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ARTICLE INFO ABSTRACT
Keywords: Chiral organic-inorganic hybrid metal halides (HMHs), as an emerging class of chiral semi-
Single crystals and thin films of chiral hybrid conductor materials, have attracted unparalleled interest from multi-purpose perspectives, as a

metal halides result of their easily accessible solution-grown methods, plentiful chemical structure and

composition, as well as unique and exciting optoelectronic properties. Recently, substantial
progress has been made in the synthesis of chiral HMHs, spectroscopic characterization and
fabrication of optoelectronic devices. Although several reviews about the chiroptical properties
and applications of chiral HMHs have been published, the comprehensive summary of the basic
structural frameworks, fundamental physics and strategies for the modulation of optical activity,
which are vital for the design of chiral HMHs and development of relevant optoelectronic appli-
cations, are still insufficient. In this review, we summarize the research progress from funda-
mentals to applications for the single crystals and thin films of chiral HMHs that are conducive to
the development of practical optoelectronic devices. First, diverse structural frameworks and
synthetic methods of chiral HMHs are systematically summarized. Afterward, fundamental physics
and strategies for the modulation of optical activity as well as their related optoelectronic appli-
cations are comprehensively reviewed. Finally, we put forward the current challenges in this
rapidly evolving field and present an outlook on future prospects to further develop chiral HMHs
for various applications.

Circular dichroism
Circularly polarized luminescence
Optoelectronic applications

1. Introduction

Chirality refers to a structure lack of S, symmetry elements [1], such as mirror plane (¢ or S;) and inversion (i or Sg) symmetry. Chiral
materials exist widely in nature from small amino acid molecules, to macromolecular proteins, and to macroscopic crystals. Owing to the
existence of non-centrosymmetric structures, chiral materials tend to exhibit distinct characteristics, and the most typical ability is to
rotate the polarization plane of linearly polarized light [2]. In recent years, chiral materials have attracted extensive attention from the
research community in interdisciplinary fields of chemistry, physics, biology and medicine and have shown promising optoelectronic
applications in biometric detection and sensing [3-71, chiral bioimaging [8-10], chiral photonics and electronics [11-20].

Organic-inorganic hybrid metal halides (HMHs) were first reported as light absorbents in solar cells by Kojima and colleagues [21].
Given the intriguing photovoltaic properties of HMHs, such as high absorption coefficient, long carrier diffusion length and reasonable
carrier mobility [22], the power conversion efficiency of solar cells based on HMHs has reached 25.5% from the initial 3.81% [23].
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Furthermore, HMHs are also considered as excellent luminescent materials widely applied in light-emitting devices due to the low
non-radiative recombination efficiency, high color purity and tunable emission [24-27]. The single crystals and thin films of HMHs,
which are facile to be synthesized via cheap solution processing and multiple choices of organic and inorganic precursors, exhibit
numerous merits such as low trap-state density, high mobility and well-defined dimension [28,29]. The HMHs provide various op-
portunities for high-performance optoelectronic applications. Importantly, the bulky and interchangeable organic sites of HMHs provide
various possibilities for adjusting structural and optoelectronic characteristics, which allows the incorporation of chiral organic mol-
ecules to extend their applications. Owing to the large variety of chiral molecules readily available via organic synthesis, the single
crystals and thin films of chiral HMHs represent a very promising platform for regulating their chirality and facilitating future opto-
electronic devices with high-performance.

To date, several reviews have presented the research progress in chiral HMHs and proposed some constructive views [30-34].
Nevertheless, there is still a lack of a comprehensive summary on the basic structural frameworks, fundamental physics and strategies for
the modulation of optical activity of chiral HMHs, especially on their single crystals and thin films that are vital for practical opto-
electronic application. Here, we present an in-depth review on the research progress in these aspects that have not been fully addressed
in the existing reviews. It is also noteworthy that most previous reviews used the term “perovskites” to describe all kinds of organ-
ic-inorganic HMHs, although many of them are not strictly perovskite structures [35]. Instead, we adopt the generalized term “HMHs”
to describe the materials discussed in this review. This review is divided into the following sections. First, we discuss the structural
frameworks of chiral HMHs, including diverse dimensions, helical structures and heterostructures, as described in Section 2. Then,
Section 3 will summarize various synthetic methods for the fabrication of single crystals and thin films of chiral HMHs. Fundamental
physics and strategies for the modulation of optical activity will be introduced in Section 4, while the related optoelectronic applications
of chiral HMHs will be systematically reviewed in Section 5. Finally, a brief summary and outlook on current challenges and future
research opportunity of chiral HMHs will be presented in the last Section 6.

2. Structural frameworks

Several generic colloidal chemistry approaches, such as grafting chiral organic ligands onto semiconductor nanocrystals [11,36,37],
direct synthesis using chiral molecular precursors [38-40] and chiral supramolecular self-assembly [41,42], have been developed to
achieve optical activity of materials. However, HMHs allow the introduction of chiral molecules to directly induce participation in
crystallization through easily accessible solution-grown techniques [43,44], which are more suitable for the commercialization of future
optoelectronic devices. The timeline of research progress on chiral HMHs can be found in Fig. 1 and Table 1. In brief, the pioneered work
on the synthesis of chiral HMHs was reported by Billing and Lemmerer in 2003 and 2006 by introducing chiral molecules into
organic-inorganic HMHs [45,46]. After ten years of silence, until 2017, Moon et al. investigated the chiroptical behavior of chiral HMHs
[47]. Chiral HMHs re-spring up and surprisingly arouse extensive research interest, and the exploration of related chiral optoelectronic
properties and applications is rapidly expanding.

Among 230 types of crystallographic space groups, 11 pairs are chiral space groups and the inversion through a point in each pair
will transform one space group into another [48]. Importantly, 65 types of space groups (known as Sohncke space groups) that contain
symmetry operations of only the first kind (i.e., rotations and translations) can exhibit chirality as a result of their chiral crystal structures
[49], comprising 43 types of space groups in achiral space groups and 22 types of chiral space groups (Fig. 2). What is often overlooked is
that there are only 22 types of chiral space groups, while the other 43 types of Sohncke space groups cannot be called that way [48]. In
addition, it has long been established theoretically that the crystals with four types of achiral crystal structures can also produce optical
activity, including point groups Cs, Cay, S4, and Doq [48,50,51]. The crystallographic relationship between physical properties and
non-centrosymmetric crystal categories is summarized in Fig. 3 [52]. Interestingly, the variable crystal structure and composition of the
chiral HMHs provide great convenience for adjusting their optoelectronic properties. So far, diverse dimensions at the molecular level,
such as three-dimensional (3D) network, two-dimensional (2D) layer, one-dimensional (1D) chain and zero-dimensional (0D) isolated
structure, have been demonstrated in chiral HMHs. In addition, optical activity has also been observed in the HMHs with helical
structures and heterostructures.
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Fig. 1. Research timeline of the optoelectronic properties and pioneering discoveries in the development of chiral HMHs.
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Table 1
Summary of chiral HMHs reported in the literature.
Year Chemical Formula Morphology Structure Highlights Ref.
2003 (S-MBA)PbBr3 Crystals 1D Crystal structure [45]
2006 (R-MBA)PbX; (X = Cl and Br)? Crystals 1D, 2D Crystal structures [46]
(R-/S-MBA)PbI3
(R-/S-MBA),PbI}
a-(H3N(CH,)2S-S(CH3)>NH3)Pbls-H30 Crystals Helix Reversible solid-state transition, switchable SHG [68]
2008 a-(H3N(CH;)2S-S(CH3)2NH3)Bils Crystals Helix Structural transformation, NLO properties [69]
2010 (m-RBz-l-APy)PbIE Crystals 1D helix Crystal structures, ferroelectrics [70]
2013 (R-/S-CHEA)gPbslf,4 Crystals 1D, 2D Crystal structures [78]

(R-/S-CHEA)PbBr§
(R-/S-CHEA),PbCl§

2015 (R-l-NEA)ZCuCIS Crystals 0D Crystal structures, thermochromic behavior, PL [109]
(R-2-NEA),CuCl§
(R-/S-CPEA)3CoClS Crystals 1D helix Crystal structures [108]
2016 (R-/S-MBA),CuClj Crystals oD Crystal structures, biological activities [79]
2017 (R-/S-MBA),PbI§ Crystals, films 2D CD, synthetic conditions [47]
2018 (R-APD)PbCl,4-H,08 Crystals 1D White-light emission, SHG, CD [63]
(R-/S-MPEA); sPbBr; s(DMSO)5 5 Crystals, films, 2D CD (films), PL, SHG (nanowires) [130]
nanowires
N.A. Films Quasi-2D CD, photophysical properties, spin-polarized absorption [60]
and PL
(R-/S-MBA)4Bi,Brio Crystals, films 2D Crystal structures, CD, SHG [110]
2019 (R-/S-1-NEA),Pb,Cl; o-2DMF? Crystals 2D Crystal structures, PL [116]
(R-AQ)CuX4 (X = Cl and Br)! Crystals 0D Phase transition behavior, SHG [112]
(R-/S-FP)MnCl} Crystals 1D H/F substitution, vibrational CD, ferroelectrics [111]
(R-/S-CFMA)PbIlé N.A. 3D Theoretical prediction of 3D chiral HMHs [53]
(R-/S-CPEA),PbI} Crystals 2D Vibrational CD, ferroelectrics, PL [57]1
(R-/S-MBA),PbI§ Crystals, films 2D CD, temperature-dependent CPL, circularly polarized [82]
light detection
(R-/S-APD)PbBr§ Crystals 1D helix SHG, CD, PL [83]
(R-/S-MBA)PbI3 Crystals, films 1D CD, the origin of CD, flexible circularly polarized light [62]
detection
(R-/S-FP)CACH; Crystals, films 1D H/F substitution, vibrational CD, ferroelectrics [114]
(R-/S-MBA),PbI§ Crystals, films 2D Room-temperature synthesis, CD, CPL, circularly [131]
polarized light detection
(R-/S-HPD)CACl} Crystals 1D helix Room-temperature stable a and $ forms, phase [113]
transition behavior, SHG
(KC),MnX,4 (X = Cl and Br)™ Crystals 0D Achiral single crystals, CPL [115]
(R-/S-MPEA),(MA)Pb,I} Crystals Quasi-2D Crystal structures, bulk photovoltaic effect [80]
(R-/S-MBA),PbI§ Crystals, films 2D CD, CISS, spin-dependent charge transport [81]
2020  (R-/S-MBA),Cuyl§ Crystals 0D Crystal structures, CPL, CD [65]
(R-/S-MPEA)Z(MA)PbZII; Crystals, films Quasi-2D CD, film crystallization dynamics, flexible circularly [61]
polarized light detection
(R-/S-MBA)2Pbls(1 _x)Brix Films 2D Tunable CD behavior [43]
(R-/S-2-NEA);Pbly; _y)Bréy
(R-/S-MBA),PbI§ Crystals, films 2D, 1D Synthetic methods, CD, CPL ((R-/S-MBA)PbBr3) [84]
(R-/S-MBA)PbX3 (X = Br and I)?
(R-/S-CHEA)PbI§ Crystals, films 1D Crystal structures, switchable ferroelectrics, CD [86]
(R-/. S-FP)MuBr& Crystals 1D Vibrational CD, ferroelectrics, CPL [117]
(R-/S-MPEA),PbBr} Crystals, films 2D CD, white-light emission [90]
(R-/S-CTA),CuCl} Crystals, films 0D Vibrational CD, CD, thermochromic ferroelastics, [123]
switchable physical properties
(R-/S-FPEA)4E»X;¢ (E = Sb and Bi; X = Cl, Br Crystals 2D Crystal structures, optical properties, SHG [85]
and I)°
PbBr,:CsBr:(R-/S-1-NEA)Br? Films Quasi-2D CD, room-temperature CPL [15]
(HA)SbIE Crystals 1D Crystal structures, semiconducting properties, [89]
photodetector
(R-/S-MBA),SnI§ Crystals, films 2D Crystal structures, tunable CD, CISS [44]
(R-MPEA),CuX4 (X = Cl and Br)h Crystals 2D Thermal stability, phase transition behavior, dielectric [118]
(R-DMOA),CuX4 (X = Cl and Br)? responses
(R-DMOA),PbX4 (X = Cl and Br)®
(R-/S-MPEA)ZPbBrIX Crystals, films 2D Crystal structures, CD, white-light emission [119]
(R-/S-MBA),PbI§ Crystals, films 2D CISS, CD, magneto-optical detection [87]1
(R-X-para-MBA),PbBr,4 (X = H, F, Cl and Br)? Crystals 2D PL, CD, chirality transfer and amplification [92]
(R-/S-MPEA)ZCuCllZ Crystals 2D Crystal structures, CD, ferromagnets [91]
(R-/S-1-NEA),PbBr§ Crystals, films 2D CD, PL, Rashba-Dresselhaus SOC [19]
(R-/S-MBA),PbI§ N.A. 2D Theoretical proof of spin transport and chirality [184]
(R-/S-l-NEA)PbIg Films 1D helix, Synthetic methods, CD, circularly polarized light [71]
(R-/S-1-NEA),PbI§ 2D detection

