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Abstract

Circularly polarized light (CPL) features electromagnetic vectors that rotate regularly in a plane perpendicular to the direction of propagation,
transmitting optical chirality information that is imperceptible to human beings. CPL can be classified into the left-handed and right-handed
circularly polarization light (L-/R-CPL), depending on whether the rotation direction is clockwise or anticlockwise, respectively. The ability to
manipulate and characterize CPL is crucial for advancing various optical technologies, making the effective and direct detection of CPL
extremely important. Breeding in the hotbed provided by the explosively increased chiral materials with CPL luminescence and strong
circular dichroism (CD), CPL detectors are currently experiencing savage growth. Mainstream strategies can be divided into the leverage of
photoactive materials with inherent chirality and the integration of chiral metamaterials with nonchiral photoactive materials. In this review,
we not only highlight significant material innovations and detector architectures for CPL detection but also address the broader implications
of these advancements. We discuss the challenges and future directions in this field, particularly focusing on how these developments could
impact existing commodities, such as polarimetric imaging and security communications, and contribute to sustainability in technology
through improved detection efficiency. Our goal is to inspire further promising developments in CPL photodetectors and encourage a
broader application spectrum.
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1. Introduction

Light, serving as a high-entropy information carrier, connects human minds to the real world through the eyes. Without
exaggeration, modern civilization has been built on the foundation of understanding and manipulating light['l. In addition to the
commonly utilized characteristics of light, such as frequency and intensity, the polarization state of light offers another dimension for
developing advanced optical technologies in areas like quantum physics and spectroscopy!?>l. Polarized light can generally be
classified into linearly and elliptically polarized light. Circularly polarized light (CPL), a special case of elliptically polarized light that

conveys the spin angular momentum of j; — /. for photons, has garnered significant research interest due to its broad application
prospects in various fields such as quantum communication and computingl>°l, stereoscopic three-dimensional displays!’],
noninvasive biomedical diagnostics!®!, optical data storagel’], circular dichroism (CD) spectroscopy!'"), and polarimetric imaging and
sensing!'!l. Given the extensive potential applications of CPL, its effective detection is of critical importance. At the time of writing,
mainstream methods for CPL detection involve discriminating photocurrents when illuminated by left-handed circularly polarized
light (L-CPL) and right-handed circularly polarized light (R-CPL), respectively. L-CPL and R-CPL, while identical in frequency and
intensity, differ in the rotation direction of the electromagnetic vectors on the plane perpendicular to the propagation direction.
When observed facing the direction of propagation, the electric vector of L-CPL rotates clockwise, while that of R-CPL rotates
anticlockwise (Figure 1a)l'?l. Traditional detection of CPL relies on a physical method that uses a combination of a quarter-wave plate
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and a linear polarizer, a process that can be reversed to generate CPL. However, the inclusion of these additional optical components
into a photodetector significantly hinders the miniaturization and operation efficiency of the entire system.
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Figure 1. (a) Definition of LCP/RCP light (left/right); Schematic illustrations of (b) lateral; (c) Vertical CPL photodetectors based on photoactive materials with inherent chirality;
(d) CPL photodetectors enabled by chiral metamaterial. LCP: left-handed circularly polarized; RCP: right-handed circularly polarized; CPL: circularly polarized light;

ITO: indium-tin oxide.

Recently, the burgeoning development in the synthesis of various photoactive materials with inherent chirality and the design of
chiral metamaterials has significantly alleviated this issuel!>33l. The commonly used chiral materials for CPL detection can be
categorized into chiral organic materials, chiral inorganic materials, and chiral organic-inorganic hybrid materials!'?-343¢°l. By
leveraging these materials, researchers have developed CPL photodetectors with architectures that include lateral photoconductors
and phototransistors (Figure 1b)l'41921.2436-491 " a5 well as vertical photodiodes (Figure 1¢)l'%17.23:50-53], In addition to using photoactive
materials with inherent chirality, researchers have also extensively fabricated CPL photodetectors by patterning chiral metamaterials
onto semiconducting channels using micro-/nano-fabrication technologies (Figure 1d)[3%-54-5%, Despite these encouraging
advancements, the miniaturization of CPL photodetectors still has a long way to go before commercialization can be realized. Many
challenges remain to be addressed in this research field.

In this review, we first provide an overview of common chiral materials used for CPL detection, followed by a discussion of various
CPL photodetector architectures, with an emphasis on their performance metrics. This is expected to offer valuable guidance for
future optimization of device performance. Next, representative and promising application prospects of CPL photodetectors will be
reviewed. In the end, we provide an outlook on the challenges within the research field of CPL detection, specifically the issues
related to the limited discrimination capability of currently reported CPL photodetectors, the poor thermal stability and small carrier
mobilities of most chiral organic materials used for CPL detection, and the fact that the design and fabrication of CPL photodetectors
are still confined to the single-device level. The insights presented in this review have the potential to significantly impact fields such
as in-sensor neuromorphic computing systems using CPL as the input, polarimetric imaging, and security optical communications,
where advanced CPL detection can facilitate substantial advancements.
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2. Chiral Materials for CPL Detection

Chiral materials refer to objects that cannot be superimposed onto their mirror images. Due to this unique structure, these materials
often exhibit different light-matter interactions with left-handed and right-handed circular polarization states, which enables
discrimination between L-CPL and R-CPL. Commonly used chiral materials for CPL detection include chiral organic materials and
chiral organic-inorganic hybrid perovskites. Compared to inorganic materials, organic materials typically offer several advantages
when applied in photodetection, such as low preparation cost, high mechanical flexibility, large light absorption coefficient, and light
weight per volumel®®°2, Moreover, the extensive variety in chemical synthesis pathways allows for the introduction of chirality,
which enables CPL sensitivityl°’l. Chiral organic materials can usually be categorized into chiral molecules (Figure 2a)l!*19.04]
self-assembled supramolecular structures (Figure 2b)*7-3%-%51 and chiral conjugated polymers (Figure 2¢)I!3-50,00,67],

Chiral organic materials
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Figure 2. Schematic illustration of chiral materials for CPL detection. (a) Chiral molecules; (b) Supramolecular structures; (c) Chiral conjugated polymers; (d) Chiral
organic-inorganic hybrid perovskites. Other chiral materials such as (e) chiral COFs; (f) Chiral metal nanoclusters. CPL: circularly polarized light; COFs: covalent-organic

frameworks.

