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with different substances; therefore, the 
resulting change in polarization state can 
reveal the chemical configuration,[6] struc-
tural conformation,[7] and optoelectronic 
properties of a substance.[8] This chirop-
tical phenomenon and interpretation of 
chiral characteristics constitute the basis 
of chiral photonics. In particular, circu-
larly polarized photoluminescence (CPPL) 
(i.e., differential emission of left-handed 
circularly polarized (LCP) and right-
handed circularly polarized (RCP) lights) 
is absolutely necessary for scrutinizing 
the ground state of materials,[9] whereas 
circular dichroism (CD) spectroscopy 
(i.e., differential absorption of LCP and 
RCP lights) can provide useful informa-
tion regarding the structure of the excited 
state of materials.[7] These complementary 
phenomena enable the development of 
advanced smart photonic technologies.

A material is chiral if it cannot be 
superimposed on its mirror image. This 
phenomenon is commonly observed 
in natural organic compounds, such as 
small amino acids, saccharide, starch, and 
DNA. Owing to their noncentrosymmetric 

structure (e.g., no inversion symmetry, mirror plane, and glide 
plane), chiral materials exhibit nonlinear optical responses to 
CPL in CD and CPPL spectra. Although organic chiral mate-
rials are ubiquitous and exhibit strong chiroptical activity in 
the near-UV region,[10] the structural softness of organic chiral 
molecules makes them difficult to stack, resulting in poor 
charge transfer capability in practical polarization-based opto-
electronic devices. Additionally, in chiral photonics research, 
focus should be on stable and broad wavelength tunability over 
the visible light region to realize optoelectronic devices based 
on the polarization phenomenon. In this regard, OIHPs have 
emerged as promising candidates for nonlinear optic devices 
because of their facile color tunability through halide compo-
sition engineering,[11] quantum size effects,[12] small effective 
mass,[13] long spin lifetime exceeding 1  ns, diffusion lengths 
≈85  nm, and high electron/hole mobility.[14] A recent study 
demonstrated that OIHPs exhibit strong spin–orbit coupling of 
the electronic states,[15] spin-dependent optical selection rules, 
and large Rashba splitting,[16] suggesting that the OIHPs might 
exhibit exceptional spin polarization properties.[17]

Despite the exceptional spin polarization properties, OIHP 
materials cannot be utilized in chiral photonics owing to their 
centrosymmetric crystal structure. However, the flexible crystal 

Organic–inorganic hybrid halide perovskites (OIHPs) are commonly used 
as prototypical materials for various applications, including photovoltaics, 
photodetectors, and light-emitting devices. Since the chiroptical properties of 
OIHPs are deciphered in 2017, chiral OIHPs have been rediscovered as new 
hybrid systems comprising chiral organic molecules and achiral inorganic 
octahedral layers. Owing to their exceptional optoelectrical properties and 
structural flexibility, chiral OIHPs have received a considerable amount of 
attention in chiral photonics, chiroptoelectronics, spintronics, and ferroelec-
trics. Despite their intriguing chiral properties, the transfer mechanism from 
chiral molecules to achiral semiconductors has not been extensively inves-
tigated. Furthermore, an in-depth understanding of the origin of chiroptical 
activity is still elusive. In this review article, recent advances in the chiroptical 
activities of chiral OIHPs and polarization-based devices adopting chiral 
OIHPs are comprehensively discussed, and insight into the underlying 
chirality transfer mechanism based on theoretical considerations is provided. 
This comprehensive survey, with an emphasis on the chirality transfer mecha-
nism, will help readers understand the chiroptical properties of OIHPs, which 
are crucial for the development of spin-based photonic and optoelectronic 
devices. Additionally, promising strategies to exploit the potential of chiral 
OIHPs are also discussed.

1. Introduction

Chiral photonics based on chiral materials is a highly active 
research topic that is associated with various applications, such 
as quantum communication,[1] optical spintronics,[2] optical 
information processing,[3] and biological science.[4] The unique 
attribute of chiral photonics lies on the ability to manipulate the 
polarization of light and control the spin-mediated transition 
process.[5] Circularly polarized light (CPL), which can exhibit 
two possible polarization states (i.e., left- and right-handed cir-
cular polarizations), is an essential source of chiral photonics, 
in which the direction of the electric field rotates continu-
ously in a plane perpendicular to the propagation direction 
with a steady angular velocity. This CPL interacts differently 
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structure of OIHPs breaks the inversion symmetry and enables 
new strategies for designing materials with desirable aniso-
tropic properties. In 2003, Billing et al. first incorporated chiral 
ligands in the OIHP framework and reported the synthesis of 
1D chiral perovskite single crystals.[18] A subsequent study in 
2006 reported the synthesis of 2D chiral perovskite single crys-
tals.[19] However, these noncentrosymmetric chiral perovskites 
were not utilized in chiral photonics until the breakthrough in 
2017 when CD spectroscopy was first performed.[20] Since then, 
chiral perovskites have gained tremendous research attention 
in the chiral photonic community. However, only two review 
papers discuss the optical and electronic properties of chiral 
perovskites.[21] Therefore, in this review, we focus on theoret-
ical fundamentals explaining the chiral transfer mechanism 
from optically active molecules to achiral materials. To explore 
the potential possibilities of these chiral photonic materials 
thoroughly, the fundamental basis of optical phenomena (i.e., 
CD and CPPL) needs to be clearly understood. The following 
sections discuss the recent development in chiral perovskite 
photonics based on the underlying chirality transfer mecha-
nisms. Recent advance of chiral OIHPs based optoelectronic 
devices are also briefly discussed. Furthermore, this review sug-
gests progressive perspectives and challenges that need to be 
addressed in this research area.

2. Fundamentals of Chiroptical Phenomena

2.1. Electric Transition and Transition Dipole Moment

Chiral photonics is based on the interaction between mate-
rials (e.g., atoms or molecules) and circularly polarized inci-
dent light. At longer wavelengths (>1000  nm), the interaction 

between the oscillating electromagnetic wave and atomic nuclei 
causes molecular vibration. However, for shorter wavelengths, 
the heavy nuclei cannot exhibit significant responses even when 
the surrounding electron cloud can be polarized according  
to the direction of the oscillating electric field. Such a redistri-
bution of electrons results in an electronic transition from the 
ground state to the excited state. Based on this phenomenon, 
UV–vis absorption spectroscopy and CD spectroscopy can 
become powerful tools to obtain the electronic structural infor-
mation of chiral materials. In organic chemistry, the absorption 
in a particular wavelength region is attributed to the electronic 
transition that is associated with a particular bond or structural 
unit. However, in chiral perovskite materials, the absorption in 
a particular wavelength region is generally related to the exci-
tonic transition due to the low-dimensional quantum structure 
and large exciton binding energy.