(continued on next page)
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Table 1 (continued)

Year Chemical Formula Morphology Structure Highlights Ref.
2021 (R-/S-MBA),PbI§ Crystals, films 2D CD, CISS (out-of-plane response), CPGE (in-plane [96]
response)
(R-/S-HPD)CdCl} Crystals 1D helix Phase transition behavior, ferroelectrics [121]
(R-/S-MPEA)4AgBiII§ Crystals, films 2D CD, bulk photovoltaic effect, self-powered circularly [88]
polarized light detection
(R-MPA),CdCI} Crystals 2D, 1D CD, SHG, switchable ferroelectrics [66]
(R-/S-1-NEA),PbBr§ Crystals 2D Reversible crystal-glass transition [95]
(R-/S-MBA),CuClj Films 0D CD, theoretical explanation of enhanced CD, SHG [64]
(R-/S-DMFP)CACI3 Crystals 1D H/F substitution, vibrational CD, dual-phase transition [120]
behavior
(R-/S-BPEA),Pbl} Crystals, films 2D CD, chirality-dependent CPGE [94]
(R-/S-MBA),PblI§ Crystals, films 2D CD, CISS, spin-LEDs, spin dynamics [20]
(R-/S-PEDA)PbI} Crystals, films 2D Vibrational CD, ferroelastic ferroelectrics, reversible [971
thermochromism
(R-/S-MBA),CuClj Crystals, films oD CD, circularly polarized light detection [93]
(R-/S-MPEA),CuCl} Crystals 2D Ferromagnets, magneto-electric correlation [126]
(R-MP)PbX3 (X = Br and )V Crystals 1D Phase transition behavior, dual dielectric and NLO [122]
switches
(R-HP),SbBry Crystals 1D, 0D Crystal structures, SHG, piezoelectrics ((R—-HP)sSb4Br;7) [124]
(R-HP)5Sb,Br},
(PBA),CdCI} Crystals 2D Crystal structures, SHG, ferroelectrics [175]
(R-/S-APEA),PbI} Crystals 2D CD, CPL, PL with dual-stimuli-response to thermal and [125]
pressure
(R-/S-AlaH)PbX3-H,0 (X = Br and I)* Crystals 2D Crystal structures, PL [129]
(R-/S-MPEA)ZSnBrg Crystals, films 0D Crystal structures, CD, phase transitions behavior, SHG [127]
(R-/S-APD)PbI§ Crystals 1D Crystal structures, CD, chirality-dependent SHG [101]
(R-/S-MPEA),MAPb,I,/MAPbI} Crystals Quasi-2D/ Heterostructures, CD, circularly polarized light [771
3D detection
(R-/S-HP),RbBiBrg’ Crystals 3D Crystal structures, ferroelectrics, CPL [54]
(R-/S-X-MBA),Pbl, (X = H, F, Cl, Br and I)? Crystals, films 2D Tunable CD and CPL intensities [98]
(R-/S-MBA)PbBr§ Crystals, films 1D CD, CISS, spin-dependent charge transport [99]
(R-/S-MBA),CuX,4 (X = Cl, and Br)* Crystals, films oD CD, CISS, spin-dependent charge transport [128]
(R-/S-BPEA),PbI} Crystals 2D CD, TPA, circularly polarized light detection [100]
(R-/S-CPEA),PbIf, Microwire arrays 2D Single-crystalline microwire arrays, anisotropic SHG [198]
and TPA
(R-/S-MPEA),PbCl,/Si" Crystals 2D Heterostructures, CD, circularly polarized light [164]
detection in ultraviolet region
(R-/S-MBA)BII§ Crystals, films 1D Crystal structures, CD, PL, SHG, third-harmonic [103]
generation
(R-/S-MP)PbBr} Crystals, films 1D CD, SHG [105]
(R-/S-MPEA)(propylammonium)PbI} Crystals, films 2D Crystal structures, alkyl-aryl mixing cation, tunable CD  [106]

(R»/S-MPEA)(butylammonium)Pbe“

Note: Abbreviations: *MBA: a-methylbenzylammonium; ®m-RBz-1-APy*: 3-RBenzylidene-1-aminopyridinium (R = NO, Br, Cl, or F); ‘CHEA: 1-cyclo-
hexylethylammonium; 91-NEA: 1-(1-naphthyl)ethylammonium; 2-NEA: 1-(2-naphthyl)ethylammonium; ‘CPEA: 1-(4-chlorophenyl)ethylammonium;
8APD: 3-aminopiperidinium; "MPEA: p-methylphenethylammonium; AQ: aminoquinuclidinium; JFP: 3-fluoropyrrolidinium; “CFMA: chloro-
fluoromethylammonium; 'HPD: 3-hydroxypiperidinium; ™KC: [K(dibenzo-18-crown-6)1"; "CTA: 3-chloro-2-hydroxypropyltrimethylammonium;
°FPEA: 1-(4-fluoro)-phenylethylammonium; PHA: histaminium; ‘DMOA: 3,7-dimethyloctylammonium; "MPA: 1-methyl-3-phenylpropylammonium;
SDMFP: N,N-dimethyl-3-fluoropyrrolidinium; ‘BPEA: 1-(4-bromophenyl)ethylammonium; “PEDA: N-(1-phenylethyl)ethane-1,2-diaminium; MP: 2-
methylpiperidinium; “HP: 3-hydroxypyrrolidinium; *PBA: 4-phenylbutylammonium; YAPEA: (4-aminophenyl)ethylammonium; “Ala: a-alanine.

2.1. Dimensions

2.1.1. 3D structure

3D HMHs are defined as an infinite framework formed by small cations and corner-sharing inorganic metal halide units extending in
all crystallographic directions. Compared with other low-dimensional HMHs, chiral 3D HMHs possess lower exciton binding energy and
longer carrier diffusion lengths, suggesting they are more promising in the application of high-performance chiral optoelectronics and
spintronics. However, the exploration of chiral 3D HMHs remains a challenge, in which small cations are required to fit into the void
space between the octahedra and prevent the 3D crystal structure from being stretched to other dimensions. Choosing chiral cation as
the organic component, Long et al. theoretically demonstrated that the introduction of chiral R or S-chlorofluoromethylammonium (R-/
S-CFMA) cation can transfer the chirality of organic molecules to the internal structural framework and produce 3D HMHs (Fig. 4a) [53].
Based on theoretical calculation, the 3D (R-/S-CFMA)PbI3 crystal structures were proven to be kinetically and thermodynamically
stable. Importantly, the theoretically predicted chiral HMHs may exhibit various interesting properties, such as optical rotation, circular
dichroism (CD), second harmonic generation (SHG), piezoelectricity, pyroelectricity, and ferroelectricity [53]. Very recently, Ye et al.
reported the synthesis of chiral 3D bimetal halides with ferroelectricity and ferroelasticity, ie., (R-HP),RbBiBrgs (R-HP =
R-3-hydroxypyrrolidinium) [54]. Moreover, the chiral (R-/S-HP),RbBiBr¢ exhibited fascinating circularly polarized luminescence (CPL)
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Fig. 3. Structure-property relationship of non-centrosymmetric crystals. Reproduced with permission from Ref. [52]: Copyright 1998, American
Chemical Society.

and semiconducting properties.