Typical examples of chiral molecules are helical-shaped helicenes and chiral fullerenes. Helicenes consist of ortho-condensed
aromatic rings, which are angularly conjugated to form a screw-shaped skeleton, as depicted in Figure 2bl°®l, Depending on the screw
directions, helicenes can be usually found in both right-handed and left-handed forms. This helically chiral molecular structure
endows these materials with many intriguing chirality-related responses. In 2023, Yang et al. prepared the 1-aza[6]helicene via a
previously reported synthetic strategy, successfully separating the 1-aza[6]helicene into enantiomerically pure
right-handed (+)-1-aza[6]helicene and left-handed (-)-1-aza[6]helicenel!*°°l, Leveraging the good solubility of 1-aza[6]helicene in
toluene, the authors prepared the thin films of (+)-1-aza[6]helicene and (-)-1-aza[6]helicene through spin-coating and demonstrated
the strong handedness-dependent optical absorption in the CD spectra. Subsequent phototransistors were demonstrated, which
could effectively discriminate between L-CPL and R-CPL thanks to the chiroptical properties of the 1-aza[6]helicene. Beyond organic
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molecules with helical chirality, other chiral compounds, including axially chiral and point chiral molecules, also demonstrate
significant potential for application in CPL detection!’’). In 2024, Kwon et al. synthesized a pair of axially chiral enantiomers, (R)-1 and
(S)-1, by linking the 1,1'-binaphthyl (BN) chiral scaffold to the n-type semiconducting naphthalene diimides (NDIs)!"!l. They then
deposited thin films of both enantiomers via thermal evaporation onto SiO,/n++ Si wafers. These films were utilized to fabricate
organic field-effect transistors that exhibited significant CPL discrimination capability. Additionally, point chiral molecules, such as
chiral methylbenzylammonium molecules, have been widely incorporated into photoactive materials like perovskites for CPL
detection, as will be discussed later($:7%73], Chiral fullerenes, derivatives of the famous carbon spheres, have also been used to
advance CPL detection!’!l. Although the physicochemical properties of the fullerenes have been enriched via the development of
various derivatives, the poor solubility of the parent fullerene in organic solvents impedes their application prospects. The
preparation of bis[60] phenyl-C61-butyric acid methyl ester(PCBM) through the addition of solubilizing addends to C4, using the
cycloaddition chemistry has significantly addressed this issuel”>7°l. In 2021, Shi et al. separated ten pairs of enantiomers from the
nineteen structural isomers of bis[60]PCBM[*°l. Based on the comprehensive study of the chiroptical properties of these chiral
fullerenes, the authors concluded that greater asymmetry in the electron distribution within the fullerene cage leads to a larger
chiroptical response. This finding provides a guideline for designing chiral fullerenes for CPL detection.

Beyond chiral molecules, helical-arranged supramolecular assemblies, which are schematically illustrated in Figure 2b, also exhibit
strong chiroptical properties via the chirality amplification effectl’’-78l. This is typically achieved via the so-called
“sergeants-and-soldiers” and “majority rules”, where the chirality of the supramolecular assembles is controlled by a small portion of
chiral molecules and a slight enantiomeric excess, respectivelyl®>7°l, In 2017, Shang et al. prepared the homochiral and heterochiral
n-type nanowires based on the supramolecular assemblies of N,N'-bis-(1'-phenylethyl)per-ylene-3,4,9,10-tetracarboxyldiimide
molecules via the bottom-up self-assembly strategy and systematically characterized their electrical and chiroptical properties!®7.
The heterochiral nanowires were fabricated via the alternative self-stacking of opposite enantiomers, while the homochiral
nanowires were fabricated from pure enantiomers. Compared to their monomeric equivalents, the helical-arranged supramolecular
assemblies exhibited significantly enhanced chiroptical sensing, demonstrating the amplification of chiroptical responses. Aside from
these chiral molecular assemblies, achiral compounds can also be used to prepare chiral supramolecular aggregates!’®8%81, In 2022,
Liu et al. reported on the development of small-molecule organic solar cell featuring supramolecular chirality for CPL detection!®l,
These devices were constructed from the bulk heterojunction, a blend of chiral small-molecular diketopyrrolopyrrole-hexathiophene
as the electron donor with achiral (6,6)-phenyl C61 butyric acid methyl ester as the electron acceptor. Although the helicity of the
resulting supramolecular aggregates in films was not clearly discernible, their significant chiroptical properties were confirmed by
strong CD signals. This discovery suggests that incorporating achiral components into chiral aggregates do not compromise the
formation of the chiral phase.

Conjugated polymers, exhibiting advantages such as facilitated preparation in thin films and high tunability for optoelectronics, can
also be designed for CPL detection!®®¢7l, To induce chiroptical properties of these material systems, several strategies have been
developed, including the direct synthesis of inherently chiral polymers and the doping of achiral materials with chiral dopants. For
instance, Gilot et al. prepared polymer thin films of chiral poly(fluorene-alt-dithienylbenzothiadiazole) (PFDTMT) 1 with large CD
signal for photovoltaic cells sensitive to CPL!I*3l. Compared to the device fabricated from the achiral analogue PFDTMT 2, which
presents a small average dissymmetry factor (gy. = +2 x 10°°) for the photocurrent under the illumination of R-CPL and L-CPL, the
photovoltaic cell made from PFDTMT 1 shows a much higher value of +0.7 x 1072, This significant contrast corroborated the
application potential of chiral conjugated polymers for CPL detection. On the other hand, the direct synthesis of chiral polymers can
be hindered by the low yields and complex synthesis routes. Alternatively, doping chiral molecules into achiral polymers, as
illustrated in Figure 2c, could be another viable strategy. This simple and straightforward approach can indue the transfer of chirality
from chiral molecules to semiconducting polymers. In 2019, Kim et al. blended the achiral poly[3-(6-carboxyhexyl)thiophene-2,5-diyl]
(P3CT) polymer semiconductor with helical (R)-(+)-1,1'-binaphthyl-2,2'-diamine (BN(R))/(S)-(-)-1,1'-binaphthyl-2,2-diamine (BN(S))
molecules to obtain thin films with chiroptical responses®’l. These responses can be attributed to the intermolecular interactions
between P3CT and BN molecules.