The interaction between the electromagnetic wave (UV and 
visible region, 200–750  nm) and material can trigger the exci-
tation of electrons from one state to another, resulting in a 
spatial redistribution of the net charge. Thus, an electric tran-
sition dipole moment (ETDM, μ) is induced by the incident 
electric field (Figure 1a, left). The yellow and green regions indi-
cate the excited and ground states, respectively. The resulting 
ETDM designates the net linear displacement of charge during 
the transition. Furthermore, ETDM describes the polarization 
of the charge in the excited state and is completely different 
from the static dipole moment (or permanent dipole moment), 
which describes the polarization in the ground state based on 
the innate structure of a material. Therefore, ETDM has oscil-
lating properties that depend on the phase of wave functions. 
ETDM is a complex vector quantity, where the initial point of 
the vector is located at the center of gravity of the material, and 
its direction represents the polarization of the transition.[22] 

Figure 1. Fundamentals of electronic transition and chiroptical phenomena. a) Schematic of electric dipole transition by linear force (left), magnetic 
dipole transition by rotational Lorentz force (middle), and chirality as a result of the dot product of electric and magnetic transitions (right). b) Illus-
tration of chiral materials exhibiting different absorption behavior with LCP (σ+) and RCP (σ−) lights. c) Evolution of helical distribution of electron 
cloud due to the interaction between ETDM and MTDM. d) Schematics describing the chiroptical phenomena (CD and CPPL) based on the electronic 
transition and Stokes shift.
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The square of the ETDM is proportional to the intensity of 
electronic transition, which reflects the manner in which the 
material will interact with an incident electromagnetic wave 
in a given polarization state. For instance, if the dipole transi-
tion is forbidden, μ = 0, whereas μ > 0 when the transition is 
allowed. An oscillating electric field generates an oscillating 
magnetic field. Thus, a magnetic dipole transition moment 
(MTDM, m) can also be defined as the net circulation of charge 
for each electric transition (Figure 1a, middle).[22] Generally, in 
achiral materials, the square of ETDM tends to be five orders of 
magnitude larger than the square of MTDM. Therefore, ETDM 
is a determinant factor in optical spectroscopy, such as UV–vis 
absorption spectroscopy. However, this situation does not apply 
to chiral materials because chiral photonics is based on the 
interaction between ETDM and MTDM (Figure 1a, right).

2.2. Chiroptical Activity

2.2.1. Circular Dichroism

In chiral photonics, as the incident lights of LCP (σ+) and 
RCP (σ−) are chiral, they interact differently with a material 
when electronically excited by specific excitonic transitions 

(Figure  1b). For instance, chiral perovskites preferentially 
absorb LCP or RCP light based on the redistribution of helical 
electron clouds for a particular transition. This differential 
absorption of LCP and RCP lights is often referred to as the 
Cotton effect or CD intensity (ΔA), which is defined as follows:

A A A∆ = −L R  (1)

where AL and AR are the absorbance of LCP and RCP lights, 
respectively. The CD spectrum provides important information 
about the configuration of materials and properties of elec-
tronic transitions.[23]

To gain in-depth knowledge of why chiral materials prefer-
entially absorb LCP or RCP light, it is necessary to understand 
how light absorption is determined in terms of transition dipole 
moments. As mentioned previously, the incident light (LCP or 
RCP light) in chiral photonics has a constant magnitude as the 
direction rotates at a constant rate (blue line in Figure 2b). The 
polarized incident light can induce a displacement of electronic 
charge at each point along the direction of rotation of incident 
light, thus creating an ETDM (μnet  ≠ 0). As the incident light 
propagates into the chiral materials (e.g., the absence of mirror 
plane or center of symmetry), the resulting electronic transi-
tion can accompany a circulation of charge, thereby creating 

Figure 2. Chirality transfer mechanism in inorganic QDs or metallic NPs compounds induced by chiral surface distortion. a) CD spectrum and 
optical absorption spectra (lower) for gold-glutathione cluster compound. Reproduced with permission.[27] Copyright 2000, American Chemical Society. 
b) Top and side views of the proposed bonding of D-penicillamine to the surface of wurtzite. Reproduced with permission.[29] Copyright 2008, American 
Chemical Society. c) UV–vis absorption spectra (upper) and CD spectra (lower) of D-MeCys-capped CdS (black), CdSe (blue), and CdTe (red) NCs. 
d) Schematic of ligand exchange reaction. Reproduced with permission.[30] Copyright 2009, American Chemical Society. e) Schematic of opposite spiral 
of atoms, and f) CD spectrum of HgS NCs in the range of 450–600 nm. Reproduced with permission.[31a] Copyright 2013, Wiley-VCH. g) Optimal atomic 
distribution of Au38 cluster (left) and calculated rotatory strength and CD spectrum of Au38 cluster. Reproduced with permission.[33c] Copyright 2010, 
American Chemical Society. h) Schematic of a complex composed of a metal NP and chiral dye molecule (left). Calculated CD signals (right) for the 
α-helix (black line) and complex (blue line). Reproduced with permission.[6b] Copyright 2010, American Chemical Society.
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an MTDM, which results in a helical redistribution of the elec-
tron cloud, as shown in Figure 1c. As this redistribution can be 
induced by LCP or RCP light in chiral photonics and chiroptical 
spectroscopy (e.g., CD and CPPL), the transitions in which both 
transition dipole moments are induced simultaneously can be 
detected.

Theoretically, the absorption of LCP or RCP light occurs 
when the scalar product of two dipole transition moments has a 
nonzero value. The integral of the CD spectrum (i.e., the degree 
of light absorption) is directly proportional to the scalar product 
defined as the rotational strength Rab.

R mε ν µ θ∫ ∆ ∝ ≈d · ·cosab ab ab  (2)

where Rab describes the electronic transition from state A to 
state B, Δε and θ are the difference of extinction coefficient 
between LCP and RCP lights and angle between ETDM and 
MTDM, respectively. Rotational strength is a signed quantity 
whose sign varies according to θ. Therefore, Rab for mirror 
image arrangements (i.e., S- or R-configuration in chiral mole-
cules) was predicted to have an equal absolute magnitude but 
an opposite sign. Furthermore, a general rule in CD spectros-
copy states that the integral of CD over the entire wavelength 
region is zero. According to this sum rule, if a positive CD band 
exists in a spectral region, there are necessarily one or more 
bands of negative sign elsewhere.[6a]

2.2.2. Circularly Polarized Photoluminescence

CPPL spectroscopy relies on the differential spontaneous emis-
sion of LCP or RCP light from luminescent systems. This 
difference is defined by the expression given by Equation (3), 
which is similar to Equation (1).

l l l∆ = −L R  (3)

where lL and lR are luminescence intensities of LCP and RCP 
lights, respectively. As CPPL and CD are based on opposite 
optical phenomena (i.e., emission and absorption of light), the 
CD spectrum reflects the structural properties of the excited 
state, whereas CPPL provides information of ground states.[22] 
However, CPPL and CD can be explained in terms of the same 
quantum mechanical parameter and rotational strength Rab, 
which determines whether the transition is allowed or for-
bidden.[24] The degree of CPPL is generally reported in terms of 
the luminescence dissymmetry ratio, glum.

g
l l

l l

( )
( )=
× −

+
2

lum

L R

L R
 (4)

To generate CPPL, the light absorption must be first real-
ized, followed by energy transfer or decay process to lumines-
cent state within a time scale of spin flip (Figure  1d). As the 
CPPL is the last to occur among several sequential optical 
phenomena, the materials exhibiting CPPL are relatively rare 
compared with those exhibiting CD, as shown in Figure  1d. 
Energy transfer and Stokes shift are nonradiative energy loss 
processes; thus, the wavelength region where CPPL is observed 

is longer than that of CD. Furthermore, efficient spin and 
energy funneling have been reported in low-dimensional chiral 
perovskites with high CPPL quantum yields because of their 
long spin lifetime that exceeds 1 ns and exceptionally long spin-
diffusion length of ≈85 nm.[25]