2.1.2. 2D and quasi-2D structures

Typically, 2D and quasi-2D (also regarded as Ruddlesden-Popper-type) HMHs are characterized by corner-sharing inorganic metal
halide units sandwiched between specific (n)-layers of organic molecules. In particular, (n) = 1 and oo stands for the cases of pure 2D and
3D HMHs, respectively, where (n) is the average number of inorganic metal halide monolayers separated by the bulky organic molecules
[55]. In contrast to the strict restriction on small cations in the 3D structure, the pure 2D layered structure with a general formula
(RNH3)2BX4 or (HsNRNH3)BX4 (R stands for bulky organic functional groups, B is a metal cation, and X is a halide anion) can
accommodate larger and more complex organic cations [56]. As the most typical structures of chiral HMHs, work on the design and
synthesis of chiral 2D HMHs is currently in full swing and significant progress has been made to date. By introducing the chiral
enantiomer molecule, i.e., R- or S-a-methylbenzylamine (R-/S-MBA), Moon et al. reported the synthesis and chiroptical properties of
(R-/S-MBA),Pbl, thin films featuring 2D structural characteristics and crystallizing in space group P2,2;2; with chiral crystal structure
(Fig. 4b) [46]. Also, Xiong et al. reported the 2D lead iodide ferroelectrics (R-/S-CPEA),Pbl4 (R-/S-CPEA = R-/S-1-(4-chlorophenyl)
ethylammonium) with outstanding ferroelectric performance and unique chirality [57].

It is worth noting that pure 2D HMHs usually exhibit poor photoluminescence (PL) at room temperature due to the barrier of inter-
layer charge transfer caused by insulating organic molecules and fast nonradiative exciton quenching caused by strong exciton-phonon
coupling within the layers [58,59]. Therefore, extensive exploration of quasi-2D HMHs has been performed. For example, Long et al.
reported spin control in quasi-2D HMHs and both spin-polarized absorption and PL were observed in these quasi-2D HMHs in the
absence of an external magnetic field [60]. In the category of crystal structures of quasi-2D HMHs, as depicted in Fig. 4c, the chirality of
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Fig. 4. Schematic illustration of chiral HMHs in diverse dimensions. (a) Optimized structures of 3D (R-/S-CFMA)PbI;. Reproduced with permission
from Ref. [53]: Copyright 2019, John Wiley and Sons. (b) Crystalline structures of 2D (R-/S-MBA),Pbl,. Reproduced with permission from Ref. [47]:
Copyright 2017, Royal Society of Chemistry. (c) Schematic illustration of crystal structures of quasi-2D HMHs with different inorganic (n)-layers.
Reproduced with permission from Ref. [60]: Copyright 2018, Springer Nature. (d) Crystal structure of 1D (R-/S-MBA)PbI;. Reproduced with
permission from Ref. [62]: Copyright 2019, Springer Nature. (e) Crystal structures of 1D (left) and OD (right) (R-MPA),CdCl, at room temperature
viewed from the c- and b-axes, respectively. Reproduced with permission from Ref. [66]: Copyright 2021, American Chemical Society.

HMHs increases with the decrease of average number of inorganic metal halide monolayers. As a result, the pure 2D HMHs exhibit the
strongest chirality [60]. Differently, quasi-2D crystal structures ((n) = 2) endow HMHs with chirality and PL properties simultaneously,
and the latter is achieved through efficient energy funnelling [60]. To explain whether the quasi-2D HMHs possess inherent chirality and
the capability to distinguish different polarization states of photons, Wang et al. synthesized chiral quasi-2D HMHs for flexible circularly
polarized light detection, in which the device responsivity is almost one order of magnitude higher compared with pure 2D HMHs [61].

2.1.3. 1D structure

In 1D HMHs, the inorganic metal halide units that share corner-, edge-, or face can form a 1D chain surrounded by organic cations. In
2003, Billing and Lemmerer pioneered to report the synthesis and crystal structure of 1D (S-MBA)PbBrs HMHs, which was another
configuration templated by chiral organic molecule S-MBA [45]. Later, Tang et al. reported the chiroptical properties of 1D (R-/S-MBA)
Pbl3 HMHs and applied them to fabricate circularly polarized light detectors [62]. As illustrated in Fig. 4d, the (R-/S-MBA)PbI; exhibits
a 1D crystal structure consisting of extended face-sharing [Pblg]*~ octahedral chains, which are orientated along the a-axis and
separated by isolated organic cations. It is worth mentioning that the anisotropy factor (gaps) of the 1D (R-/S-MBA)PbI3 is ~0.02, which
is three times higher than that of 2D (R-/S-MBA),Pbl4. In addition, chiral 1D HMHs that exhibit white-light emission with an ultrahigh
color rendering index of 93.9 were reported by Luo et al., in which the chiral structure endues this material with efficient nonlinear
optical (NLO) response [63]. Obviously, reducing dimension at the molecular level is conducive to enhancing the chirality of HMHs and
improving their photophysical properties, which renders them to be promising in various optoelectronic applications.

2.1.4. OD structure

For OD HMHgs, individual inorganic metal halide units are completely isolated by separated organic cations. Our group introduced
R-/S-MBA into the framework of the copper halide structure and fabricated OD (R-/S-MBA),CuCl, with a record gaps as high as ~0.06, in
which each [CuCl4]2’ tetrahedra is isolated separately and a OD structure is formed [64]. Moreover, Tang et al. reported CPL in chiral 0D
(R-/8-MBA)4CuyCly clusters crystallized in the orthorhombic space group of P2;22; [65]. Simultaneously, other chiral organic
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molecules can also be utilized to obtain chiral HMHs with diverse dimensional crystal structures. Recently, by means of regulating the
stoichiometric proportion of the precursor, Li et al. reported two kinds of low-dimensional HMHs with the same conformational formula
(R-MPA),CdCl4 (R-MPA = R-1-methyl-3-phenylpropylammonium) but different crystal structures [66]. As described in Fig. 4e,
compared with achiral 1D structure, the asymmetric unit of the 0D chiral ferroelectric with polar Sohncke space group P1 consists of four
organic MPA * cations and two discrete [CdCl4]? tetrahedra, resulting in distinct CD and increased ferroelectricity and SHG response
[66]. Notably, due to the absence of rational and universal methods, there is still a lack of design and synthesis of 0D HMHs, which
seriously hinders the exploration of related applications. As a result, relevant research work is urgently required to enrich the material
family of low-dimensional chiral HMHs.

2.2. Helical structure and heterostructure

2.2.1. Helical structure

Helical structures of HMHs have also been proven to exhibit efficient optical activity. For example, crystalline disulfides R-S-S-R' (R
and R’ represent achiral organic groups) can form helical structures and exhibit chiral P- and M-helical conformations [67]. Based on
protonated cystamine (HgN(CHZ)ZS—S(CHz)zNHg)2+ cations, a series of HMHs with helical structures were demonstrated. Mercier et al.
reported the preparation and structural transformation of several chiral disulfide-based HMHs, i.e., a-(HsN(CH3)2S-S(CH2)2NH3)
Pbls-H30 and a-(H3N(CH3)2S-S(CH2)2NH3)Bil5 that crystallized in the Sohncke space groups [68,69]. The crystal structure of the latter
is composed of zigzag chains of corner-sharing bismuth iodide octahedra extending along the a-axis, which are separated by
(H3N(CH2)28—S(CH2)2NH3)2+ cations in the P- or M-helical conformation along the b-axis. As shown in Fig. 5a, both P- or M-helical
conformations exist in the crystal structure of the chiral disulfide-based hybrid bismuth halides, and the chiral molecules in the adjacent
ab planes show opposite chirality. Due to the conformational change of the disulfide molecules in a-(H3N(CHz)2S-S(CH2)2NH3)Bils, the
helical HMHs will undergo a reversible phase transition from acentric a-phase to centric f-phase when heated to 36.8 °C, making them
potential candidates for switchable NLO materials [69].

el

Fig. 5. Schematic diagram of chiral HMHs with helical structures and heterostructures. (a) Packing diagram of a-(H3N(CH5)>S-S(CH2)>NH3)Bils
viewed along the a-axis. Reproduced with permission from Ref. [69]: Copyright 2008, John Wiley and Sons. (b) Space-filling representation of
Kagome-shaped tubular structure composed of achiral organic cations and 1D [Pbls],, chains. Reproduced with permission from Ref. [70]: Copyright
2010, American Chemical Society. (c) Structural model of 1D helical (R-1-NEA)PbI; in the ac plane. Reproduced with permission from Ref. [71]:
Copyright 2020, American Association for the Advancement of Science. (d) Schematic of crystal structure of a chiral 2D (R-/S-MBA),Pbls/monolayer
TMD heterostructure. (e) Optical image of the chiral 2D (R-/S-MBA),Pbl,/MoS; heterostructure. Reproduced with permission from Ref. [76]:
Copyright 2020, American Chemical Society.
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Furthermore, Zhao et al. obtained a series of ferroelectrics crystallized in space group P63 by introducing Schiff base 3-R-Benzyli-
dene-1-aminopyridinium (m-RBz-1-APy", R = NO,, Br, Cl, or F) cations [70]. As depicted in Fig. 5b, the crystal structure of the re-
ported HMHs is composed of achiral organic cations and 1D [Pbls],, chains connected by Coulomb and van der Waals force to form a
Kagome-shaped tubular structure, in which organic cations are arranged in a helix around the tube axis. Besides, the introduction of
chiral enantiomer molecule, ie., R-/S-1-(1-naphtyl)ethylamine (R-/S-1-NEA), can affect the distortion of the [Pb16]4’ octahedral
structure and enhance their chirality, due to the strong interaction between the large z-conjugated naphthalene skeleton of 1-NEA* and
adjacent molecules [71]. Recently, Ishii and Miyasaka presented the thin film fabrication of 1D helical and 2D HMHs composed of chiral
enantiomer molecule (R-/S-1-NEA) [71]. Compared with the interaction between the [Pb16]4’ octahedral plane and chiral molecules in
2D structure, chiral 1-NEA™ cations in 1D structure can cause a larger helicity of the chain, as a result of strong interaction between the
[Pb16]4’ chain and chiral 1-NEA™ cations (Fig. 5¢). In addition, the resultant 1D helix possesses a highly gaps of 0.04 [71].