In addition to chiral organic materials, the chiral organic-inorganic materials system, represented by the integration of chiral cations
into perovskite skeletons, has also been extensively studied for highly efficient and compact CPL detection!?!,23,24,40,42,53,82-86],
Perovskites nowadays have been extensively used in photovoltaics due to their superior optoelectronic properties, which include low
preparation cost, high light absorption coefficients, tunable absorption spectral®’-*¢l. Many effective strategies have been proposed to
endow perovskites with both high mobility and photosensitivity. In 2022, Ferreira et al. developed a simple salt treatment to improve
charge transfer by connecting perovskite quantum dots!®’l. This technique significantly optimized the photodetector performance,
achieving a high dark hole mobility of 14.2 cm? V! s'! and a specific detectivity of 10!® Jones. In addition, perovskite compositions are
highly tunable, enabling the introduction of chiral organic molecules as cations (left panel in Figure 2d). This synthesis strategy allows
for the integration of excellent optoelectronic properties with the chirality, facilitating the development of organic-inorganic hybrid
perovskites (right panel in Figure 2d) for CPL detection. In 2019, Chen et al. selected the enantiomers of right-handed
o-phenylethylamine (R-o-PEA) and left-handed o-phenylethylamine (S-a-PEA) to prepare the organic-inorganic hybrid perovskite
(R- and S-a-PEA)PDI;?!L. After dissolving the prepared chiral perovskites into N,N-anhydrous dimethylformamide and spin-coating the
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precursor solution into thin films, the authors observed two intense peaks at 328 and 392 nm in the CD spectra of the films. The
strong CD signals suggest the application potential for these chiral perovskites in subsequent CPL photodetectors. Considering the
environmental issues associated with leaded perovskites, Li et al. prepared chiral lead-free hybrid perovskites, [(R)-3-MPA],AgBilg
((R)-B-MPA = (R)-(+)-B-methylphenethylammonium, 1-R) and [(S)-B-MPA],AgBilg ((S)-B-MPA = (S)-(+)-B-methylphenethylammonium,
1-S)*9l, The thin films of 1-R and 1-S exhibited strong CD signals with opposite values in their CD spectra, corroborating the
chiroptical properties of these prepared chiral organic-inorganic hybrid perovskites.

Chiral organic materials and organic-inorganic hybrid perovskites constitute the main body of photoactive materials with inherent
chirality for CPL detection. Additionally, chiral covalent-organic frameworks (COFs) (Figure 2e), chiral metal-organic frameworks
(MOFs) and other chiral organic-inorganic hybrids such as chiral metal nanoclusters (Figure 2f) also deserve to be explored to
advance CPL detection!?0728:38.90921 For example, in 2023 and 2024, Gu et al. and Tang et al. demonstrated the construction of
two-dimensional (2D) chiral COFs by introducing 5,10,15,20-tetrakis(4-aminophenyl)porphyrinaldehyde to chiral
2,5-bis((S/R)-2-methylbutoxy)terephthalaldehyde and the condensation reactions of C;-symmetric 4,4',4"'-(1,3,5-triazine-2,4,6-
triyDtribenzaldehyde (Tz) with three flexible chiral dihydrazide linkers derived from malic acid, aspartic acid and tartaric acid for CPL
detection, respectively?®?7l. Other metal frameworks can also be integrated with chiral organic molecules for chiral hybrids. In 2021,
Hao et al. reported the synthesis of chiral organic-inorganic hybrids by integrating zero-dimensional (0D) chiral copper chloride
templated with chiral methylbenzylammonium ((R-/S-MBA),CuCl,) for direct CPL detectionl*®l. The chiroptical properties of the
prepared (R-/S-MBA),CuCl, were demonstrated by the strong CD signals in their CD spectra. In 2024, He et al. synthesized a pair of
enantiomers, silver nanoclusters (R/S-Ag;), through the reaction between organic chiral R/S-2-diphenyl-2-
hydroxymethylpyrrolidine-1-dithiocarboxylic acid (R/S-DMA) and 2,6-bis(diphenylphosphino)pyridine (dpppy) in the presence of
inorganic salt AgBF,?8l.

The vast synthesis routes for abundant chiral materials have significantly advanced the development of CPL photodetectors.
However, the chiroptical responses of most materials originate from chiral organic molecules, which may compromise the
endurability of the subsequent devices. In the future, more efforts will be needed to optimize device architecture and develop chiral
materials with higher thermal stability.

3. Figures of Merit for CPL Photodetectors and Device Architectures

The performance of CPL photodetectors can be evaluated similarly to those traditional photodetectors by figures of merit such as
responsivity, external quantum efficiency (EQE), specific detectivity (D*), and response speed, except for the most crucial parameter,
the dissymmetry factor (g). This dissymmetry factor measures the ability of CPL photodetectors to distinguish L-CPL and R-CPL. The
dissymmetry factor g is typically defined by the photocurrents (I; and Iz) under the illumination of L-CPL and R-CPL as[*!

o =2 (751) )

Ip+1Ig

The dissymmetry factor can also be defined using photoresponsivity as g,.. It should be noted that g,.; usually equals g, because it is
essential to maintain consistent laser power for both L-CPL and R-CPL during the measurement of the discrimination ability.