3. Chirality Transfer Mechanism

As organic and biological molecules or complexes that exhibit 
strong chiroptical activity are abundant in nature (e.g., amino 
acids, saccharide, starch, and DNA), the theoretical funda-
mentals of chiroptical phenomena are based on structural 
organic chemistry, which primarily deals with small chromo-
phores. Small chromophores comprise functional groups 
or a combination (or coupling) of several functional groups 
resulting in one or more chiroptical responses in the UV and 
visible light range. However, it is difficult to use chiral organic 
molecules in chiral photonics or optoelectronic devices based 
on polarization phenomena because of their structural soft-
ness and poor electrical properties. Recently, it was discovered 
that the chirality of the molecular moiety can be easily trans-
ferred to achiral building blocks (e.g., inorganic semiconduc-
tors and metallic compounds).[26] The higher carrier mobility 
and exceptional absorption or emission properties in the vis-
ible region for achiral building blocks can compensate for the 
limitations of the chiral organic moiety. Therefore, assembling 
hybrid materials composed of achiral crystalline materials 
and chiral organic molecules has been recognized as an ideal 
strategy to achieve a synergy for strong chiroptical activity. 
Additionally, this assembly strategy utilizes a familiar organic 
moiety possessing the chromophores as building block (i.e., 
benzene, styrene, naphthalene, and cyclohexane). Therefore, 
the prior knowledge and fundamental basis of structural 
organic chemistry (mentioned in Section  2) can be applied 
to scrutinize the chiroptical properties of hybrid materials. 
Recent studies have reported that chirality transfer from opti-
cally active chiral organic moieties to achiral building blocks 
can originate from several well-defined phenomena, such as 
i) chiral distortion of the surface induced by chiral molecules, 
ii) chiral molecules mediated crystallization into a chiral 
structure, iii) supramolecular chiral self-assembly, and iv) 
electronic interactions between chiral molecules and achiral 
building blocks.

3.1. Chiral Molecule-Induced Surface Distortion

As the adsorption or interaction between chiral molecules 
and achiral materials primarily occurs at the surface of achiral 
materials during synthesis, it is reasonable to assume that the 
deformation of the surface structure could induce chirality 
transfer from chiral molecules to achiral substances. Striking 
chiral transfer from chiral capping molecules (l-glutathione) 
to inorganic gold cores was first demonstrated by Schaaff and 
Whetten.[27] They observed the strong chiroptical activity in 
the metal-based electronic transition across the near-UV, vis-
ible, and near-IR regions (Figure  2a). This broad wavelength 
region (from near-UV to near-IR) and strong chiroptical 
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responses of cluster compounds suggested that the electronic 
structure of the metal is easily tunable by the adsorbed glu-
tathione capping molecules. The experimental results were 
supported by the theoretical explanation in 2006 even when 
the core is inherently achiral, the chiroptical properties can 
be imposed on clusters by chiral adsorbates.[28] This triggered 
follow-up studies on chiral hybrid systems composed of chiral 
molecules with achiral metal nanoparticles (NPs) or semicon-
ductor nanocrystals (NCs). The studies conducted by Gun’ko 
et  al.[29] (Figure 2b) and Kawai et  al.[30] (Figure 2c,d) success-
fully verified that chiral surface distortion can induce chirop-
tical activity in hybrid materials even when the core continues 
to be achiral.

3.2. Chiral Structure Mediated by Chiral Molecules

Although the chiral transfer mechanism by surface distortion is 
fully supported by experimental evidence[30] and theoretical cal-
culations,[28,29] the induced chiroptical effect is limited to exhib-
iting low values in the CD spectra, as shown in Figure  2c.[30] 
Based on this perspective, the crystallization process of chiral 
materials and various inherent chiral inorganic crystals (i.e., 
quartz, α-HgS, β-AgSe, tellurium, and selenium) has attracted 
extensive research interest owing to their chiroptical prop-
erties, which are similar to those of bulk single crystals.[31] 
Chiral crystals can be classified into 65 different Sohncke space 
groups capable of exhibiting chiroptical responses and exhib-
iting ferroelectric properties based on the Neumann–Curie 
principle.[32] In 2013, Ben-Moshe et al. reported a direct phase 
transition from the achiral phase of β-HgS to a chiral phase of 
α-HgS (Figure  2e) with a strong chiroptical response using a 
chiral molecule (penicillamine).[30a] As shown in Figure 2f, the 
chiroptical effect of the obtained α-HgS NCs revealed several 
orders of magnitude (≈200 mdeg) higher than that of previ-
ously reported chiral quantum dots (QDs) (e.g., CdS, CdSe, and 
CdTe in Figure 2a,c) induced by chiral surface distortion.[27–30] 
This strong signal suggests that the chiroptical activity is attrib-
uted to the chiral crystal structure rather than the chiral surface 
distortion mechanism.

3.3. Supramolecular Chiral Self-Assembly

In addition to possessing the inherent chiral crystal struc-
ture, metallic compounds could exhibit a chirality through the 
supramolecular chiral self-assembly on a macroscopic scale 
when their synthesis conditions are varied.[33] Although the 
metallic constituents are achiral, the resulting nanoclusters 
such as Au102(p-MBA)44 (p-MBA: para-mercaptobenzoic acid) 
and Au38(SR)24 (SR: thiolate) exhibit prominent chiroptical 
responses as shown in Figure 2g.[33] The induction of chirality is 
attributed to the organization of staple motifs in surface of self-
assembled clusters, which form chiral patterns. In this regard, 
shape or morphology on a macroscopic scale also significantly 
affects the chiroptical activity response of chiral materials in the 
visible wavelength region. Therefore, the morphology of mate-
rials should be also considered as a determinant factor for chi-
roptical applications.[34]

3.4. Electronic Interaction between Chiral and Achiral Systems

The chirality from chiral organic molecules to achiral semicon-
ductor QDs or metallic NPs can be easily transferred via the 
spatial rearrangement of atoms in an achiral system (e.g., chiral 
surface distortion, induced chiral crystal structure, and inherent 
chiral crystal structure) and supramolecular self-assembly. 
However, chiroptical properties can be obtained even when the 
atomic arrangement of the bulk or surface remains achiral. The 
last chiral transfer mechanism is based on the electronic inter-
action[35] or coupling phenomenon[36] between chiral molecules 
and achiral semiconductor or metallic compounds.[37]

As shown in Figure  2h, based on theoretical calculations, 
Govorov et  al. first anticipated that achiral NCs can exhibit 
active CD signals when the excitations of achiral NPs (e.g., 
metal or inorganic semiconductor NCs) are coupled with the 
molecular excitation of chiral molecules.[6b] Although NPs 
themselves are not chiral and cannot exhibit CD signals, the 
CD signal at the plasmon frequency (approximately 400  nm) 
appears as a consequence of the exciton–plasmon interaction 
(Figure 2h, right panel). In other words, the oscillating dipole 
of a chiral molecule can induce dissipative chiral currents in 
metallic NPs even if the atomic arrangement of NPs remains 
achiral. These results demonstrate that chirality transfer can be 
easily realized by Coulomb interaction between adjacent dipole 
electronic transitions, implying that the strong adsorption of 
chiral molecules at the surface is not essential.