2.2.2. Heterostructure

Transition metal dichalcogenides (TMDs) have aroused extensively research interest in recent years, owing to their unique electronic
and photonic properties [72-74]. The combination of chiral HMHs and TMDs offers a wide variety of options for designing new types of
heterojunctions with idiographic functionalities and applications. For example, due to the robust interlayer coupling, the chiral
(S-MBA),Pbls/monolayer WSe; heterojunction demonstrated a high degree of circularly polarized interlayer exciton emission of 13%
[75]. Based on selective spin injection, Li et al. developed a simple and efficient way to manipulate the valley pseudo-spin by con-
structing chiral HMHs/monolayer TMD heterostructures without circularly polarized light excitation or an additional magnetic field
[76]. The chiral 2D (R-/S-MBA),Pbl, and monolayer TMDs, which were mechanically exfoliated from the corresponding bulk crystals,
can form heterojunctions through the dry-transfer method [76]. Fig. 5d and e shows the schematic crystal structure and optical image of
the chiral 2D (R-/S-MBA),Pbl,/monolayer TMD heterostructure, respectively. Chiral 2D (R-/S-MBA),Pbl, with opposite chirality tends
to inject specific spin-polarized carriers into the target valley of monolayer TMDs due to the chiral-induced spin selectivity (CISS) effect,
thereby realizing the manipulation of valley pseudospin in monolayer TMDs [76]. Recently, using the two-step solution-epitaxial
method, Luo et al. fabricated (R-/S-MPEA);MAPb,I;/MAPbI3 (R-/S-MPEA = R-/S-f-methylphenethylammonium; MA = methyl-
ammonium) heterostructure crystals and obtained a circularly polarized light detector with greatly amplified sensitivity [77]. Overall,
in-depth study on the photophysical process of such heterojunction materials provides a promising platform for broadening the
application prospects of chiral HMHs.
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Fig. 6. (a) Schematic illustration of the aqueous synthetic strategy at room temperature. (b) Crystal structures and optical microscope images of the
2D (R-MBA),Pbl, (left) and 1D C4N3H;4Pbl, (right) single crystals synthesized by the aqueous method. Reproduced with permission from Ref. [131]:
Copyright 2019, American Chemical Society.
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3. Synthetic methods and stability
3.1. Crystal growth methods

At present, a variety of synthetic strategies have been exploited to synthesize single crystals of chiral HMHs with the development of
synthetic technique, including temperature-lowering crystallization [19,20,44,46,47,57,61-63,68,75-106], solvent evaporation crys-
tallization [45,54,66,69,70,107-129], antisolvent vapor-assisted crystallization [130], aqueous synthetic strategy [131]. Briefly,
temperature-lowering crystallization and solvent evaporation crystallization methods are implemented based on the following prin-
ciple. The solubility of metal halide precursors in the hydrohalic acid aqueous solution decreases with the decrease of the solution
temperature [132,133], or the evaporation of the solvent increases the concentration to the saturation point of the precursor solution to
induce crystallization [134,135]. In this section, we focus on the antisolvent vapor-assisted crystallization method and aqueous syn-
thetic strategy.

The antisolvent vapor-assisted crystallization is based on the different solubility of metal halide precursors in different solvents [28].
Typically, metal halide precursors exhibit high solubility in strong polar solvents, such as N,N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), y-butyrolactone, while they exhibit low solubility in weak or even nonpolar solvents, including toluene, chloro-
benzene, ether, chloroform and methanol. These solvents with low solubility for metal halide precursors are known as antisolvents while
those with high solubility are called good solvents. Yuan et al. utilized a mixture of DMF and DMSO as the good solvent instead of pure
DMF to improve the crystal size and the optical quality of chiral single crystals [130]. The DMSO molecules directly participated in the
formation of the a-phase crystal structure, and the chemical formula of the chiral single crystals was determined as
(R-/S-MPEA); 5PbBr3 5(DMSO)g 5. Concretely, the slow diffusion of chloroform vapor into the precursor solution (consisting of PbBry
and MPEA ' Br™ precursors dissolved in a mixed solvent of DMF and DMSO) led to solution supersaturation and triggered the formation
and growth of chiral crystals [130]. Such a facile antisolvent method possesses a high degree of compatibility and can potentially be
applied to the growth of other single crystals of chiral HMHs.

The aqueous synthetic strategy was recently reported by Li et al. [131]. Without using chemically toxic solvents, the reported
aqueous method can produce almost twice the yield compared with previously reported method (~80% based on the total Pb content)
and is universally applicable to the synthesis of the single crystals of low-dimensional HMHs at room temperature [131,136]. As
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Fig. 7. (a) X-ray diffraction patterns of the (R-MBA),Pbl, thin films prepared using precursor solutions with concentrations of 40, 50 and 66 ®t%. (b)
Scanning electron microscope images of the (R-MBA),Pbl, thin films prepared using different concentrations of precursor solutions. Reproduced with
permission from Ref. [47]: Copyright 2017, Royal Society of Chemistry. (c) Crystallization dynamics regulating mechanism of the thin films of chiral
quasi-2D HMHs. Reproduced with permission from Ref. [61]: Copyright 2020, John Wiley and Sons.
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illustrated in Fig. 6a, the aqueous hydriodic acid solution was dropped into the mixture of PbI, and deionized water under constant
stirring, and then an aqueous solution of CHsNH; (MA) and large organic amino cation (R-NH3) was injected into the above solution.
Note that the pH value of the solution is critical for the formation of the final product. High-quality single crystals can be formed when
the pH value is lower than 4, while milky white precipitates will be formed when the pH value exceeds 4 [131]. In addition, Fig. 6b
presents the crystal structures and optical microscope images of the 2D and 1D single crystals synthesized by this aqueous method. It is
worth noting that the chiral 2D (R-/S-MBA),Pbl, synthesized by this method exhibits CPL at room temperature with a high polarization
degree of 13.7% or 11.4%, respectively [131]. The excellent crystalline quality together with the enhanced stability of the as-grown
single crystals of 2D and 1D HMHs would make this synthetic method attractive for preparing low-dimensional HMHs for funda-
mental investigations and various optoelectronic applications.

3.2. Spin-coating approach

The most representative method to prepare thin films of chiral HMHs is one-step solution-processed approach, in which optimized
stoichiometric ratio of metal halides and chiral organic ammonium halide salts or designed mass fraction of pre-grown single crystals are
dissolved in certain polar solvents. The resultant precursors are then dropped on substrates followed by a spin-coating approach.
Because the chiral enantiomer (R-/S-MBA) is commercially available with low cost and their ammonium salts exhibit good solubility in
strong polar organic solvents [137], they can be facilely applied to fabricate thin films of chiral HMHs and has been demonstrated in a
wide variety of photonic and electronic applications [20,62,64,76,81,87,93,96]. Moon et al. pioneered to investigate the effect of
spin-coating conditions on the morphology and chiroptical properties of (R-/S-MBA),Pbly thin films [47]. As described in Fig. 7a and b,
the crystallographic orientation of the chiral thin films prepared using the 20 ®t% precursor solution was along the (0 0 2) plane, causing
the formation of planar crystals. On the contrary, with the increase of solution concentration, the chiral thin films would tend to be
gradually oriented along the (0 2 0) plane and display a needle-like morphology. They also found that the film orientation was not only
affected by the concentration of the precursor solution, but can also be varied by the annealing temperature or the solvent used to form
the precursor solution [47].

The precursor solution can be formed by dissolving the pre-grown single crystals or as-synthesized chiral ammonium salts and the
metal halides with a certain stoichiometric ratio into a polar solvent. In latter case, the adjustment of relevant stoichiometric ratio can
realize the control of final products. For example, the thin film dimensionality of chiral HMHs can be modified by adjusting the stoi-
chiometric molar ratio of the precursors during the synthesis stage [71]. In the above case, the addition of MA can slow down the crystal
formation speed of the 1D structures and is conducive to obtaining a smooth surface, causing the CD signals of the as-synthesized 1D
helical HMHs 10 times larger than that without MA [71]. Moreover, this phenomenon was also observed in other crystals, in which the
addition of MA would help to maintain the appropriate ion balance but not lead to the formation of MAPbI3 phase [131,138]. Therefore,
the addition of MA may have a positive influence on the optical activities, which also provides a significant guidance to control the thin
film fabrication of chiral HMHs.

Effective control of the film formation kinetics of chiral HMHs is of great importance for practical applications. It has been proved
that reducing the crystallization rate and maintaining a homogeneous distribution of organic cations are the keys to obtain parallel-
oriented quasi-2D thin films with homogeneous energy landscape [139,140]. On this basis, Wang et al. modulated the film crystalli-
zation kinetics through solvent engineering to facilitate carrier transport [61]. During the synthetic process, pure DMSO was employed
as the solvent instead of DMF. It provided alternative sites for chiral organic cations by forming the solvent-MA™/Pbl; intermediate
compounds and slowed down the crystallization rate, thereby initiating preferential in-plane crystallization. In addition, the chloro-
benzene with high boiling point was employed as an antisolvent to regulate the crystallization kinetics, resulting in the formation of a
parallel-oriented thin film of chiral quasi-2D HMHs with homogeneous energy landscape, as shown in Fig. 7c. More importantly, the
as-formed thin film can be used as a high-performance circularly polarized light detector with enhanced carrier transport and collection
efficiency [61]. It is worth noting that most of abovementioned thin films were prepared by the spin-coating approach. Therefore, this
approach can provide a simple but very effective method to fabricate chiral thin films toward various optoelectronic devices.

3.3. Stability

In order to realize real commercialization of chiral HMHs, they should have good stability in the atmosphere environment. Although
traditional ternary metal halides tend to be chemically unstable and easily react with oxygen and water molecules to cause phase
separation [22], the chiral HMHs usually possess improved stability. For example, the X-ray diffraction patterns of (R-/S-MBA),Pbl, thin
films exhibited no obvious difference within 7 days under controlled temperature (25.0 & 0.5 °C) and relative humidity (20.0 + 1.0%)
[47]. Also, the CD spectra of (R-/S-MBA),CuCly hardly changed after storage under ambient condition over one month [64]. Compared
with 2D (R-/S-MBA),Pbls, the 1D (R-/S-MBA)PbI3 thin films exhibited significantly enhanced stability and almost the same spin
transport properties within one month [99]. Even so, the development of chiral HMHs with high stability against oxygen, moisture and
temperature is still urgently needed to avoid obstacles to practical applications.

4. Fundamental physics and strategies for the modulation of optical activity
4.1. Fundamental physics
Among various spectroscopic tools for the characterization of chiral materials, CD and CPL are the most widely used methods, which
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can probe chirality in the ground and excited states, respectively. Typically, circularly polarized light can be obtained from unpolarized
light, with the help of a linear polarizer and a /4 waveplate (Fig. 8a). The measurement principles of CD and CPL spectra are illustrated
in Fig. 8b and c. Succinctly, CD can be ascribed to the differential absorption of left- and right-handed circularly polarized (LCP and RCP)
light [141]. Similarly, CPL is due to the difference in LCP and RCP emission [142].