Since CPL photodetectors exhibit differentiated light-matter interactions under the illumination of L-CPL and R-CPL, other figures of
merit should be characterized with speciating the polarization state of light.

Responsivity, measuring the ability of the CPL photodetector to convert the optical signals into electrical signals, is defined as!’’!

I Ip

R @

where Piﬁ (Pif) is the power of the incident L-CPL (R-CPL).
EQE, telling the additional carriers generated per incident photon, is calculated by
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where h, c, e, and A are Planck’s constant, light speed, elementary charge, and the wavelength of the incident light, respectively.

D, a critical figure of merit for photodetectors, quantifies their ability to detect weak signals while considering the device
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configurations. It is calculated by
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where A represents the photoactive area, and Af;) and Afz denote the bandwidths of the photodetectors for L-CPL and R-CPL,
respectively. The noise equivalent power for each polarization, NEP;, and NEP indicate the minimum light signal power that can be
distinguished from the background noise under the illumination of left handed circularly polarized (LCP) and right hand circularly
polarized (RCP) light, respectively. NEP is defined by the equation (5).

72 72
NEPW = V' Npp® — Vi ®)
Ry, Rp

Here, i, is the background noise current, which simplifies to i, = 1/2iq.x eAf in cases where shot noise is the dominant component
with i, denoting the dark current.

Response time (7,;) measures the response speed of the photodetector to optical signals and typically consists of two components: rise
time (T,s.) and fall time (Tgyy). Ty is defined as the time required for the photocurrent in the device to increase from 10% to 90% of its
peak value, while T, represents the time it takes to decrease from 90% to 10%. Most reported CPL photodetectors present slow
response speeds, limited by the small carrier mobilities in organic thin films.

Leveraging the chiroptical response of photoactive materials with inherent chirality, CPL photodetectors can adopt either lateral
(Figure 1b) or vertical (Figure 1c) structures to maximize the interactions between CPL-dipole (or charge) interactions within these
materials[!421.30.94-9] [ ateral-structure CPL photodetectors usually include phototransistors and photoconductors. Compared to
photoconductors, phototransistors are equipped with a third gate electrode that tunes the carrier densities via an applied vertical
electrical field!”-°8l. A phototransistor can also operate in the photoconductor mode without applying gate voltage. Figure 3a
illustrates a CPL phototransistor, as reported by Lee et al., constructed from a heterostructure composed of chiral of 2,2'-((4,4'-((2,5-
bis(2-octyldodecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)bias(thiophene-5,2-
diyl))bis(benzoyl))bis(azanediyl))bis(N1,N5-didodecylpentanediamide) (DPPPT) nanohelices and InGaZnO (IGZO)!*4l. Utilizing the
considerable chiroptical properties of the synthesized chiral nanohelices, the right-handed CPL phototransistor (R-DPPPT-cPTr)
demonstrated effective discrimination between 520-nm L-CPL and R-CPL, as depicted in Figure 3b. In addition, following the
successful preparation of right-handed (+)-1-aza[6]helicene and left-handed (-)-1-aza[6]helicene thin films, Yang et al. proceeded to
fabricate phototransistors for direct CPL detection!'l. The demonstrated organic transistor exhibited a considerable on/off current
ratio of ~10* at a bias of V4, = -60 V in the dark. The extracted field-effect mobility reached U = 10™* cm? V' 5’1, Moreover, based on
the chiroptical responses of the prepared chiral thin films, the fabricated helicene phototransistors exhibited distinct response to CPL
with different polarization states. The transfer curves for the device based on right-handed (+)-1-aza[6]helicene thin film were
measured in the dark and under illumination of L-CPL and R-CPL, respectively. The wavelength of the CPL was set at 365 nm, at which
these helicene thin films exhibit the strongest CD signals. This result demonstrates that chiral (+)-1-aza[6]helicene molecules give this
phototransistor a stronger response to R-CPL than to L-CPL. It is worth mentioning that the freshly spin-coated helicene films
underwent an annealing process to increase the size of the crystal domains, a common strategy employed to enhance the quality of
organic thin films®’l. Similarly, based on the preparation of chiral thin films containing organic-inorganic hybrid perovskites (R- and
S-a-PEA)PDI;, Chen et al. reported on the fabrication of flexible CPL photoconductors. The photograph of the fabricated device is
shown in the inset of Figure 3c, where flexible polyethylene terephthalate was selected as the substrate. Compared with using the
rigid quartz as the substrate, the flexible CPL photoconductor achieves a slightly smaller dissymmetry factor of g,.s = 0.08 < 0.1. The
responsivity of the flexible device under 395-nm LCP and 395-nm RCP are 0.090 and 0.098 A W1, respectively. Moreover, after bending
100 times, g,.s did not show any observable degradation, as shown in Figure 3c.

