and R-handed mixture was loaded into the cell by capillary 

action in an alternating order. Finally, a metal mask was covered on the ITO substrate. 

 

  



1.5 Characterization of the different polarization states by Poincaré sphere 

To measure the Stokes parameters S (see S0, S1, S2, S3 in Scheme 2), firstly, detecting the intensity 

I1, I2, I3 at different angles α = 0, 45°, and 90° while removing the QWP (β = 0), respectively. 

 

𝐼1 (𝛽 = 0, 𝛼 = 0) = 1/2 (𝑆0 + 𝑆1)                    (Equation S1) 

𝐼2 (𝛽 = 0, 𝛼 = 45𝑜) = 1/2 (𝑆0 + 𝑆2)                  (Equation S2) 

𝐼3 (𝛽 = 0, 𝛼 = 90𝑜) = 1/2 (𝑆0 − 𝑆1)                  (Equation S3) 

 

Then, detecting the intensity I4 as inserting the QWP at different angles β = 90°, α = 45°. 

 

𝐼4 (𝛽 = 90𝑜, 𝛼 = 45𝑜) = 1/2 (𝑆0 + 𝑆3)                (Equation S4) 

 

Finally, calculating the Stokes parameters from the four equations below. 

 

𝑆0 = (𝐼1 + 𝐼3)                        (Equation S5) 

𝑆1 = (𝐼1 − 𝐼3)                        (Equation S6) 

𝑆2 = 2𝐼2 − (𝐼1 + 𝐼3)                     (Equation S7) 

𝑆3 = 2𝐼4 − (𝐼1 + 𝐼3)                     (Equation S8) 

 

In general, the light beam is not completely polarized, so the degree of polarization, denoted by γ, is 

employed to quantify this property. It can be defined as follows: 

 

𝛾 =
√𝑆1

2 + 𝑆2
2 + 𝑆3

2

𝑆0
 

(Equation S9) 

 

Where, 0 < γ ≤ 1. This means that partially polarized light can be expressed as a sum of completely 

polarized light and unpolarized light. 

 

(

𝑆0

𝑆1

𝑆2

𝑆3

) = (1 − 𝛾) (

𝑆0

0
0
0

) + 𝛾 (

𝑆0

𝑆1/𝛾
𝑆2/𝛾
𝑆3/𝛾

) 

(Equation S10) 

 



When γ=1, it means that the light is completely polarized and can be expressed on the Poincaré 

spherical surface. Therefore, the north pole (0, 0, 1) represents right-handed polarization while the south 

pole (0, 0, -1) represents left-handed polarization. 

 

  



2. Supplemental Figures and Tables 

 

Figure S1. Cross-sectional scanning electron microscopy (SEM) images of perovskite photodiodes based 

on PEDOT:PSS, PTAA, and MPA-CPA, respectively. Scale bars: 1 μm. Related to Figure 2. 

 

Figure S2. Electroluminescence (EL) imaging of perovskite photodiodes based on different HTLs at 2 V 

forward bias, scale bars: 1 mm. The perovskite photodiodes based on MPA-CPA exhibit much more 

uniform emission than that of PEDOT:PSS and PTAA. Related to Figure 2. 

 

Figure S3. Illustration of the peeling off process for perovskite film. The perovskite film was covered with 

an epoxy coated cover glass, followed by ultraviolet light illumination for 20 s. The bottom perovskite 

surface was obtained by peeling off and washing with chlorobenzene to remove the residual HTL. Related 

to Figure 2. 



 

Figure S4. Absorption spectra of the bottom surface of perovskite films based on PEDOT:PSS, PTAA, and 

MPA-CPA. It shows negligible differences in the absorption of perovskite films based on three different 

types of HTLs, which may reveal that the variation in perovskite films on these HTLs lies in defects density 

at the bottom surface between the perovskite film and HTL, which further leads to the nonradiative 

recombination and affects EQE performance of the entire device. Related to Figure 2. 

 

Figure S5. XRD patterns of perovskite films deposited on PEDOT:PSS, PTAA and MPA-CPA, measured 

from the bottom side using the peeled-off samples. Related to Figure 2. 
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Figure S6. Top-view SEM images of the exposed bottom surface of perovskite films deposited on 

PEDOT:PSS, PTAA and MPA-CPA, scale bars: 1 μm. Obvious voids along with grain boundaries are 

observed in PEDOT:PSS and PTAA-based perovskite films, while the MPA-CPA-based film exhibits 

compact and uniform morphology. Related to Figure 2. 

 

Figure S7. AFM images of the exposed bottom surface of perovskite deposited on PEDOT:PSS, PTAA, 

and MPA-CPA, showing roughness of 22.01, 4.52, and 4.41 nm (obtained from root-mean-square), 

respectively. Related to Figure 2. 

 

Figure S8. Time-resolved PL decay at 790 nm of perovskite film based on three different HTLs with the 

EPL excitation at 510 nm. Related to Figure 2.  
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Figure S9. Schematic diagram of fabrication process for (A) single PeLC-PD and (B) paired PeLC-PD 

devices. Related to Figure 3. 

 

Figure S10. Molecular structures of nematic liquid crystal SLC1717 and chiral dopant S(R)-5011. Related 

to Figure 3. 



 

Figure S11. gCD spectra of the chiral LC layer. Related to Figure 3. 