As a function of wavelength, the CD intensity is determined by the difference in absorbance between the LCP and RCP components
(AA = A, — Ag, where A}, and Ag refer to the absorbance for LCP and RCP light, respectively) [143]. According to the Beer-Lambert law,
the ordinate of the CD spectra represents the ellipticity § in unit of mdegree, which has a specific numerical relationship with AA, i.e., 6
= 32982 x AA [144]. Experimentally, the magnitude of CD can be quantified by the absorption dissymmetry factor (gaps, also known as
gcp) through following equation [144]:

AA 0
gabs = T T F3009 o 1 (1)

A 32982 x A
where A is the absorbance of the chiral sample.
The CPL intensity can be quantified by the emission dissymmetry factor (gjym, also known as ger,) that can estimate the asymmetry
degree of LCP and RCP emission. It can be calculated according to following equation [145]:

2, — Iy)

2
Iy + Ik (2)

8lum =

where I}, and Iy refer to the intensity of LCP and RCP emission, respectively.
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Fig. 8. Fundamental properties of chiral HMHs. (a) Relationship between unpolarized light, linearly polarized light and circularly polarized light.
Schematic illustration of (b) CD and (c) CPL. Reproduced with permission from Ref. [14]: Copyright 2020, John Wiley and Sons.
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4.1.1. The origin of CD

From the perspective of quantum theory, the CD intensity in a chiral molecule is proportional to the rotational strength (R), which
results from the electric transition dipole moment interfering with the magnetic transition dipole moment and can be expressed as [146,
147]:

CDyotecuie R = Im[¥,|0|¥; - ¥)|a|¥s] = Im[pg-mj] 3)

where ¥, and ¥; are the wave functions of the ground state (s) and excited state (j), Im is the imaginary part of the parameter, ji and m
are the corresponding electric and magnetic moment operators, and ysj and mjs are the electric and magnetic transition dipole moments,
respectively. Since Equation (3) can be applied to all quantum systems [18], it can serve as a reference for identifying the origin of CD in
chiral HMHs. The condition for the observation of CD signal is that the electric and magnetic dipole moment operators must be con-
verted into the same irreducible representation [60]. Under the constraints of the stringent selection rule, the possible molecular point
groups with CD signals are only Cy, Dy, O, T, and I [60,148]. In other words, the chirality of HMHs is a consequence of their inherent
crystallographic point group, which enables ps; and mjs non-zero and induces optical activity (i.e., CD). It is noteworthy that the coupling
effect of dipole transition moments between inorganic framework and organic molecule is also considered to be a possible mechanism
that may cause the chirality of chiral HMHs [19,81,106]. However, the actual mechanism still requires further investigation.
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Fig. 9. Wide wavelength range tunable CD of chiral HMHs. (a) CD spectra of (R-/S-MBA),Pbl,; _xBrsx (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5) thin films.
(b) CD spectra of (R-/S-2-NEA),Pbly _y)Brsy (y = 0, 0.3, 0.5, 0.7, and 1.0) thin films. Reproduced with permission from Ref. [43]: Copyright 2020,
American Chemical Society. (c) CD spectra of (R-/S-MBA);Pb; _Sn,I4 (x = 0, 0.05, 0.20, 0.50, 0.80, 1) solid solution thin films. Reproduced with
permission from Ref. [44]: Copyright 2020, American Chemical Society.
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4.1.2. Design principle

Although great progress in the investigation on the chiroptical properties of HMHs has been made, there is still extensive room for
exploring new chiral HMHs with large anisotropy factors. Towards this end, the design, synthesis, and characterization of HMHs with
large anisotropy factors (gabs and gium) are extensively required for the realization of relevant high-demand applications. However, the
mechanism of enhanced optical activity of chiral HMHs is still being explored. Theoretically, the g.ps can be expressed as [149]:

_ 4ul -Im|coso

= @
Wl + |m®

abs

wherein 6 is the angle between the electric and magnetic transition dipole moments. Usually it satisfied the condition |u| > |m| at the
molecular scales, and g,ps is proportional to magnetic transition dipole moment but inversely proportional to electric transition dipole
moment [18]. Previous literature indicated that the hybrid lead iodides containing chiral 2-NEA exhibited larger g,ps than that con-
taining chiral MBA, which can be explained by the larger magnetic transition dipole moment of the former [43]. Additionally, because
the ground state wave function ¥ is the same for any CD transition, the difference in the magnitude and algebraic sign of various
transitions mainly comes from the change of the excited state wave function ‘¥; (Equation (3)) [148]. Based on time-dependent density
functional theory, we calculated the optical selectivity of circularly polarized light versus the band gap of the chiral (R-/S-MBA),CuCly4
thin films [64]. Especially, compared with the other MBA-containing chiral hybrid lead halides, the larger CD signals in the chiral
(R-/S-MBA),CuCly thin films were proved to be induced by their higher joint density of states. Furthermore, owing to the lower ab-
sorption of chiral organic molecular precursors, Hu et al. attributed the larger CD signals of chiral HMHs to larger electric field-dipole
interaction, ie., larger absorption coefficient that was estimated from Equation (3) [86]. Recently, Lin et al. changed the halogen atoms
of organic ions to modulate the CD and CPL of chiral 2D HMHs and demonstrated that the magnetic transition dipole is sensitive to the
d-spacing between inorganic layers and the halogen-halogen interaction between the organic cations and inorganic sheets [98]. These
studies can provide some theoretical guidance to explore chiral HMHs with larger anisotropy factors. For example, the design of chiral
HMHs with larger magnetic transition dipole moment or joint density of states or absorption coefficients may be effective ways to
amplify their anisotropy factors. Regrettably, the relevant experimental investigation is still scarce, and more efforts are needed to verify
the feasibility of these conjectures.

4.2. Strategies for the modulation of optical activity

4.2.1. CD of chiral HMHs

The investigation on the chemical-composition (chiral organic molecules, halogens, and metal elements) influences on the chi-
roptical properties of chiral HMHs is of great significance for the structural engineering of high-performance optoelectronic devices. For
example, Moon et al. examined the CD tunability of chiral HMHs by modifying the chemical composition [43]. As shown in Fig. 9a,
replacing iodide anions with bromides would result in an obvious blueshift of the CD signals of chiral (R-/S-MBA),Pbl;_x)Brsy thin
films, which indicated that the widening of the band gap could induce a change in the excitonic band structure. Notably, when x = 0.4 or
0.5, the CD signals disappeared, as a result of the phase transition of the crystalline structure caused by the modulation of the halide
anion mixing ratio [43]. In addition, increasing the spacer size of organic ammonium cations in 2D HMHs would cause a blueshift of the
absorption peak [150]. To obtain a larger band gap, the chiral enantiomer R-/S-1-(2-naphtyl)ethylamine (R-/S-2-NEA) molecule with an
enlarged spacer size was introduced into the inorganic framework [43]. For (R-/S-2-NEA),Pbly(;_y)Bray thin films, their CD peak po-
sition could be adjusted to near 375 nm (Fig. 9b). In addition, the bromide-determinant phase can induce enhanced CD signals compared
with the iodide-determinant phase. Further, the band gap of chiral HMHs can be tuned by altering metal elements. For instance, Lu et al.
reported the synthesis of two highly distorted tin-based chiral HMHs, which exhibited optical activity in the wavelength range of
300-500 nm [44]. Fig. 9c shows the modulability of the CD signals by tuning the composition of the metal elements in
(R-MBA),Pb; _Snyly. Interestingly, because changes in chirality should have the same influence behavior on different peaks, the second
lowest energy peak of interest (orange dashed-line) showed a redshift from 380 to 466 nm when the Sn concentration increased from
0 to 50%. However, further increasing the Sn concentration would lead to a blueshift of CD peak position (Fig. 9c). This bowing shift in
CD peak was consistent with their nonlinear change of band gap. It originated from the energy mismatch between s and p orbitals of Pb
and Sn, which generated the band gap between the Sn-derived valence band maximum and Pb-derived conduction band minimum in the
alloys [151]. Under these circumstances, through the band gap engineering, the CD signals of HMHs can be tuned in a wide wavelength
range, furnishing tremendous possibilities for various optoelectronic applications.

4.2.2. CPL of chiral HMHs

The development of CPL-active materials has triggered tremendous attention due to their widespread applications, such as 3D
display [152,153], information encoding [154,155] and optical communication [156,157]. In particular, chiral HMHs, as a new type of
CPL-active materials, have recently drawn extensive interest. The rational design and development of novel chiral HMHs with strong
chirality are imminent, which is very meaningful for the realization of relevant practical applications.

1) CPL in Chiral Structures

The incorporation of chiral organic molecules and inorganic metal halides endows HMHs with CPL characteristics without applying
an external magnetic field [15,54,60,82,117,125,131]. In general, the degree of polarization (DP) of CPL is defined as:
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where I, and I,_ represent the intensity of the LCP (¢) and RCP (¢~) emission, respectively. As a result of the larger mole fraction of
chiral molecules (67%) in chiral pure 2D HMHp, it is expected that chiral pure 2D HMHs should have a larger DP compared with chiral
quasi-2D HMHs [82]. As depicted in Fig. 10a—c, from the as-exfoliated (R-/S-MBA),Pbl4 microplates, Li et al. obtained CPL with an
average DP value of 9.6% and 10.1% at 77 K, respectively [82]. However, the (rac-MBA),Pbl, (rac-MBA denotes racemic a-methyl-
benzylammonium) exhibited no difference between LCP and RCP emission. Temperature-dependent measurement indicated that the DP
decreased monotonously with the increasing temperature and nearly vanished at room temperature (Fig. 10d). The negative correlation
between DP and temperature may origin from the reduction of lattice distortion induced by the chiral molecules or the increase of the
spin flip at higher temperature [82]. Nuzzo et al. observed CPL peaking at 540 nm at room temperature from the chiral quasi-2D thin
films (top in Fig. 10e) [15], which were obtained by mixing (R-/S-1-NEA)Br with CsBr and PbBr,. The blue-shift of the unpolarized PL
spectra from the phase with (n) > 4 was proposed to be derived from a subset of states in the semiconductor (bottom in Fig. 10e) [15].
Based on Equation (4), the lower limit of magnetic transition dipole moment was determined as 0.1up, where ujp is the Bohr magneton.
Moreover, Li et al. also achieved room-temperature CPL with high DP by developing an aqueous synthetic strategy [131]. Since DP
decreases significantly with increasing temperature, its value at room temperature is usually extremely low.