Vertical-structure CPL photodetectors primarily comprise photodiodes, with transparent indium-tin oxide (ITO) commonly used as
the electrode to facilitate the reception of optical signals!’>°°l. A unique advantage of photodiode compared to phototransistors and
photoconductors is that photodiodes can separate photogenerated carriers in built-in electric fields, enabling self-powered
photodetection without the need for an external electric bias[’>!%l, Figure 3d illustrates a photodiode made from one-dimensional
chiral perovskite R-(+)- and S-(-)-1-(1-naphtyl)ethylamine (R- and S-NEA)PbI3[?*], In this configuration, the transparent conducting
oxide was selected as the bottom electrode to facilitate the incidence of L-CPL and R-CPL. As shown in Figure 3e, the fabricated
device exhibited superior discrimination capability between 395-nm L-CPL and R-CPL. In 2024, Zhang et al. demonstrated
self-powered CPL photodiodes using 2D chiral perovskites!’’]l. These perovskites incorporated mixed chiral aryl (R)-(+),
(S)-(-)-o-methylbenzylammonium and achiral alkyl n-butylammonium cations. In the design of their vertical photodiode, the built-in
potential, facilitated by an asymmetrical electrode configuration, enables the separation of photogenerated carriers without the need
for an external bias voltage. This design allows the device to operate with self-powered capabilities, achieving a specific detectivity of
2.45 x 10'2 Jones at zero bias. In 2023, Song et al. reported on CPL photodetection based on helical polymers[®5l. The helical
photoactive materials were synthesized using a chiral templating methodology. Which involved the use of a volatile enantiomer
(R5011/85011) as the growth template, which was later removed via sublimation. Additionally, R[6,6]-phenyl-C71-butyric acid methyl
ester (PC,oBM) was incorporated as the charge acceptor unit in the device. Based on these prepared flexible chiroptical layers, the
authors demonstrated effective CPL detectionand the reported CPL photodetector successfully monitored the polarization state of the
incident CPL, achieving an excellent dissymmetric factor g, = -1.2. According to the authors, this is the highest value among organic
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photodiodes fabricated from continuous and homogenous active layers. The authors further extended the photodiodes into a 30 x 30
matrix covering a 3 x 3 cm? area, which clearly captured a ‘heart-shaped’ image in CPL detection mode. Limited by the large bandgap
of the chiral organic materials, the response range of the demonstrated CPL photodetectors is typically confined to the ultraviolet to
visible (UV-vis) spectra. In 2023, Wan et al. developed a strategy that enabled CPL detection in the near infrared (NIR) regimel”°l. Their
strategy, demonstrated to be effective with various non-fullerene acceptors (NFAs), leveraged the strong excitonic coupling between
adjacent NFA molecules to introduce strong CD signals in NFAs-based thin films. In experiments, the archetypal NFA, a symmetric
indacenodithieno[3,2-b]-thiophene (IDTT) core and two 1,1-dicyanomethylene-3-indanone (IC) end groups, was selected to blend
with the chiral compound R5011 to fabricate a CPL photodiode, as shown in Figure 3f. This photodiode exhibited strong
discrimination capability towards 700-nm L-CPL and R-CPL, achieving a maximum g, = -0.11 at a bias of -2.0 V (Figure 3f). The
authors attributed this NIR response to the strong light absorption in that band, induced by a combination of the 7t-7* IDTT transition
and a charge transfer transition from the IDTT core to the IC end.
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Figure 3. Later-structure CPL photodetectors. (a) Schematic illustration of a CPL phototransistor based on a heterojunction comprising DPPPT nanohelices and IGZO;
(b) Transfer curves of (R)-DPPPT CPL phototransistor measured in the dark, and under illumination of LCP and RCP light, respectively. V, = 30 V, A =520 nm,
Pin = 500 pW cm2. Reproduced from reference®?. CC BY 4.0; (c) Folding cycles-dependent current variation of the CPL photoconductor made from (R-a-PEA)Pbl,, measured
in the dark and under illumination of 395-nm L-CPL, R-CPL, respectively, along with g,... Inset provides the photograph of the fabricated device. Adapted from reference!?",
CC BY 4.0. Vertical-structure CPL photodetectors; (d) Schematic illustration of a photodiode made from the helical 1D (R-/S-NEA)PbL, perovskite; (e) Left panel: J-V curves of the
photodiode made from (R-NEA)PbI; measured in the dark, and under illumination of LCP and RCP light, respectively. Right panel: Current evolution triggered by LCP and RCP
light pulses, respectively. V=-0.5V, A =395 nm, P,, = 1.0 mW cm Reproduced from referencel®?). CC BY 4.0; (f) Current-voltage curves of the CPL photodiode based on chiral
ITIC blends under illumination of L-CPL and R-CPL. Inset: Voltage-dependent g,,. Reproduced from reference. CC BY 4.0. CPL photodetectors enabled by chiral
metamaterials; (g) Wavelength-dependent CPL discrimination ratio of the device decorated by left-handed and right-handed metamaterials, respectively. Inset provides the

SEM image of the prepared metamaterials; (h) Images of the Vanderbilt University logo, patterned with left-handed and right-handed metamaterial under illumination of
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L-CPL (upper left) and R-CPL (upper right). Photocurrent mappings of the metamaterial pattern under illumination of L-CPL (lower left) and R-CPL (lower right). Scale bar:
10 pm. Reproduced from referencet”. CC BY 4.0; (i) Gate voltage-dependent photocurrent of the phototransistor, decorated by chiral Au nanoparticles, under illumination of
L-CPL and R-CPL. Inset depicts the schematic illustration of the device and measurement conditions. Reproduced from reference!*"’. CC BY 4.0. IGZO: InGaZnO; DPPPT: 2,2
((4,4-((2,5-bis(2-octyldodecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)bias(thiophene-5,2-diyl))bis(benzoyl))bis(azanediyl))bis(N1,N5-
didodecylpentanediamide); CPL: circularly polarized light; R-a-PEA: right-handed a-phenylethylamine; SEM: scanning electron microscopy.