4. Chiral Perovskites

For a hybrid system comprising achiral materials and chiral 
organic molecules, the chirality of small or large organic 
molecules can be transferred through either the spatial 
re-distribution of atoms (e.g., mechanism (i) and (ii) in  
Sections  3.1 and  3.2), or the electric interaction between the 
chiral and achiral systems (mechanism (iii) in Section  3.4). 
Owing to the exceptional optoelectronic properties of OIHPs, 
such as high absorption coefficient, low non-radiative recom-
bination rate, high photoluminescence quantum yield, and 
long carrier lifetime, numerous studies have explored OIHPs 
as achiral platforms for chiral photonics and spin-based opto-
electronic applications. Despite substantial progress, the origin 
of induced chirality or chirality transfer mechanism in perov-
skites is still ambiguous. Classifying recent works in terms of 
underlying different chiral transfer mechanisms, as observed in 
chiral semiconductor QDs and chiral metal NPs, can shed light 
on developing effective strategies to further improve chiroptical 
activity and in designing practical optoelectronic devices.

4.1. Chiral Surface Distortion of Chiral OIHPs

Chiral surface distortion, which is caused by the interaction 
between chiral organic molecules or capping agents and surface 
of core materials (e.g., QDs or metal NPs), has been observed in 
chiral OIHPs. In 2017, the chiral perovskite NCs (CsPb(I/Br)3) 
decorated with a chiral ligand (enantiomeric 1,2-diaminocy-
clohexane, DACH) was first reported. CsPb(I/Br)3 NCs capped 
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with oleylamine (OA) were added to a mixture of chiral DACH 
and n-hexane[38] [1R, 2R- or 1S, 2S-DACH, and CsPb(I/Br)3] and 
then exposed to microwave irradiation (Figure  3a), which led 
to the spontaneous ligand exchange from an achiral capping 
agent (OA) to a chiral stabilizer (1R, 2R- or 1S, 2S-DACH). As 
shown in Figure 3b, the resulting chiral NCs (R- or S-DACH-
NCs) clearly exhibited chiroptical activity in the CD spectrum. 

R-DACH-NCs displayed two negative Cotton effects at 290 nm 
and 400  nm along with a positive CD signal at 333  nm (blue 
line in Figure  3b). In contrast, the CD spectrum of pure R-
DACH only revealed a positive Cotton effect at a shorter wave-
length of 233 nm (black line in Figure 3b). This confirmed that 
the Cotton effect represented by R-DACH-NCs did not originate 
from the pure chiral stabilizer, but from the chirality of NCs, 

Figure 3. Chirality transfer in OIHPs induced by chiral surface distortion. a) Ligand exchange of OA-capped perovskite NCs using pure enantiomers 
of DACH. b) CD spectra of low concentration DACH and perovskite NCs stabilized with a small amount of DACH. Reproduced with permission.[38]  
Copyright 2017, AIP Publishing. c) Schematic of chirality induction mechanism by surface lattice distortion. d) Electronic CD of prepared chiral 
perovskite NCs and e) one-photon CPPL spectra of chiral perovskite NCs dispersed in n-hexane. TEM images of f) prepared S-perovskite NCs and  
g) rac-perovskite NCs. Reproduced with permission.[39] Copyright 2019, American Chemical Society.
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which was transferred from the stabilizer. Interestingly, the chi-
roptical activity of CsPb(I/Br)3 NCs remained unchanged even 
after the removal of chiral molecules, which was also observed 
in chiral CdX NCs (X = S, Se, and Te).

Chen et al. also synthesized inorganic colloidal NCs of chiral 
CsPbBr3 via a typical in-situ process (i.e., direct growth of 
perovskite NCs in the presence of precursor and chiral mole-
cules) in which R- or S-α-octylamine was utilized as the chiral 
capping ligand (Figure  3c).[39] In addition to the CD spectra, 
CPPL spectroscopy was also used to examine the chirop-
tical activity of chiral NCs. As shown in Figure 3d, the mirror 
image of the signal was obtained in the CD spectra at 504 nm. 
However, the CPPL signals of chiral NCs were detected above 
525 nm (Figure 3e) and were slightly red-shifted compared with 
the CD signal. Because the time scale of spin-flip is extremely 
short and the quantum confinement effect of NCs is strong, as 
mentioned in Section 2.2.2, the mirror image of the CD signal 
could be assigned to the exciton transition of NCs, which origi-
nates from the interaction between the chiral capping ligand 
and NC surface. The excess bromide atoms on the NC surface 
promoted selective chiral amine binding with Br-rich defect 
sites, resulting in a distorted surface pattern of NCs (Figure 3c). 
High-resolution transmission electron microscopy (HRTEM) 
images of NCs capped with S-α-octylamine (Figure  3f) and 
racemic α-octylamine (Figure 3g) exhibited no structural differ-
ence. Additionally, HRTEM demonstrated that all CsPbBr3 NC 
cores were centrosymmetric. Therefore, they could not exhibit 
chiroptical responses. The synthesized chiral CsPbBr3 NCs 
exhibited a similar magnitude of CD intensity and lumines-
cence dissymmetry ratio (glum) as those of the hybrid materials 
(i.e., chiral inorganic QDs and chiral metal NPs) discussed in 
Section  3.1.[40] This suggests that the chirality transfer mecha-
nism via surface distortion in semiconductor or metal NCs 
could also be applied to chiral OIHP systems. Consequently, an 
in-depth study of ligand chemistry or ligand engineering, sim-
ilar to that performed on QDs and metal NP systems,[41] could 
play a key role in determining the chiroptical activity of chiral 
OIHPs.

4.2. Inherent Chiral Crystal Structured OIHPs Involving 
Chiral Molecules

As described in Section  3.2, chirality can be effectively trans-
ferred from chiral organic molecules to achiral QDs and metal 
NPs via chiral molecule-mediated chiral structure induc-
tion mechanism (i.e., the transition of chiral crystal structure 
and chiral shape). However, owing to the structural stiffness 
of QDs and metal NPs, chiral ligands are unable to directly 
intercalate into the lattice of achiral crystals, and thus, only 
modifying the atomic arrangement. In contrast, owing to the 
structural flexibility of OIHPs,[42] chiral molecules can directly 
penetrate into the perovskite lattice and form inherent chiral 
crystal structures. Therefore, inherent chiral crystal-structured 
OIHPs incorporating chiral molecules are expected to exhibit a 
stronger chiroptical effect than that of induced chiral structured 
QDs and metal NPs.

Lead-based chiral perovskites (e.g., PbX3R, PbX4R2, and 
PbX5R3∙H2O; X = halide ion, R = aromatic amine) with chiral 