2) CPL in achiral structures

As mentioned earlier in this review, optical activity can also be expected from four types of achiral crystal structures, including point
groups Cs, Cay, S4 and Dyq (Fig. 3) [115,158]. Their optical activities depend solely on their symmetry and are independent of the
intrinsic atomic arrangement therein [159,160]. For the first time, Zhao et al. reported the CPL activities of achiral (K(dibenzo-18-c-
rown-6)),MnX, (abbreviated as (KC);MnX4, X = Cl and Br) single crystals with an achiral Cs point group [115]. The crystal structure of
(KC)2MnCly is described in Fig. 11a and b, where each central Mn atom coordinates with four Cl atoms to form [MnCl4]2’ tetrahedra
that is co-crystallized with two KC cations though electrostatic interactions. Then, the (KC)2MnCly units are arranged in a left-handed or
right-handed helix through K*—r interactions, where the opposite helixes can be converted to each other through the slide and mirror
symmetry operations [115]. CPL was further observed in the achiral (KC)2MnBr4 and (KC),MnCly single crystals. With the help of a A/4
waveplate and a linear polarizer, CPL was converted into linearly polarized light in the direction of +45° and —45° to the fast axis of the
A/4 waveplate. As depicted in Fig. 11c and d, the final polarization direction of the linearly polarized light was determined to be
perpendicular, which further proved the CPL in the achiral (KC);MnBr4 single crystals [115]. Since the report on the optical activity in

achiral crystals is scarce, the above-mentioned findings provide new insights into the design of achiral single crystal HMHs with efficient
optical activity.
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Fig. 10. CPL in chiral structures. LCP (67) and RCP (¢~) emission spectra of the chiral (a) (R-MBA),Pbly, (b) (S-MBA),Pbl,, and (c) (rac-MBA),Pbl,
microplates. All the samples were excited by a 473 nm laser at 77 K. (d) DP as a function of temperature for the chiral (R-/S-MBA),Pbl, microplates.
Reproduced with permission from Ref. [82]: Copyright 2019, American Chemical Society. (e) CPL (top) and unpolarized PL (bottom) spectra of the

chiral quasi-2D thin films excited by unpolarized light at room temperature. Reproduced with permission from Ref. [15]: Copyright 2020, American
Chemical Society.

14


mailto:Image of Fig. 10|tif

Z. Guo et al. Progress in Quantum Electronics 82 (2022) 100375

90 +45°
120 60

]
e S0 o R ©)
' ﬁg»‘%’ﬁ

Lef-handed

150 d 30
Right-handed f

1180

210\ 330

PL Intensity at tip (a.u.)

240 300
270

90 -45°
120 y 60

150 30

{180

210 330

PL Intensity at tip (a.u.)

240 300

Havetength (ns)” 270

Fig. 11. CPL in achiral structures. (a) Right- and left-handed helix in (KC),MnCl, complexes and schematic diagram through the plane of symmetry
in the m point group. (b) Simplified stacking of helixes of (KC);MnCl, viewed along the c-axis with a mirror. Polarized PL spectra and PL intensity of
the (KC),MnBr,4 microrod as a function of the polarizer rotation angle. Angle of the A/4 waveplate is (c) +45° and (d) —45°, respectively. Reproduced
with permission from Ref. [115]: Copyright 2019, American Chemical Society.

5. Optoelectronic applications
5.1. Circularly polarized light photodetectors

The conventional detection of circularly polarized light is generally accomplished with the help of a A/4 waveplate and a linear
polarizer. In virtue of the different polarized electronic spin directions generated by selective absorption of circularly polarized light [71,
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Fig. 12. Application of chiral HMHs as circularly polarized light photodetectors. (a) Schematic diagram of the photodetector based on 1D helical (R-/
S-1-NEA)PDI3. (b) J-V curves of the (R-1-NEA)PbI; device under the excitation of LCP and RCP light at 395 nm. (c) Time course of photoresponse (J-T
curves) for the (R-1-NEA)PbI; device at an applied voltage of —0.5 V. Reproduced with permission from Ref. [71]: Copyright 2020, American As-
sociation for the Advancement of Science. (d) Bulk photovoltaic effect in the (R-MPEA)4AgBilg crystal excited by a 520 nm laser. (e) Time-dependent
reproducible photocurrent on/off switching at zero bias. (f) Self-powered current-time curves for the (R-MPEA)4AgBilg crystal device under 520 nm
illumination. Reproduced with permission from Ref. [88]: Copyright 2021, John Wiley and Sons.
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161], chiral materials with strong spin—orbit coupling (SOC) provide us with a possibility to directly detect circularly polarized light
[162,163]. Because of the combination of sensitive chiroptical responsiveness and effective charge transport imparted by chiral organic
components and inorganic components, a series of chiral HMHs have been used to directly detect circularly polarized light [61,62,71,77,
82,88,93,100,102,131,164-166]. For instance, Tang et al. developed chiral 1D (R-/S-MBA)PDbI; for circularly polarized light photo-
detectors, with a responsivity of 797 mA W™}, a detectivity of 7.1 x 10! Jones and 3 dB frequency of 150 Hz [62]. The responsivity was
nearly two orders of magnitude larger than that of chiral helicene and metamaterials [162,163]. Wang et al. manufactured circularly
polarized light photodetectors using single crystal and thin film of chiral quasi-2D (R-MPEA)>MAPb,I; [61]. It was found that the single
crystal photodetector exhibited a responsivity of 3.8 A W' and a detectivity of 1.1 x 10'2 Jones.

Very recently, Ishii and Miyasaka fabricated a direct circularly polarized light photodetector with a bilayer structure (Fig. 12a),
consisting of transparent conducting oxide (TCO), SnO2 (10 nm, electron-transport/hole-blocking layer), (R- and S-1-NEA)PbI3 (220 nm,
circularly polarized light absorber), bathocuproine (BCP) (15 nm, hole-transport/electron-blocking layer) and Ag (80 nm) [71]. Fig. 12b
shows the photocurrent density—voltage (J-V) characteristics of the (R-1-NEA)PbI3 photodetector under the excitation of LCP and RCP
light at 395 nm with an intensity of 1 mW cm 2 Under an applied voltage of —0.5 V, the photocurrent signals were 2.8 x 10 *and 1.2
x 107% A em ™2, respectively (Fig. 12¢). Additionally, the responsivity anisotropy factor (gs) describes the distinguishability to
circularly polarized light, which is defined as [62]:

2(R. — Rg)

6
Ry + Rg (6)

8res =

where Ry, and Rg are the responsivities under LCP and RCP light illumination, respectively. Surprisingly, the polarization discrimination
ratio Ry /Rg of (R-1-NEA)PbI; photodetector is as high as 25.4, far exceeding the previously reported values, such as 1.1 for chiral 1D (R-/
S-MBA)PbI3 [62], 1.22 for chiral quasi-2D (R-MPEA)>MAPb,l; [61], and 3.4 for chiral metamaterials [163]. The higher photocon-
ductivity of chiral (R-1-NEA)PbI3 can be attributed to its 1D helical structure and is related to the polarized electronic spin directions
induced by selectively absorbing circularly polarized light with orbital angular momentum [71,161].

In conventional photovoltaic devices, photoexcited carriers are separated by a built-in electric field generated in the p-n junctions
[167]. In contrast, bulk photovoltaic effect refers to the generation of a steady photocurrent in a single-phase homogeneous material
lacking inversion symmetry [168]. It provides another way to separate photoexcited carriers and generate photovoltaic effect without a
bias voltage [80,169]. The spatial inversion symmetry breaking endows chiral HMHs with potential self-powered circularly polarized
light detection without an extra electric field. For instance, Li et al. investigated the intrinsic circularly polarized light detection
capability of chiral lead-free (R-MPEA)4AgBilg crystals and the influence of bulk photovoltaic effect on circularly polarized light
detection along the polar b-axis [88]. As a result of strong lattice distortion and electronic transitions between different metals in the
layered structure [170], the responsivity and detectivity of the photodetector based on (R-MPEA)4AgBilg crystal were as low as 22 pA
W~land 1.2 x 107 Jones, respectively [88]. Furthermore, on account of a built-in electric field generated by the bulk photovoltaic effect,
a photovoltaic voltage of 68 mV was obtained under unpolarized 520 nm illumination, and the photovoltaic current exhibited good
reproducibility under on/off switching, as described in Fig. 12d and e. Moreover, as presented in Fig. 12f, distinctly different photo-
current signals illuminated by LCP and RCP light was observed at zero bias and a photocurrent anisotropy factor of 0.3 was achieved for
the self-powered circularly polarized light photodetector. Overall, chiral HMHs combine the sensitive chiroptical responsiveness of
organic components and efficient charge transfer of inorganic components, affording an unprecedented and advantageous platform for
direct detection of circularly polarized light.

5.2. Ferroelectrics

Regarded as an important topic in materials physics, ferroelectrics have been widely used in various applications, including sensors,
energy storage and capacitors [171]. Ferroelectric materials are a subcategory of pyroelectric materials that belong to a subcategory of
piezoelectric materials [172,173]. From the crystallographic point of view, ferroelectrics are inseparable from symmetry breaking. In
other words, ferroelectric materials are non-centrosymmetric and must be crystallized among the ten types of polar point groups, i.e., C1,
Cs, Ca, Cay, C3, Csy, C4, C4y, Cg and Cgy (Fig. 3) [174]. In recent years, as a class of emerging materials, chiral HMHs are considered as
promising potential molecular ferroelectrics with desirable semiconductor characteristics, due to their easy-to-design material structure
and inherent structural asymmetry [57,66,70,86,97,111,114,117,121,122,175]. However, the relationship between chirality and
ferroelectricity has been ignored for a long time. For instance, by introducing chiral R-/S-CPEA cations into lead iodide octahedral
inorganic framework, Xiong et al. successfully obtained the chiral 2D (R-/S-CPEA),Pbl, ferroelectrics [57], which were crystallized in
polar space group P1 at room temperature and exhibited a high phase-transition temperature of 483 and 473.2 K, respectively.

Apparently, the introduction of chiral enantiomer molecules is a unique and effective strategy for designing ferroelectric materials
that are crystallized among the chiral Sohncke space groups (partially containing ten types of polar point groups, Fig. 3). Following the
concept of introducing chirality, Hu et al. successfully designed and synthesized chiral 1D (R-/S-CHEA)PbI; (R-/S-CHEA = R-/S-1-
cyclohexylethylammonium) switchable photovoltaic ferroelectrics [86]. The temperature-dependent measurement showed a significant
decrease in SHG signal from 85 to 100 °C (Fig. 13a), indicating that a phase transition occurred. As depicted in Fig. 13b, the polarization
(P)-electric field (E) hysteresis loop further confirmed the ferroelectricity of (R-/S-CHEA)PbIs, where the small saturation polarization
(Ps ~0.03 pC cm™2) was ascribed to the low intrinsic polarization predicted by density functional theory and absence of alignment
between the polarization and measurement axes [86]. Fig. 13c indicates the switchable diode effect of the ferroelectrics. Specifically, the
photocurrent direction depends on the history of applied electric fields. A pre-positive bias will cause the diode with forward direction

16



Z. Guo et al. Progress in Quantum Electronics 82 (2022) 100375
toward the right in Fig. 13d, resulting in a negative photocurrent at zero bias. Further measurements demonstrated that the (R-/S-CHEA)
Pbl; underwent a ferroelectric-paraelectric phase transition at ~100 °C from the chiral-polar space group P2; to the chiral-nonpolar
space group P2,272; [86].