Beyond lateral-structure and vertical-structure CPL photodetectors that utilize inherently chiral photoactive materials, chiral metal
nanostructures can also be designed to impart chiroptical responses to achiral photoactive materials[3%->>191], These chiroptical
responses are mainly related to the generation of hot carriers in chiral metamaterials under CPL illumination, and the response
spectra typically depend on the geometry design of the metamaterials!'°>1%3, Different from those photodetectors based on
photoactive materials with inherent chirality, which mainly exhibit chiroptical response in the UV-vis range, these devices enabled by
chiral metamaterials demonstrate a longer wavelength response. This response is determined by the geometrical sizes of the
metamaterialsl®®l. In 2015, Li et al. specifically designed chiral plasmonic metamaterials beneath n-type silicon (Si) to create an
ultracompact CPL detector®"l. The chiral metamaterials have been patterned into left-handed and right-handed, as shown in the inset
of Figure 3g. The fabricated left-handed chiral metamaterials exhibit strong absorption of LCP and reflect most RCP at the resonance
peak of 1,340 nm. Conversely, the right-handed chiral metamaterials display the opposite behavior, which is consistent with the
electromagnetic simulations. The distinct absorption and reflection of CPL lead to a CD greater than 0.7 at 1,340 nm for these chiral
metamaterials, as shown in Figure 3g. The complementary intensity in the images of the Vanderbilt University logo, which comprises
alternating left-handed and right-handed chiral metamaterials illuminated by L-CPL and R-CPL, further demonstrate the chiroptical
properties of the designed patterns (upper panels in Figure 3h). The good contrast of the photocurrent mappings triggered by L-CPL
and R-CPL corroborates the CPL detection ability of the fabricated device, which is shown in the lower panels in Figure 3h. In 2022,
Namgung et al. synthesized chiral gold (Au) nanoparticles and deposited them onto an achiral IGZO semiconducting channel for a
chiral phototransistor!'!l. The device structure and measurement conditions are illustrated in the inset of Figure 3i. Due to the
different generation rates of hot electrons in these chiral nanoparticles when illuminated by L-CPL and R-CPL, the photocurrent in
the fabricated CPL photodetector is influenced by both the tunneling length and light chirality (Figure 3i). This dependence
demonstrates the significant potential of this device to distinguish between the polarization state of CPL.

Although various CPL photodetectors have been reported, it must be acknowledged that the development of these devices is still in
its infancy. The overwhelming majority of these reports focus on single-device levels, with only a few demonstrating very small-scale
device arrays. Significant efforts are needed to explore effective material preparation methods for large-scale chiral thin films and to
optimize device architectures for large-scale device arrays.

4. Potential Applications for CPL Photodetectors

Leveraging the unique ability to distinguish between L-CPL and R-CPL, CPL photodetectors exhibit extensive application prospects
that go beyond the capabilities of traditional photodetectors. For example, as shown in Figure 4a,b, CPL photodetectors can be
utilized as optoelectronic artificial synapses to build a neuromorphic computing system for recognizing images containing
information about circular polarization states!>>4%101l, Based on the CPL photodetector, which was enabled by chiral Au nanoparticles
and exhibited polarization state-dependent volatile optoelectronic memory behaviors, Namgung et al. simulated an
opto-neuromorphic computing system capable of performing image classification work!'°!l. The simulated computing system
comprises an artificial neural network, which consists of 784 input neurons, 300 hidden neurons, and 10 output neurons, and uses the
fabricated CPL photodetectors to receive CPL of different wavelengths emitted by the images being recognized. Due to the different
light-matter interactions between the chiral Au nanoparticles and the 635-nm and 780-nm lasers, the fabricated CPL photodetector
exhibits different volatile current evolutions at these wavelengths. At A = 635 nm, the fabricated device exhibits a higher post synaptic
current (PSC) triggered by R-CPL, and the simulated computing system achieves a higher classification accuracy on the Modified
National Institute of Standards and Technology (MNIST) dataset of handwritten digits. Conversely, at A = 780 nm, L-CPL triggers a
higher PSC in the photodetector and results in higher classification accuracy in the computing system. In 2023, Liu et al. reported on
an optoelectronic artificial synapse, enabled by a CPL photodetector operating in the UV rangel?>l. The photoactive material of this
CPL photodetector consists of a combination of helical chiral perovskite hybrid and single-wall carbon nanotubes. The circular
polarization-dependent photoresponse is attributed to the hole transfer from the perovskite to single-wall carbon nanotubes. In this
work, the fabricated CPL photodetector functions as spiking neurons within a simulated spiking neural network designed for
classifying the MNIST dataset, which has been pre-converted into a time-varying sequence of spikes. The simulated computing
system demonstrates recognition accuracy that is sensitive to the circular polarization state. After training with 300 epochs, each
containing a batch of 200 images, the system achieves a recognition accuracy of approximately 0.93 under L-CPL modulation and
approximately 0.88 under R-CPL modulation.
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Figure 4. Potential applications of CPL photodetectors. (a) Schematic illustration of a pattern that reflects or emits L-CPL and R-CPL; (b) CPL photodetector used as the sensor
in a neuromorphic computing system, enabling CPL-resolved in-sensor computing; (c) CPL photodetector used for polarimetric imaging; (d) Schematic illustration of using

CPL photodetectors for security communications. CPL: circularly polarized light.

In addition to the potential applications in in-sensor computing systems, CPL photodetectors also hold the promise to be applied in
polarimetric imaging[3*-°>1%4, In 2022, Zhang et al. reported on an optically programmable CPL photodetector using a bilayer
semiconductor composed of poly(9,9-di-n-hexylfluorene-alt-benzothiadiazole) (F6BT) and poly(3-hexylthiophene)>?. Before
programming by CPL, the F6BT thin film exhibited no discrimination capability to left-handed and right-handed circular polarization
states. However, exposure to L-CPL induced an M-twisted configuration in the F6BT thin films, while R-CPL led to a P-twisted
configuration. These changes endowed the photoactive materials with chiroptical properties, achieving a maximum responsivity of
2.76 A/W and an anisotropy factor of 0.425. Leveraging the unique chirality-sensitive photoresponse, the authors further
demonstrated a 3 x 3 device array for polarimetric imaging by arranging R-CPL programmed photodetectors along the diagonal and
L-CPL programmed photodetectors in the remaining positions. Under illuminations of L-CPL and R-CPL, the array exhibited distinct
imaging patterns, that fully demonstrates its application potential for polarimetric imaging. More recently, Wu et al. fabricated a CPL
phototransistor by blending the chiral molecule (4-[[4-(hexyloxy)benzoyl]Joxy]-1,1'-[1,1'-binaphthyl]-2,2'-diester) benzoic acid (S6N)
and poly(9,9-dioctylfluorene)!'*!l. The chiral transfer induced by annealing between the chiral molecules and the polymers endows
this device with a high chiroptical response, achieving a considerable g,, = 0.58 at 405-nm CPL. The authors also demonstrated a
3 x 3 device array for polarimetric imaging, which was masked with the letters “H”, “F”, “U”, and “T”, respectively, and then irradiated
by CPL with different polarization states. Since channel conductivity can be tuned by the gate voltage, they selected Vy = -80 V and
Vg4s = -80 V to maximize the display contrast. Under the optimized condition, the fabricated device array successfully imaged the

“HFUT” patterns.