organic molecules incorporated into the layered lead iodide 
framework was first reported by Billing and Lemmerer.[18,19] 
Although the crystalline structure of chiral perovskites 
belonged to the chiral space group of P212121 (Figure 4a), their 
chiroptical properties were explored by Ahn et  al..[20] In this 
pioneering study, Ahn et  al. adopted small chiral molecules 
of R- and S-methylbenzylamine (R- and S-MBA), which were 
intercalated into the layered lead iodide framework to obtain 
chiral perovskite (R-MBA)2PbI4 and (S-MBA)2PbI4 thin films. 
As R- and S-MBA molecules had a size and molecular struc-
ture (aromatic structure) similar to those of the aromatic amine 
organic cations used by Billing et al. in his previous work, the 
resulting chiral perovskite was crystallized to exhibit the same 
chiral space group of P212121. The CD spectra of (R-MBA)2PbI4 
and (S-MBA)2PbI4, as depicted in Figure  4b, exhibited a clear 
bisignate signal at 489 and 501 nm, which were near the first 
excitonic transition of perovskite (497 nm). The cross point for 
the positive and negative Cotton effects are located exactly at the 
wavelength where the first excitonic transition of OIHPs occurs. 
However, when a racemic mixture of MBA (rac-MBA) was used, 
the resulting perovskite, (rac-MBA)2PbI4, retained an inversion 
and mirror plane symmetry element with the nonchiral space 
group P21/a without exhibiting any optical activity in the CD 
spectra. As the racemic compound mixture contains an equal 
amount of R- and S-configuration molecules, the chirality 
transfer occurs during the controlled crystallization, thereby 
promoting the entire structure or shape of OIHPs to assemble 
into an inherent chiral structure accompanied by twisted 
perovskite unit cells. As a result, the net rotational strength is 
non-zero in (R-MBA)2PbI4 and (S-MBA)2PbI4 (which may have 
an oblique configuration of ETDM and MTDM, respectively), 
thus exhibiting a Cotton effect in the CD spectra at different 
wavelengths. The degree and appearance of the Cotton effect in 
thin films can be varied by controlling crystallization kinetics. 
Because the CD signal of chiral OIHPs strongly depends on the 
morphology and orientation of thin films (Figure 4c,d), which 
are significantly influenced by the synthesis conditions (e.g., 
addition of cosolvent (dimethyl sulfoxide), precursor concentra-
tion, and amount of chiral molecules), morphology, shape, and 
crystal quality of chiral perovskites, are also determinant factors 
that enhance the chiroptical properties.

Inspired by this work, Long et al. reported that the degree of 
spin polarization can be controlled by tuning the chiral ligand 
composition and magnetic field.[42] Owing to the flexible crystal 
structure and ionic composition of quasi-2D (also known as 
Ruddlesden-Popper) perovskites, the composition ratio of chiral 
cations is easily tunable. The pure chiral 2D perovskite of R- 
or S-(MBA)2PbBr4 (<n> = 1, where <n> is the average number 
of inorganic layers between chiral organic molecules) was first 
synthesized by incorporating R- or S-MBA-Br. The chiral 2D 
perovskite with <n>  = 1 is expected to exhibit the strongest 
chiroptical activity because it contains the largest molecular 
fraction of the chiral ligand with respect to the achiral inor-
ganic framework (e.g., PbBr4). However, CPPL emission 
was not observed for the pure 2D chiral perovskite, and this 
was attributed to the very poor photoluminescence quantum 
yields (PLQYs) due to significant non-radiative recombination. 
Increasing the dimension of quasi-2D perovskites (i.e., <n> 
value) could promote efficient energy funneling and exciton 
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transfer. Therefore, to obtain efficient photoluminescence 
emission, the compositional ratio of chiral ligands needs to be 
decreased. The CD signal around 400 nm decreased gradually 
from pure 2D perovskite with <n>  = 1 to quasi-2D perovskite 
with <n>  = 3, and then completely disappeared for the quasi-
2D perovskite with <n> = 5. However, the CD signal of chiral 
ligands (R- or S-MBA-Br) only reveals the Cotton effect at wave-
lengths shorter than 270 nm. Furthermore, the Cotton effect of 
quasi-2D perovskites was confirmed to originate from their chi-
rality because of their inherent chiral structure. As the energy 

funneling and chirality transfer are oppositely influenced by 
the chiral ligand composition ratio, the dimensions of quasi-2D 
perovskites should be carefully determined. While considering 
the chirality transfer and energy funneling process, highly effi-
cient CPPL (up to 3%) was achieved for chiral <n> = 2 quasi-2D 
perovskite without applying any external magnetic field. Com-
pared with the 3D achiral perovskite, where the same degree 
of polarization is obtained only under an external magnetic 
field of 5 T, this multifunctional quasi-2D chiral perovskite has 
unprecedented potential in chiral photonics.

Figure 4. Chirality transfer in OIHPs induced by their inherent chiral structure. a) Schematic of chiral crystal structure of hybrid PbI4R2 system. Repro-
duced with permission.[19] Copyright 2006, Royal Society of Chemistry. b) Transmission CD spectra of chiral perovskite films with the chiral space 
group P212121. c) SEM image of (R-MBA)2PbI4 films fabricated using different concentration solutions (upper: 40 wt%, middle: 50 wt%, lower: 66 wt%).  
d) Transmission CD spectra of (R- and S-MBA)2PbI4 films formed using different solution concentrations. Reproduced with permission.[20] 
Copyright 2017, Royal Society of Chemistry.
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Recently, Ma et  al. synthesized the same chiral 2D perov-
skites [(R-MBA)2PbI4 and (S-MBA)2PbI4] via a solution 
method (Figure  5a).[43] The X-ray diffraction (XRD) patterns 
of the resulting crystals had a very narrow full-width at half 
maximum, which suggests the excellent crystal quality of the 
synthesized chiral perovskites (Figure 5b). Moreover, the spin-
coated films of (R-MBA)2PbI4 and (S-MBA)2PbI4 on quartz sub-
strates exhibited strong CD signals of over −100 and 100 mdeg, 
respectively (Figure  5c). Compared with the amplitude of the 
previously reported Cotton effect, the strong CD signals stems 
from the excellent crystal quality and well-aligned orientation, 
as confirmed by XRD. Furthermore, the strong CD signal sug-
gests a well-defined electronic band state of chiral perovskite; 
thus, the high-quality chiral 2D perovskites are expected to 
display enhanced CPPL. Therefore, to examine the CPPL char-
acteristics of chiral OIHPs, polarization sensitive photolumi-
nescence analysis was performed for as-exfoliated perovskite 
microplates at 77 K. As expected, an evident intensity differ-
ence of CPPL was clearly observed between LCP (σ+) and RCP 
(σ−) at ≈505 nm, as shown in Figure 5d. To quantify the degree 
of CPPL, the luminescence dissymmetry ratio, glum, was cal-
culated for more than 16 microplates, and the average glum of 
(R-MBA)2PbI4 and (S-MBA)2PbI4 were 9.6% and 10.1%, respec-
tively. To unveil the origin of the considerably enhanced chirop-
tical properties of chiral perovskites, temperature-dependent 
CPPL measurements were obtained in the range from 77 to 
290 K. As shown in Figure  5e, the glum value decreased grad-
ually with increasing temperature and finally became zero at 
room temperature. With increasing temperature, the enhanced 
phonon–electron interaction and thermal vibration of the lattice 
could relax the lattice distortion, and thus, reduce the chirality 
of OIHPs.[44] The reduced spin-flip time could also be a reason 

for the decreasing CPPL intensity difference with increasing 
temperature.[15]

In addition to the chiral perovskite with the chemical for-
mula PbX4R2 (i.e., R- and S-MBA2PbI4 or MBA2PbBr4), the chi-
roptical properties of PbX3R and its CPL detection application 
have also been reported.[45] While the chiral organic molecule 
α-phenylethylamine (PEA) was utilized as the A-site cation, a 
single crystal of (R- and S-α-PEA)PbI3 was first synthesized 
by the inverse temperature crystallization method. The XRD 
analysis revealed that the single crystal adopts a 1D structure 
of face sharing (PbI6)4− octahedral surrounded by chiral α-PEA+ 
cations. However, the (R- and S-α-PEA)PbI3 single crystal has 
only twofold screw symmetry. Thus, the chiral space group is 
P212121 in an orthorhombic crystal system.[19] To examine the 
chiroptical properties of (R- and S-α-PEA)PbI3, the presynthe-
sized single crystal was redissolved in dimethylformamide to 
obtain highly oriented high-quality films using the spin-coating 
method. Irrespective of the R- or S-configuration, all the films 
exhibited strong excitonic extinction at 374  nm. Both (R- and 
S-α-PEA)PbI3 films showed strong CD signals, whereas the 
racemic mixture film did not exhibit an optical response in 
the CD spectra. Because the peaks of the CD signal in (R- and 
S-α-PEA)PbI3 films (328  nm and 392  nm, respectively) were 
located significantly far from the CD position for a single α-
PEA molecule (259 nm), the chirality of (R- and S-α-PEA)PbI3 
films came from the inherent chiral crystal structure (space 
group of P212121) involving chiral molecules.