In addition, H/F substitution (replacement of hydrogen atoms with fluorine atoms) may induce a minor structural disruption,
thereby enhancing ferroelectric properties such as Curie temperature (T.) and spontaneous polarization [176]. Some research groups
designed a series of high T. molecular ferroelectrics by applying the strategy of H/F substitution in chiral HMHs [111,114,117].
Particularly, the (R-/S-FP)CdCl;3 (R-/S-FP = R-/S-3-fluoropyrrolidinium) ferroelectrics represent a pioneering example of combining
H/F substitution and introducing chirality, in which the T, of (R-/S-FP)CdCls was much higher (303 K) compared with the original
(pyrrolidinium)CdClz (240 K) [114,177]. Similarly, based on the prototype hybrid ferroelectric (pyrrolidinium)MnCl; [178], a striking
increase by 38 K in T, proved the feasibility and importance of the strategy of H/F substitution (Fig. 13e) [111]. As shown in Fig. 13f, the
(R- and S-FP)MnCl; exhibited comparable P values, i.e., ~5.0 and ~5.4 pC em 2, respectively. Furthermore, benefiting from the PL
associated with octahedral Mn2* ions, Gao et al. reported the CPL activity at room temperature from the (R-/S-FP)MnBrs molecular
ferroelectrics [117]. They were crystallized in chiral-polar space group P2; at 223 K and chiral-nonpolar space group C222; at 293 K,
corresponding to the ferroelectric and paraelectric phases, respectively. Also, the P-E hysteresis loop at 223 K further suggested the
ferroelectric properties with P, values of 4.8 and 4.5 pC cm ™2 for (R- and S-FP)MnBrs, respectively [117].

5.3. Spintronics

5.3.1. Chiral-induced spin selectivity (CISS)

CISS effect was reported by Naaman et al., in 1999 [179], in which the electron transmission yield through chiral materials depends
on the electron spin orientation. In other words, chiral materials can serve as electron spin filters [180,181]. Lu et al. investigated the
spin-dependent charge transport in the thin films of chiral lead-free (R-/S-MBA)»Snl4 by means of magnetic conductive-probe atomic
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Fig. 13. Application of chiral HMHs as ferroelectrics. (a) SHG intensity as a function of temperature for the (R-/S-CHEA)PbI;. Inset: SHG image

excited with a 1080 nm infrared laser. (b) P-E hysteresis loop of the ferroelectrics (R-/S-CHEA)PbIs. (c) Switchable diode effect in the chiral (R-/S-

CHEA)PDI;. (d) Band structure of the polycrystal device under zero bias, positive bias and negative bias. Reproduced with permission from Ref. [86]:

Copyright 2020, American Association for the Advancement of Science. (e) Schematic design of molecular ferroelectrics by H/F substitution. (f)

Ferroelectric hysteresis loops of (R-/S-FP)MnCl; measured along the polar b-axis at 313 K. Reproduced with permission from Ref. [111]: Copyright
2019, American Chemical Society.
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force microscopy measurements [44]. The degree of spin polarization (P) is defined as:

I, — I
P="""x 100
P X 100% @)

where I, and I are the measured currents at —1 V when the tip magnetic field is pointing up or down, respectively. The average
current-voltage (I-V) curves of chiral (R-/S-MBA),Snly thin films with a thickness of 50-60 nm under the opposite magnetization di-
rections were depicted in Fig. 14b. The P values of (R- and S-MBA),Snl, films were as high as +94% and —93%, respectively. The slight
difference in spin-polarized current between lead- and tin-based chiral films indicated that spin-dephasing in the inorganic sublattice
may not be significant [44,81]. Therefore, the spin-polarized current in chiral HMHs is mainly ascribed to the CISS effect of chiral
organic molecules [99,128]. Generally, the CISS effect in chiral molecules is supposed to originate from a coupling between the linear
momentum of an electron moving in a chiral potential and its spin, which can be expressed in Fig. 14a [182]. From the theoretical point
of view, the CISS effect is associated with SOC [182,183]. Recently, Yu theoretically demonstrated that the spin-dependent charge
transport in chiral HMHs can be traced to the chirality-induced SOC [184]. The SOC describes a relativistic effect, which can be
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Fig. 14. (a) Schematic of spins spiralling along chiral molecules with different handedness. Reproduced with permission from Ref. [183]: Copyright
2021, Springer Nature. (b) I-V curves of chiral 2D (R-/S-MBA),Snly thin films at room-temperature. Reproduced with permission from Ref. [44]:
Copyright 2020, American Chemical Society. (c) Schematic diagram of the two-fold spin-degenerate electronic band in a conventional semiconductor
and the separated spin-polarized sub-bands in k-space. AE is the energy difference at the characteristic momentum (ko) between the inner and outer
spin-polarized branches produced by the Rashba-Dresselhaus spin-splitting. Egp is the characteristic Rashba-Dresselhaus energy. Reproduced with
permission from Ref. [19]: Copyright 2020, Springer Nature. (d) DP for chiral and achiral quasi-2D HMHs with applied magnetic field varied from
—7 T to 7 T. Reproduced with permission from Ref. [60]: Copyright 2018, Springer Nature.
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expressed as the Zeeman-like interaction between the electron spin and an effective magnetic field transformed by the electric field
experienced by a moving electron in its rest frame [185].

5.3.2. Rashba-Dresselhaus SOC effects

In non-magnetic systems, the SOC maintains time-reversal symmetry and the “up” and “down” of two electronic spin states are
degenerate [19]. The spin degeneracy is broken in chiral materials on account of the effective magnetic field generated by the electron
velocity coupling with the chiral electrical potential, resulting in the splitting of the two electronic spin state energies [180]. The phe-
nomenon of spin-splitting by generating an effective magnetic field is known as Rashba or Dresselhaus effect [186,187], which can occur
either exclusively or simultaneously in materials distinguished by the characteristics of the site or bulk inversion asymmetry, respectively
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Fig. 15. Application of chiral HMHs as spin-LEDs. (a) Schematic illustration of CPEL measurement system. (b) Schematic diagram of the generation
of CPEL in the spin-LEDs. (c) Left- and right-handed CPEL spectra of the spin-LEDs based on (R-/S-MBA),Pbl,/CsPbBr; heterostructure. (d) CPEL
spectra of (R-/S-MBA),Pbl,/CsPbBrs;-based device. (e) DP as a function of wavelength for the spin-LEDs based on CISS layer/CsPbBr; heterostructure.
Reproduced with permission from Ref. [20]: Copyright 2021, American Association for the Advancement of Science.
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[188]. Based on hybrid density-functional theory calculations, Jana et al. demonstrated that the Rashba-Dresselhaus spin-splitting of
electronic band structures in chiral HMHs is a consequence of chirality-induced inversion asymmetry [19]. In short, the spin-polarized
sub-bands are separated in k-space on account of the SOC and inversion asymmetry of the Rashba-Dresselhaus semiconductor, as illus-
trated in Fig. 14c. Furthermore, the spin degeneracy is broken in chiral HMHs, leading to the spin-polarized absorption (induced CD) and
spin-polarized PL, without employing a magnetic field or circularly polarized light excitation to generate spin-polarized carriers. For
example, Long et al. reported spin polarization control in quasi-2D HMHs through chemical design and by a magnetic field, and both
spin-polarized absorption and PL were demonstrated [60]. As shown in Fig. 14d, the averaged DP at 2 K under LCP and RCP light excitation
was achieved to be ~3% for both thin films of chiral quasi-2D HMHs at 0 T, which was comparable to the value of ~3% for 3D MAPbI3_Cly
at 5 T [189]. Moreover, the spin polarization can be further controlled by the applied external magnetic field.

5.3.3. Spin light-emitting diodes (LEDs)

LCP or RCP emission can be generated when the population of carriers (n) is spin-polarized (i.e., spin “up” > “down”, or vice versa).
The CISS effect of chiral HMHs enables the producing of the spin-polarized current by applying an electric field. Using the poly-
crystalline thin films of chiral (R-/S-MBA),Pbl4 with a thickness of 30-60 nm as the spin-polarized hole injection layer, Kim et al.
fabricated spin-LEDs based on the heterostructure of chiral HMHs/perovskite nanocrystals [20]. Fig. 15a depicts the schematic diagram
for the measurement of circularly polarized electroluminescence (CPEL) for the spin-LEDs. During the generation of CPEL, the
spin-polarized holes were injected into the adjacent perovskite emitting layer (Fig. 15b). Additionally, a halide exchange occurred near
the HMHs-perovskite interface, eventually resulting in two emission peaks at 678 and 515 nm from CsPb(Brg 11p.9)3 and CsPbBrs,
respectively (Fig. 15c). However, CPEL was not observed at 515 nm, as a result of additional spin dephasing and scattering of the
spin-polarized holes outside the HMHs-perovskite interface [20], as shown in Fig. 15d. Importantly, when the CsPblz and
CsPb(Bry.11p.9)3 nanocrystalline films were used as the emitting layers, the average DP values at room temperature were determined as
+ 0.25% and +2.6%, respectively (Fig. 15e). In addition, it was demonstrated that the spin-LEDs based on CsPb(Br 11y.9)3 nanocrystals
exhibited enhanced CPEL [20].