In traditional optical communication systems, photodetectors detect only light intensity variations without discriminating between
the polarization states. In contrast, CPL photodetectors can encode information based on the handedness of CPL light, thereby
enabling enhanced security in communication!'%>1%l, For example, in 2023, Wang et al. fabricated a CPL photodiode by integrating the
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chiral monomer R5011 into an organic photodetector based on the achiral nematic liquid crystall'®l. Before the formation of a
regular helical superstructure, the organic photodetector achieved a high EQE of 70% across the wavelength range of 800 to 870 nm.
Additionally, at 870 nm, it reached a peak responsivity of 0.501 A/W and a shot noise-limited specific detectivity of 1.33 x 10'* Jones.
During the measurements, the external bias was kept at 0.1 V. After doping chiral compounds into the detection system, the authors
reported a high gi of 1.56, along with an impressive D" of 7.12 x 10!2 Jones. More importantly, by leveraging its ability to discriminate
between L-CPL and R-CPL, the fabricated device can be utilized for encrypted communication. Under illumination of 870-nm L-CPL
and R-CPL with the same intensity, the device exhibited stable and distinct photoresponses, generating a significantly higher
photocurrent in response to L-CPL than to R-CPL. By interpreting Ix-cp; and I;-cp; into short dot signals and long dash signals,
respectively, in Morse code, the successful transmission of encrypted information designed as ‘NCNST” has been demonstrated.
Wang et al. also reported a CPL photodetector with an even higher g of 1.62['%, This performance was achieved by incorporating a
cholesteric liquid crystal film, chosen for its impressive chiroptical properties, into organic photodiodes. It is worth mentioning that
the “inverted quasi-planar heterojunction” structure was employed to further reduce the dark current density, thereby enhancing
the photosensitivity. Benefiting from these strategies, the reported device achieved a super-high D" of 1.03 x 10'°> Jones at 860 nm.
Interestingly, the detection center can be shifted from 530 nm (green) to 640 nm (red) after being exposed to UV light for 20 seconds.
Leveraging these fascinating dynamics, the researchers continued to extend the single CPL photodetector to a 1 x 4 CPL
photodetector array for double-encrypted communication. Specifically, the initial encryption level utilized the ability of the device to
detect CPL for encrypting data via L-CPL and R-CPL conversions, and a secondary encryption involved switching the detection band
from green to red under specific conditions. This adjustment of certain pixels in the array, such as shifting the third pixel in the array
from green to red, ensured encrypted transmission. Only devices configured with specific transformations could decode the true
data, while traditional CPL detectors received distorted information. Table 1 summarizes the potential applications and requirements
for CPL photodetectors, emphasizing the universal demand for devices with strong discrimination capabilities between L-CPL and
R-CPL. As highlighted in this review, material innovation that enhances chiroptical properties is crucial. Future high-performance
CPL photodetectors are anticipated to provide significant advantages, including a smaller device footprint, higher energy efficiency,
and enhanced discrimination capabilities, compared with conventional CPL detection strategies.

Table 1. Potential applications and requirements for CPL photodetectors.

Potential applications Requirements for CPL photodetectors

Neuromorphic computing Strong discrimination capability between L-CPL and R-CPL and optoelectronic memory

conductive states triggered by CPL

Polarimetric imaging Strong discrimination capability, fast response speed, and high sensitivity, large

photocurrent/dark current ratio to CPL

Security communications Strong discrimination capability, fast response speed, and large signal to noise ratio to CPL

CPL: circularly polarized light.

The applications mentioned above represent only a small fraction of the potential uses for CPL photodetectors. There remains a vast
realm of possibilities for researchers to explore and utilize CPL photodetectors to revolutionize our daily lives.

5. Conclusions and Outlooks

CPL photodetectors, capable of discerning the circular polarization states of light, offer a new playground for humans to play with
light. The past decades have witnessed significant advances in research on CPL photodetectors, resulting in many important
achievements. In this review, we first introduce common chiral materials used for CPL detection, which primarily consist of chiral
organic materials, chiral organic-inorganic hybrid perovskites, and other chiral compounds. Among these, chiral organic materials
can be further categorized into chiral molecules, chiral supramolecular structures, and chiral conjugated polymers. Additionally,
other chiral materials, including chiral COFs, chiral MOFs, and chiral metal nanoclusters, have also been reported for CPL detection.
Then, we summarize the figures of merit used to evaluate the performance of CPL photodetectors. One of the most critical
parameters is the dissymmetry factor (gp, or g,s), which tells how effectively a CPL photodetector can discriminate between L-CPL
and R-CPL. In addition to the dissymmetry factor, other performance metrics including responsivity, EQE, D, and response time
should also be assessed under illumination of L-CPL and R-CPL, respectively. This comprehensive evaluation helps fully characterize
the performance of CPL photodetectors. After that, we introduce representative works about CPL photodetectors, categorizing them
based on their architecture into lateral structures, vertical structures, and those enabled by chiral metamaterials. Next, we depict
application prospects of CPL photodetectors and highlight their applications in CPL-resolved in-sensor computing, polarimetric
imaging, and secure communication. In the end, we offer an outlook on the challenges encountered in the research field of CPL
photodetectors.