Recently, Ahn et  al. investigated the crystalline phase tran-
sition-dependent changes in the CD signal by varying the 
composition of halide ions to demonstrate that the chirality of 
OIHPs is attributed to the inherent chiral crystal structure.[46] 
As shown in Figure 6a, the crystal structure transition occurs 

Figure 5. Chirality transfer in OIHPs induced by the inherent chiral structure. a) The crystal structure of pure chiral 2D OIHPs, optical microscopy 
image, and SEM images of (R-MBA)2PbI4. b) XRD patterns of as-synthesized (R-MBA)2PbI4, (S-MBA)2PbI4, and (rac-MBA)2PbI4. c) CD spectra and 
d) CPPL spectra of (R-MBA)2PbI4, (S-MBA)2PbI4, and (rac-MBA)2PbI4. e) Degree of CPPL as a function of temperature. Reproduced with permission.[43] 
Copyright 2019, American Chemical Society.

Adv. Mater. 2021, 2005760



© 2021 Wiley-VCH GmbH2005760 (10 of 19)

www.advmat.dewww.advancedsciencenews.com

Figure 6. Origin of chirality in OIHPs. a) XRD patterns of (R-MBA)2PbI4(1−x)Br4x and (S-MBA)2PbI4(1−x)Br4x (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 1.0). b) CD 
spectra of (R-MBA)2PbI4(1–x)Br4x and (S-MBA)2PbI4(1−x)Br4x (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5). Reproduced with permission.[46] Copyright 2020, American 
Chemical Society. Schematic of c) phase transition and d) centrosymmetry breaking (or degeneracy breaking) in chiral OIHPs. e) Schematics explaining 
the origin of Cotton effect.

Adv. Mater. 2021, 2005760



© 2021 Wiley-VCH GmbH2005760 (11 of 19)

www.advmat.dewww.advancedsciencenews.com

abruptly when the bromide ratio exceeds x = 0.4, accompanied 
by the sudden disappearance of the Cotton effect (Figure  6b). 
The anion substitution (i.e., iodide to bromide) causes the rota-
tion of organic chiral molecules (e.g., R- or S-MBA cations) 
and tilting in the lead halide lattice. Both cation rotation and 
lattice tilting induce structural changes from the chiral space 
group of iodide-determinant phase to the achiral space group 
of bromide-determinant phase. Based on these findings, the 
origin of the asymmetric CD spectra observed in chiral OIHPs 
could be understood in terms of their quantum mechanical 
aspect. In the bromide-determinant phase (i.e., nonchiral space 
group in Figure 6c), the energy states are degenerate. Moreover, 
there is no difference between the required photon energies for 
absorbing LCP and RCP light, resulting in the absence of the 
CD signal. However, as bromide anions are replaced by iodide 
anions, OIHPs undergo a crystal phase transition to the iodide-
determinant phase (i.e., chiral space group in Figure  6c). As 
the resulting iodide-determinant phase belongs to the chiral 
space group (P212121), the permissible excitonic states can be 
altered through slight perturbation by the chirality of OIHPs 
(Figure  6d). Therefore, the degeneracy of energy states (same 
total angular moment quantum number j, but different mag-
netic quantum number ms) is broken. This means that the 
energy state with the down spin | j,

1
2

−  is no longer similar to 

the energy state with the up spin | j,
1
2

+ .[42,46] Therefore, the 

required photon energy for LCP and RCP light absorption is 
different, and this produces CD signals in different wavelength 
regions (Figure 6e).

According to the aforementioned studies, stronger chirop-
tical activity can be induced by inherent chiral crystal structures 
of OIHPs (g-factor over 6 × 10−3)[43] than that induced by other 
mechanisms (g-factor of about 3 × 10−3) (chiral surface distor-
tion induced mechanism and induced chiral structure mecha-
nism) due to the higher compositional ratio of chiral organic 
molecules. Owing to the flexibility of the crystal structure of 
low-dimensional OIHPs, various chiral organic molecules, such 
as 1-(1-naphthyl)ethylammonium,[46] β-methylphenethylammo
nium,[47] and 1-(4-chlorophenyl)-ethylammonium,[48] cyclohexy-
lethylammonium[49] can be utilized as chiral spacers between 
the corner-sharing octahedral layers apart from MBA and α-
PEA chiral molecules. For example, chloride-based 2D chiral 
OIHPs with R-(-)-3-aminopiperidine or S-(+)-3-aminopiperidine 
chiral ligands have been reported. Furthermore, the chirality 
of this material is derived from the unusual distorted pentag-
onal pyramid geometry of the Pb(II) atom.[50] Thus, numerous  
combinations of chiral perovskites are possible, and further 
optimization processes are necessary to obtain high-quality 
well-aligned crystal structures along the chiral axis.[51]

4.3. Electronic Interaction between the Chiral Molecules  
and Achiral Platform of OIHPs

Although the chirality of most reported chiral OIHPs origi-
nate from the inherent chiral crystal structure (mechanism 
(ii) in Section  4.2), there is another highly plausible chirality 
transfer mechanism. The chirality transfer from chiral organic 
molecules to achiral OIHPs can be interpreted as the Coulomb 

dipole–dipole interaction. Recently, several reports suggested 
that this Coulomb interaction could be an orbital hybridization 
between excitonic levels of semiconductors (in organic frame-
work, PbX4 or PbX3) and molecular orbitals of chiral molecules. 
While the explanation and experimental evidence for this 
mechanism are still elusive, this latent electronic interaction 
can facilitate chirality transfer to boost chiroptical activities.

Waldeck et  al. first suggested that the chirality of the chiral 
shell (R- or S-PEA) could be imprinted onto the excitonic 
transition states of colloidal perovskite nanoplatelets (methyl-
ammonium lead bromide, MAPbBr3).[52] As shown in Figure 7a 
(right panel), the CD spectra of chiral nanoplatelet dispersion 
exhibited an interesting behavior in the two regions of 300–350 
and 400–450 nm. Neither PEA nor PEA-Br exhibited chiroptical 
response for wavelengths longer than 280  nm. Therefore, the 
two absorption responses of nanoplatelets in CD spectra were 
attributed to the chirality transfer from R- or S-PEA to MAPbBr3. 
The bisignate peaks around 400 and 450 nm were located near 
the first excitonic transition band edge of MAPbBr3 (Figure 7a, 
left panel), implying that the chiral PEA ligand imprinted its 
chirality onto the excitonic states of MAPbBr3. The signal gen-
erated in the range 300–350  nm was ascribed to the charge 
transfer electronic states between PEA and MAPbBr3. To prove 
the electronic interaction induced chirality transfer mechanism, 
temperature-dependent CD spectroscopy was conducted from 
20 to 50 °C in the presence of excess chiral PEA ligands. As 
shown in Figure 7b, the CD intensity in the excitonic transition 
region of 400–450 nm remained almost unchanged, whereas a 
significant decrease was observed in the charge transfer region 
as the temperature increased. Additionally, with increasing 
temperature, the surface coverage of the chiral ligand gradually 
decreased and the charge transfer between chiral ligand and 
perovskite surface was hindered, which resulted in decreased 
CD intensity in the region 300–350 nm. However, irrespective 
of chiral ligand surface coverage, the persistent chiroptical fea-
ture appearance, which was imprinted onto the excitonic states 
(as identified by CD intensity at 400–450 nm), implies that the 
chirality transfer induced by Coulomb interaction could exist 
even in the absence of strong chiral molecules adsorbed on the 
surface.