5.3.4. Magneto-optical detection
As mentioned above, the CISS effect can be externalized through magnetic conductive-probe atomic force microscopic measure-
ments. In relation to the CISS effect, Huang et al. developed an all-optical excitation and measurement scheme [87]. In the manufactured
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Fig. 16. (a) Schematic illustration of the Sagnac magneto-optical Kerr effect for the photoinduced magnetization at chiral HMHs/NiFe interface. (b)
The change in Kerr signal upon photoexcitation for chiral and achiral HMHs/NiFe samples under positive and negative out-of-plane external
magnetic field, respectively. Reproduced with permission from Ref. [87]: Copyright 2020, American Chemical Society. (c) Schematic diagram of
photocurrent generation by CPGE in a semiconductor. (d) Photocurrent (Jy) as a function of the angle (a) of the A/4 waveplate (QWP). (e) Con-
tributions of light-helicity-dependent photocurrent J¢, and light-helicity-independent photocurrents Ji; and Jy to the total photocurrent in chiral
(R-/S-BPEA),Pbl,. Reproduced with permission from Ref. [94]: Copyright 2021, John Wiley and Sons.
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chiral HMHs and ferromagnetic NiFe heterostructures, the magneto-optical Kerr effect with sensitivity to small amounts of spin
accumulation was employed to examined CISS-related behaviors through a Sagnac interferometer (Fig. 16a). As a result of the opto-
electronic response and CISS effect of chiral HMHs, the time evolution of the Kerr angle of the chiral samples irradiated at 405 nm
showed distinct signals and chirality correlation in different external magnetic field directions, whereas achiral samples exhibited no
significant changes in the Kerr signal upon photoexcitation, as described in Fig. 16b. Since the photocurrent generated in the chiral films
was spin-polarized, the magnetization produced by photoexcitation at the NiFe surface (ie., the extra Kerr signal) increased the
magnetization of the NiFe film and the sign of the spin polarization showed chirality correlation [87]. This work demonstrated that
magneto-optical detection provided an alternative approach to investigate the CISS effect of chiral HMHs, opening the way for the
next-generation chiral spintronics.
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Fig. 17. Application of chiral HMHs in nonlinear optics. (a) Crystal structure of the chiral (R-MBA),CuCl,. (b) Wavelength-dependent SHG signals of
the chiral (R-MBA),CuCly. Inset: Plot of SHG intensity versus pump power. (c) Comparison of SHG intensities between the chiral (R-MBA),CuCl, and
a Y-cut quartz reference. Reproduced with permission from Ref. [64]: Copyright 2021, John Wiley and Sons. (d) Top view of the crystal structure of
(R-FPEA)4Sb,Cl; o viewed along the c-axis. (e) Polar plot of the SHG intensity as a function of the crystal azimuth angle. (f) SHG signal versus applied
laser power for the (R-FPEA)4E;X; (E = Sb and Bi, X = Cl and Br) compounds compared with a quartz reference. Reproduced with permission from
Ref. [85]: Copyright 2020, American Chemical Society. (g) Stacked crystal structures of (R-BPEA),Pbl,. (h) Inverse transmission versus incident laser
peak intensity for (R-BPEA),Pbl,. (i) The corresponding excitation intensity-dependent PL spectra at 800 nm. Inset: Photographs of (R-BPEA),Pbl,
under sunlight and 800 nm laser irradiation. Reproduced with permission from Ref. [100]: Copyright 2021, American Chemical Society.
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5.3.5. Circular photogalvanic effect (CPGE)

As an exciting spin-related optoelectronic phenomenon, CPGE arises from the SOC of non-centrosymmetric systems. It describes the
generation of photocurrent sensitive to the photon helicity of the excitation light under the irradiation of circularly polarized light when
there is no bias voltage [190]. The SOC-induced spin-splitting of electronic band structures would bring about selective inter-band
excitation of electron in a momentum space (k-space) under the excitation of circularly polarized light, as shown in Fig. 16¢c. To
date, Vardeny and Miyasaka et al. successively reported the CPGE in chiral HMHs [94,96]. Among the 11 pairs of enantiomorphic space
groups, the first example of crystallization in chiral space groups P43212 and P412;2, (R-/S-BPEA),Pbl, (R-/S-BPEA = R-/S-1-(4-bro-
mophenyl)ethylammonium) was employed to study CPGE by Miyasaka et al. [94]. As illustrated in Fig. 16d, the photocurrents of both
(R-/S-BPEA),Pbly differ a lot under the excitation of RCP and LCP light, as a result of CPGE. The photocurrent decomposition was
depicted in Fig. 16e. Because the CPGE-induced photocurrent (J¢) from the surface should have the same sign, its direction should not be
influenced by the surface-polarity. Instead, the J¢ direction depends on the chirality of the samples, which can be attributed to the
spin-polarized electronic band structures in different chiral samples [94,191].

5.4. Nonlinear optics

Nonlinear optics describes the interaction between light and matter under strong coherent light [192-195]. In such case, the
nonlinear polarization (P) of media can be interpreted as a function of the electric field (E), which is calculated as [196]:

P=g(VE + VB + yVE + ) 8

where ¢ is vacuum permittivity, y™ is the n-th order electric susceptibility. Particularly, even-order NLO responses, such as SHG,
require strictly non-centrosymmetric structures. However, traditional HMHs are crystallized in centrosymmetric space groups, in which
no efficient SHG signals can be observed [197]. Although surface asymmetry may cause weak SHG in traditional HMHs, strong SHG can
only be obtained in chiral HMHs with broken inversion symmetry.

Yuan et al. studied the SHG in the nanowires of chiral HMHs [130], and our group subsequently demonstrated efficient SHG in the
chiral (R-MBA),CuCly thin films with their crystal structures presented in Fig. 17a [64]. The latter exhibited efficient SHG signals in a
wide wavelength range of 780-920 nm, as illustrated in Fig. 17b. In addition, the effective SHG coefficient of chiral (R-MBA),;CuCl, thin
film at 800 nm was roughly evaluated as 0.35 p.m. V! using Y-cut quartz as a reference with the optimized linearly polarized pump
light (Fig. 17c). In addition, Dehnhardt et al. characterized the rotational anisotropy of SHG intensity along the c-axis in the single
crystals of chiral (R-FPEA)4SboClyy (R-FPEA = R-1-(4-fluoro)-phenylethylammonium) (Fig. 17d) [85]. As shown in Fig. 17e, for the
chiral lead-free HMHys, i.e., (R-FPEA)4E2X 0 (E = Sb and Bi, X = Cl and Br), the polarization-dependent rotational anisotropy was
consistent with the expectation of P2; space group and SHG signals were almost comparable to that of Z-cut quartz (Fig. 17f) [85]. Very
recently, efficient SHG signals were observed in the single crystals of chiral 1D (R-/S-APD)Pbl, (R-/S-APD = R-/S-3-aminopiperidinium)
and OD (R-/S-MPEA)2SnBrg [101,127]. Furthermore, SHG effect, which is sensitive to inversion symmetry, can be employed as a
powerful method to study the phase transition of ferroelectric materials.

It should be noted that chiral HHMs should also be one kind of novel materials with excellent two-photon absorption (TPA)
properties. As shown in Fig. 17g—i, Luo et al. determined the TPA coefficient of chiral (R-BPEA),Pbl, single crystal as 55.04 cm MW,
which is almost the highest value among 2D HMHs [100]. Thanks to the large TPA, the single crystal can be used for dual-modal direct
detection of circularly polarized light at 520 and 800 nm. Owing to the excellent photoresponse ability and large TPA coefficient, the
photocurrent anisotropy factor was higher than 0.1 [100]. Very recently, Zhao et al. synthesized highly ordered microwire arrays of
chiral (R-/S-CPEA),Pbl,4, which demonstrated both SHG and TPA with large anisotropy under linearly polarized excitation at 800 nm
[198]. Although there are only several papers reporting the TPA properties of chiral HMHs, we believe it will be a topic worthy of further
study.

6. Summary and outlook

Chiral HMHs, as a newly flourishing type of chiral semiconductor materials, have been greatly developed over the past few years.
The introduction of chirality into HMHs endows them with fascinating and exciting chirality-related optoelectronic properties, and
creates promising and exclusive platform for chiral optoelectronics. Herein, we comprehensively reviewed the research progress in
single crystals and thin films of chiral HMHs, including diverse structural frameworks, synthetic methods, fundamental physics and
strategies for the modulation of optical activity, as well as the related optoelectronic applications. Because the research on single crystals
and thin films of chiral HMHs is still in its infancy, there are still plenty of new challenges and opportunities to be addressed in the future,
which are summarized and highlighted as follows.

1) Design and synthesis strategies. The design and synthesis of novel chiral HMHs are a prerequisite for comprehensively exploring
their intrinsic characteristics and exploiting potential applications. First, chiral 3D HMHs possess low exciton binding energy and
long carrier diffusion lengths, suggesting their promising applications in high-performance chiral optoelectronic devices. Although
Long et al. made theoretical predictions on 3D chiral HMHs [53], synthesizing 3D HMHs still remains a challenge. Secondly, it is
meaningful to develop more chiral HMHs with the bulky and interchangeable chiral organic components on the basis of existing
material synthesis. More materials with various special functionalities, such as achiral structure [115], crystal-glass transition [95],
ferromagnetism [91,126], ferroelasticity [123], piezoelectricity [124], or morphology variability [130,165,199], should be explored
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and studied to enrich the family of chiral HMHs and further understand their structure-property relationships. Thirdly, the
development of theoretical design principle (discussed in Section 4.1.2) and new synthetic strategies, as well as the optimization of
the synthesis process (discussed in Section 3), should be implemented consistently, which are essential for the enhancement of
chirality in HMHs and realization of relevant applications. Lastly, the current optoelectronic applications are based on toxic
lead-based chiral HMHs. Therefore, it is also an important and urgent task to develop lead-free chiral HMHs materials for their
applications in optoelectronic devices.

Ultrafast carrier dynamics in chiral HMHs. Although the CD and CPL of various chiral HMHs have been intensively investigated, the
study on the ultrafast carrier dynamics still lag far behind. The deep understanding on the carrier dynamics in chiral HMHs is vital for
further exploration of their relevant applications. For example, by means of ultrafast pump-probe spectrum [200], Xiong et al.
investigated transient CD and exciton spin dynamics in CsPbBrs, which provided important information for the realization of
spintronic applications [201]. Similarly, as described in Section 5.3.1, the CISS effect in chiral HMHs is considered to be associated
with the chirality-induced SOC, i.e., Rashba or Dresselhaus SOC, and thus leads to spin splitting in chiral HMHs. Obviously, the study
on the carrier dynamics process is vital to reveal the impact of Rashba or Dresselhaus SOC.

Broadening of optoelectronic applications. Although various optoelectronic devices based on chiral HMMs have been developed, it is
still of great significance to further broaden their applications. Single crystals and thin films not only afford a versatile platform for
understanding the intrinsic properties of chiral HMHs, but also lay the foundation for further exploration of their optoelectronic
applications. For example, some spin-related phenomena and applications have not been fully exploited, such as CPGE. Also, there
are only several examples of chiral ferroelectrics, and the development of multifunctional chiral ferroelectric materials is imminent.
Furthermore, as a result of intrinsic asymmetry of chiral materials and highly flexible tunability of structure, the chiral HMHs may be
anovel type of NLO materials with great application prospect. It will be an interesting and challenging topic to reveal the relationship
between material structure (space group) and NLO properties, including SHG and TPA.
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