 

Figure S12. Simulated transmittance spectra of R-CLC under the L- and R-CPL. Related to Figure 3. 

 

Figure S13. Simulated transmittance spectra of L-CLC under the L- and R-CPL. Related to Figure 3. 
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Figure S14. Time-resolved PL decay at 790 nm of perovskite film with and without chiral LC layer. Related 

to Figure 3. 

 

Figure S15. Photocurrent recorded by the green light responsive PeLC-PD based on R-CLC under L- and 

R-CPL with varied intensity from 10-1 to 103 μW cm-2 at 0 V bias, which is generated from a beam of 532-

nm laser followed by a linear polarizer and a QWP. Related to Figure 3. 
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Figure S16. External quantum efficiency (EQE) spectra of green light responsive paired PeLC-PDs. 

Related to Figure 4. 

 

Figure S17. Photocurrent recorded by the green light responsive paired PeLC-PDs under a beam of 532-

nm R-CPL with various intensity from 10-1 to 103 μW cm-2 at 0 V bias. Related to Figure 4. 
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Figure S18. Photocurrent recorded by the green light responsive paired PeLC-PDs based on R(S)-CLC 

under a beam of 532-nm linearly polarized light (LPL) with varied intensity from 10-1 to 103 μW cm-2 at 0 V 

bias. Related to Figure 4. 

 

Figure S19. Simulated transmittance of SLC1717 with 2.8% R(S)-5011 under varied polarization states, 

which was achieved by changing the angle between a linear polarizer and a QWP from 0o to 360o. Related 

to Figure 4. 
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Figure S20. Transmittance spectra of chiral LC layers that are prepared with different concentration of 

chiral dopant (R- or S-5011). Related to Figure 5. It is worth noting that the concentration of the chiral 

dopant significantly affects the wavelength position of photonic bandgap in chiral LC, which stems from its 

variable pitch length. The relation between chiral dopant concentration ( 𝑐 ) and photonic bandgap 

wavelength (𝜆𝑝 ) can be expressed by the equation 𝜆𝑝 = 𝑛̅/(𝑐 ∙ 𝐻𝑇𝑃) , where 𝑛̅ , and 𝐻𝑇𝑃  refer to the 

average refractive index of LC, helical twisting power, respectively. As the concentration of the chiral 

dopant increases, the twist in the LC intensifies, leading to a shortening of the pitch length and a blueshift 

of the photonic bandgap. 

 

Figure S21. Circular dichroism (CD) spectra of blue and red light responsive PeLC-PDs. Related to Figure 

5. 
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Figure S22. EQE spectra of blue, green and red light responsive PeLC-PDs. Related to Figure 5. 
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Figure S23. Photocurrent recorded by the blue and red light responsive paired PeLC-PDs at 0 V bias 

under a beam of 405-nm and 633-nm (a, b) L-CPL, (c, d) R-CPL, and (e, f) LPL with varied intensity from 

10-1 to 103 μW cm-2. Related to Figure 5. 

 

Figure S24. Molecular structure of nematic LC monomer LC242. Related to Figure 5. 



 

Figure S25. Photographs of flexible blue, green, and red light responsive PeLC-PDs. The devices were 

fabricated by simply sticking the individual LC polymer films onto the incident side of the perovskite 

photodiode. Scale bars: 5 mm. Related to Figure 5. 

 

Figure S26. EQE spectra of flexible blue, green, and red light responsive PeLC-PD. Related to Figure 5. 

 

Figure S27. Transmittance spectra of rigid ITO/glass and flexible IEO/PET substrates used in this work. 

Related to Figure 5. 
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Figure S28. Photocurrent recorded by the flexible blue and red light responsive PeLC-PDs at 0 V bias 

under a beam of 405-nm and 633-nm (a, b) L-CPL, (c, d)R-CPL, and (e, f)LPL with varied intensity from 

10-1 to 103 μW cm-2. Related to Figure 5. 



Figure S29. Polarization-dependent photocurrent recorded by the flexible blue and red light responsive 

PeLC-PDs in a polar coordinate system. Dark and dash line refer to the photocurrent from PeLC-PD based 

on R-CLC at right and S-CLC at left side, respectively. Related to Figure 5. 

 

Figure S30. Schematic illustration of the PeLC-PD array. Related to Figure 6. 
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Figure S31. Photograph of vector beam detected by a CMOS camera. Scale bars: 3 mm. Related to Figure 

6. 

 

Table S1. Responsivity (R) and linear dynamic range (LDR) of the blue, green, and red light responsive 

paired PeLC-PDs under L(R)-CPL at 405 nm, 532 nm, and 633 nm, respectively. Related to Figure 3 and 

5. 

Wavelength of incident light (nm) 405 532 633 

Circular polarization state of incident light LCP RCP LCP RCP LCP RCP 

Responsivity (mA W-1) 
S 6 260 2 291 9 294 

R 234 7 294 3 278 7 

LDR (dB) 
S 52 55 55 56 57 58 

R 57 54 56 55 56 54 

 

 

 

Scheme 1. Illustration of measuring the Stokes parameters. The incident light, after traversing the quarter-

wave plate (QWP) and linear polarizer oriented at angles β and α, respectively, was detected in terms of 

intensity using an optical power meter.1,2 



 

Scheme 2. Description of polarization states of light. 
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