To better understand the chirality transfer process through 
electronic interaction, a recent study on chiral QDs by Ben-
Moshe et  al. offers useful insight.[54] The detailed analysis of 
CD line shapes for CdSe and CdS QDs demonstrates that all 
the features in the complex CD spectra can be assigned to dif-
ferent excitonic transitions of QDs (Figure 7c,d). This suggests 
that coupling between the dipole transition of chiral molecules 
and QDs can split the excitonic states into two nondegen-
erate substates even in the absence of an external magnetic 
field. This justifies the mechanism by which the induced CD 
is derived from the electronic interaction between the highest 
occupied molecular orbital (HOMO) level and valence band 
(VB) hole level, as supported by the calculation results based 
on the density functional theory (DFT).[53] The electronic 
interaction was suggested as an actual hybridization between 
the hole state of QDs and molecular electronic state of chiral 
molecules.

The features of CD spectra of (R- and S-α-PEA)PbI3 can 
also be interpreted as the interaction between the excitonic 
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transition state of (PbI6)4− octahedral and the transition dipole 
moment of the chiral α-PEA+ cation.[45] Interestingly, both  
(R- and S-α-PEA)PbI3 exhibited a monosignate Cotton effect 
(i.e., (R-α-PEA)PbI3 for negative and (S-α-PEA)PbI3 for positive) 
unlike the bisignate Cotton effect observed in common chiral 
composite systems. Based on the net rotational strength theory 
as described in Section 2.2 and Equation (2), the behavior of the 
monosignate Cotton effect in (R- and S-α-PEA)PbI3 could be 
explained by the 3D arrangement of chiral molecules and the 
angle between each transition dipole moment (θ in Equation 2). 
Additionally, the CD spectra of thin films exhibited two strong 
peaks at 328 and 392 nm with intensities of 183 and 210 mdeg, 
respectively. This implies that two excitonic transition states 
were allowed in (R- and S-α-PEA)PbI3.

Recently, Vardeny et al. reported similar phenomena where 
several peaks corresponding to multiple excitonic transition 
in low-dimensional perovskites were observed in the CD 
spectra.[54] As shown in Figure 7e, the exciton splitting energy 
(ΔEi) of 51 meV was consistent with the difference between 
the two split exciton sublevels (ΔEi ≈ 20–50 meV) with oppo-
site angular momentum. This confirmed that the resulting 
exciton splitting and chiroptical activity originated from the 
orbital hybridization, as discussed in Section 3.4. Thus, under-
standing the latent electronic interaction between transition 
dipole moments is necessary to further enhance the chirop-
tical properties of chiral perovskites.

4.4. Chiral Perovskite-Based Next-Generation Photonic Device

CPL is an indispensable light source in next-generation photonic 
devices such as quantum computation, drug screening, optical 
information process, and quantum optics. In the chiral photonics, 
LCP and RCP can be considered as two possible independent 
channels, where the rate of data transportation is twice that of 
unpolarized light. However, the conventional polarized light 
detecting and emitting devices make the configurations compli-
cated with additional optical elements (i.e., waveplate, polarizer, 
filter), which is incompatible with highly integrated photonic cir-
cuits for ultra-fast data processing rate. Therefore, for realizing the 
practical application of chiral photonic devices, high-performance 
CPL detectors (CPL-PDs) and CPPL phenomena-based emit-
ting device should be developed. In addition to CPL generating/
sensing devices, the strong nonlinear response is also desirable for 
next-generation integrated photonic circuits.

4.5. CPL Detecting Device Based on Chiral OIHPs

Owing to their exceptional low trap density, strong light absorp-
tion ability, and broad wavelength tunability, several CPL-PDs 
based on chiral OHIPs as light absorbing layer was reported. 
First, 1D (R- and S-α-PEA)PbI3 thin films were successfully 
employed in CPL-detecting devices owing to strong selective 

Figure 7. Chirality transfer in OIHPs induced by the electronic interaction between chiral molecules and achiral perovskites. a) Absorption (solid line) 
and emission (dashed line) spectra of S-PEA (blue) and R-PEA (red) based on perovskite nanoplatelets in toluene solutions (left panel). The CD spectra 
of chiral nanoplatelets in toluene solutions (right panel). b) Temperature-dependent CD spectra of chiral nanoplatelets in a solution with excess ligands. 
Reproduced with permission.[52] 2018, Wiley-VCH. Analysis of c) absorption spectra and d) CD spectra of CdS QDs. Reconstruction of the UV–vis 
absorption and CD spectra using the Gaussian function represented in dashed colored lines, where the green dots indicate their maxima. These peaks 
can be assigned to different excitonic transitions. Reproduced with permission.[53] Copyright 2019, American Chemical Society. e) Absorbance spectra 
(upper) and CD spectra (lower) of (R-, S-, rac-MBA)2PbI4. Reproduced with permission.[54] Copyright 2019, AAAS.
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absorption properties (CD intensity over ±150  mdeg) with a 
responsivity of 0.12 A W−1 under 395  nm irradiation.[45] This 
high responsivity value is almost two orders of magnitude 
larger than the conventional CPL-PDs based on other inorganic 
materials systems. Another key figure-of-merit performance 
parameter for CPL-PDs is distinguishability (gres), which is the 
difference in the responsivities under RCP and LCP illumina-
tion. The calculated gres value of CPL-PDs based on (R- and 
S-α-PEA)PbI3 was 0.1, demonstrating the potential of chiral 
OIHPs for use in advanced optics and photonic devices.

Inspired by this development, CPL-PDs based on microplate 
chiral 2D OIHP with lateral configuration was also reported as 
shown in Figure 8a. The device showed significant high respon-
sivity value of 0.45 A W–1 at a bias of 3 V and the calculated gres 
value was 0.09 at 510 nm (Figure 8b), which is similar to that of 
CPL-PDs based on 1D chiral OIHPs.[43] Very recently, flexible 
CPL-PD with quasi-2D chiral OIHPs, [(R)-β-MPA]2MAPb2I7 
((R)-β-MPA: R-(+)-β-methylphenethylamine; MA: methyl-
ammonium) exhibited excellent CPL detection performance 
with a gres of 0.2 and responsivity of 1.1 A W–1, respectively 
(Figure  8c,d).[55] Through the modulation of crystallization 
dynamics for the quasi-2D chiral OIHPs thin films, parallel ori-
ented films with homogeneous energy alignment was obtained, 
maximizing the carrier collection efficiency.