Although significant progress has been made in the development of CPL photodetectors, they are still far away from practical
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implementation, and many unresolved issues require satisfactory solutions. 1) The discrimination capability of most reported CPL
photodetectors is limited to distinguishing between the well-defined L-CPL and R-CPL with the same intensity. At the current stage,
the most direct evidence supporting the ability of a reported CPL photodetector to discriminate between L-CPL and R-CPL lies in
their different photocurrent responses to L-CPL and R-CPL of the same intensity. In laboratories, these two states must be predefined
using additional optical components, including a combination of a linear polarizer and a A/4 plate, and the light power of these two
polarization states needs to remain the same, as verified by a commercial laser power meter. In other words, the CPL photodetector
cannot determine the circular polarization state of a CPL with unknown intensity, much less under conditions of non-ideal CPL. Given
that the polarization states and intensity of light typically vary after transmission through a dielectric in real world, the stringent
operating requirements severely limit the practical applications of CPL photodetectors. 2) The chiroptical properties of most reported
chiral materials used in CPL photodetectors are derived from chiral organic components, which often suffer from poor thermal
stability and small carrier mobilities. The limited thermal budget of these chiral materials impedes the integration of CPL
photodetectors based on these materials with monolithic complementary-metal-oxide-semiconductor circuits for commercial
products. In addition, due to the very small carrier mobilities in organic semiconductors, CPL photodetectors based on these chiral
materials usually present a slow response speed. This deficiency is not conducive to their applications in optical communications,
where a high response speed is required for a large communication bandwidth. On the other hand, integrating chiral metamaterials
with semiconductors that have large carrier mobilities could help mitigate this issue. However, the limited injection efficiency of hot
carriers generated under illumination into semiconducting channels may deteriorate the dissymmetry factors. 3) The design and
fabrication of CPL photodetectors remain at a single-device level. Although small-scale CPL photodetector arrays (e.g., 3 x 3) have
been demonstrated, their pixel resolution is too low for practical polarimetric imaging applications. In addition, the feature sizes of
reported single devices typically range from hundreds of micrometers to even millimeters. Such large device dimensions hamper
subsequent system miniaturization and result in high energy consumption.

Given these looming challenges, the following research directions could be pursued in this research field (Figure 5): 1) Optimize CPL
photodetector design to directly determine circular polarization states of CPLs with unknown intensities. A possible design approach
is to place two CPL photodetectors made from a pair of enantiomers in parallel, as illustrated in Figure 5a. By leveraging the distinct
photoresponses of these enantiomers to L-CPL or R-CPL, both the polarization state and intensity of the incident CPLs can be directly
determined through the readout photocurrents in these two CPL photodetectors. For example, consider the scenario where both the
L-Device and R-Device are illuminated by a CPL with an unknown circular polarization state and unknown intensity. After measuring
the photocurrent I, ; from the L-Device, we can infer that the power of the incident CPL could be either P, or P, (Figure 5b).
Meanwhile, by reading the photocurrent I, , from the R-Device, the other two possible CPL power values, P, and P;, can be
determined (Figure 5c¢). Given that P, = P,' and P, > P;, we can conclude that the circular polarization state of the incident CPL is
left-handed, and the intensity is P;. 2) Explore inorganic materials with chiroptical properties for CPL photodetection. Compared to
organic materials, inorganic materials usually present higher thermal stability and larger carrier mobilities. For instance, based on
the moiré-induced strong symmetry breaking and quantum geometric contribution in twisted double layer graphene (TDBG),
Ma et al. reported the tunable bulk photovoltaic effect (BPVE) in TDBG (Figure 5d)!'°7). The light polarization state-dependent
photoresponse can be tuned using external electric fields for intelligent imaging applications. Leveraging the interactions between
CPL and other emerging 2D materials such as black phosphorous, transition metal dichalcogenides, and van der Waals (vdW)
heterostructures, there is significant potential to fabricate high-performance CPL photodetectors from this inorganic material
platform!'°%), 1t is worth specifically mentioning that tellurium (Te), selenium (Se), and their alloy nanocrystals, another fascinating
group of vdW materials with many intriguing properties, exhibit an intrinsic chiral crystal structure!'® '3, This unique structure is
clearly identified in their transmission electronic microscopic images, and the circular photogalvanic and photovoltaic effects have
also been discovered in 2D Tel!'!*"120l, Then how to develop high-performance CPL photodetectors based on these materials could be
an intriguing research topic in the future. Besides vdW materials, other twisted inorganic films, for example, chiral moiré stacking
films made from zinc oxide nanowires, can also be used to fabricate CPL photodetectors!'?!l. The high thermal stability, large-scale
growth, and considerable carrier mobilities of these materials holds the great promise for advancing the integration of
high-performance CPL photodetectors with processing chips. 3) Develop preparation strategies to produce high-quality thin films
with superior chiroptical properties for demonstrating a large-scale CPL detector array with high device uniformity. The successful
demonstration of a large-scale photodetector array is essential to promote the step of CPL photodetectors into industrial
applications, which requires the preparation of high-quality chiral thin films on a large scale (Figure 5e). Current methods, which
primarily involve drop-casting and spin-coating chiral organic materials dissolved into organic solutions, often result in uneven
thickness and significant device-to-device variation. Instead, new preparation methods such as fast deposition method and
orientation filter funnel method for high-quality organic thin films could be investigated and applied into the preparation of
large-scale and high-quality chiral thin films!'?> 124l In addition to these promising research directions in CPL detection system design
and fabrication, substantial efforts should also be directed towards investigating the potential application prospects of CPL
photodetection. For instance, many active molecules in living organisms exhibit intrinsic chirality, potentially leading to unique
interactions with CPL. Consequently, CPL photodetectors could find applications in fields such as bioimaging, biosensing, and even
drug screening.
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Figure 5. Schematic illustrations of potential research directions. Direct detection of CPLs with unknown circular polarization states and intensities: (a) schematic illustration
of the detection system; intensity-dependent photocurrent in (b) L-Device and (c) R-Device; (d) Exploration on novel material platform for CPL photodetection;
(e) Development of preparation strategies of high-quality chiral thin films in large-scale and subsequent design and fabrication of large CPL photodetector arrays.

CPL: circularly polarized light.
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