Although the device performance of CPL-PDs (both respon-
sivity and gres) has been gradually enhanced, the key para-
meters of CPL-PDs are still far poor to meet the require-
ments for practical applications. Therefore, various strategies 
for better crystallinity and highly oriented thin films, ordered 
stacking of chiral molecules in inorganic framework of OIHPs, 
and interfacial engineering for carrier selective layers are 
highly demanded.

4.6. Chiral OIHPs as CPL Emitting Source

In addition to quantum data transportation and spin-based 
computation, CPL can be also applied as a direct light source 
of display applications. For instance, the direct emission of 
CPL has been recognized as an effective way to improve the 
performance of conventional light-emitting diodes (LEDs). In 
the conventional LEDs, to prevent reflection of ambient light 
from a metal electrode, a circular polarizer in front of the panel 
should be required. Therefore, only half of the light from the 
light emitting source reaches the human eye. To overcome this 
brightness-loss issue of conventional LEDs, light source which 
emits the light with the same handedness as in the circular 
polarizer in front of the panel is necessary.

Although the OIHPs have been definitely demonstrated 
as efficient light source for LEDs due to their high external 
quantum efficiencies (over 20%), the chiral OIHPs with a 
high anisotropic factor and photoluminescence quantum 
yields (PLQYs) at the same time have been rarely reported. To 
achieve CPL with high anisotropic factor in chiral OIHPs, large 
molecular fraction of the chiral organic spacer cations with 
respect to the achiral inorganic framework (e.g., PbBr4) was 
required.[43] However, as the more chiral organic spacer cations 
were incorporated, the dimension of chiral OIHPs decreased, 
resulting in poor PLQYs at room temperature due to high non-
radiative recombination rate.[42] Through the modulation of 
chiral OIHPs dimension, Long et al. reported a quasi-2D chiral 
perovskite with a PLQY of 90% and anisotropic factor of 3% in 
the absence of an external magnetic field. These high PLQYs 
and large anisotropic factor result from the efficient energy fun-
neling process and effective chirality transfer, respectively.[42] 
Very recently, Kim et  al. reported that colloidal chiral OIHPs 

Figure 8. CPL-PD adopting the chiral OIHPs as light absorbing materials. a) Schematic (left panel) and optical image (right panel) of the two-probe 
lateral heterostructural device. b) Current–voltage curve of CPL-PD in the dark and under a 518 nm left-handed and right-handed CPL illumination (left 
panel) and spectral responsivity of CPL-PDs under different handedness of CPL illumination (right panel). Reproduced with permission.[43] Copyright 
2019, American Chemical Society. c) Schematic illustration of flexible CPL-PD. d) Current–voltage curves and calculated gres of flexible CPL-PD (left 
panel) and photocurrent and corresponding responsivity of CPL-PD. Reproduced with permission.[55] 2020, Wiley-VCH.
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NCs could exhibit CPL with anisotropic factor of 6.8% and 
PLQY of 60%, even at room temperature using chiral surface 
ligand exchange (Figure 9a,b).[56] In addition, the postsynthetic 
ligand treatment using R- or S-methylbenzylammonium bro-
mide after purification process of NCs also induces a CPL with 
anisotropic factor of 1.18% (Figure 9c).

At the current stage, the CPL emitting efficiency of chiral 
OIHPs (both PLQY and anisotropic factor) is insufficient to 
replace the conventional LEDs. However, in a long-term per-
spective, the miniature, integrated devices without compli-
cated configuration will play a pivotal role in implementing 
future photonic device and spin-based applications. There-
fore, exploration of novel chiral moiety with strong chirality is 
needed, while obtaining better understanding of temperature 
dependent chiroptical behavior of chiral OIHPs.

4.7. Nonlinear Optical Response of Chiral OIHPs

Recently, OIHPs have been extensively studied as prom-
ising nonlinear optical (NLO) materials for diverse advanced 
photonic devices due to their versatile chemical compositions 
and large NLO coefficients. Even though the OIHPs with 
third- and high-order NLO effects are widely investigated and 
applied to optical devices, the materials with second-order NLO 
response is highly demanded for next-generation integrated 
photonic circuits. To achieve the second-order NLO response 
such as second harmonic generation (SHG), a strict structural 
noncentrosymmetry is essential. Therefore, chiral OIHPs with 
inherent noncentrosymmetry, which can create nonvanishing 
ETDM, have been recognized as a promising material exhib-
iting SHG phenomena. Yuan et al. reported that chiral OIHPs 
nanowire was crystallized in a noncentrosymmetric P1 space 

group, exhibiting strong SHG with high polarization ratios.[47a] 
Intercalation of dimethylsulfoxide (DMSO) molecules and 
chiral amine molecules into the perovskite lattice led to partial 
edge sharing and distorted layered structure (Figure  10a). As 
shown in Figure 10b, highly efficient SHG could be confirmed 
at different pumping wavelengths. In addition, at 850  nm 
pumping wavelength, the second-order NLO susceptibility 
was estimated to be 0.68 pm V–1, which is comparable to pro-
totypical material such as potassium dihydrogen phosphate. 
Synthesis of (MPEA)1.5PbBr3.5(DMSO)0.5 (MPEA: methyl-
phenethylamine) demonstrated the feasibility to realize the 
NLO effects in chiral OIHPs and expanded the potential appli-
cability of chiral OIHPs to further important polarization-based 
devices such optical parametric generators and oscillators, and 
optical switches (Figure 10c).

4.8. Photoinduced Spin Signal Device with Chiral OIHPs

In addition to the well-established CPL detecting devices, CPL 
emitting phenomena, and NLO response, it was recently dis-
covered that chiral OIHPs can be also utilized to spin injec-
tion and detection-based devices. As shown in Figure 11a, the 
chiral-induced spin selectivity (CISS) could occur when the 
chiral organic spacer of chiral OIHPs allows the one of the spin 
states (e.g., up-spin or down-spin state) to transport through the 
organic spacer while blocking the other spin state.[49,54] Using 
magnetic conductive-probe atomic force microscopy, Lu et  al. 
demonstrated that oriented and layered chiral 2D OIHPs exhib-
ited CISS phenomena.[54] Vertical electron transport through 
the layered chiral 2D OIHPs depends on the magnetization 
of the probe tip (up- and down-spin) and the configuration of 
chiral molecules (R- or S-MBA). As shown in Figure  11b, the 

Figure 9. Chiral OIHPs as CPL emitting source. a) Schematic illustration of synthesis of formamidinium lead tribromide (FAPbBr3) NCs with different 
ligand environment and postsynthetic ligand treatment. b) PLQY of as-synthesized FAPbBr3 NCs, purified NCs, and after postsynthetic ligand treat-
ment with chiral ligand. c) CPPL spectra of FAPbBr3 NCs after post-synthetic ligand treatment with different handed chiral ligand. Reproduced with 
permission.[56] Copyright 2020, American Chemical Society.
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chiral OIHPs thin films revealed the highest anisotropic trans-
port up to 86%, and were successfully applied to spin-valve 
devices having only one ferromagnet electrode. In the subse-
quent report in 2020, the synthesis of highly distorted tin-based 
2D chiral OIHPs demonstrated an improved spin-polarization 
in the current-voltage characteristics as high as 94%.[57]

Furthermore, unlike achiral materials, the chiral OIHPs 
could generate the spin-polarized carriers in the absence of 
the magnetic field or a circularly polarized excitation, owing 
to inherent spin-polarized absorption and emission proper-
ties.[42] By combing the CISS phenomena and spin-polarized 
absorption properties of chiral OIHPs, Huang et  al. recently 
reported novel proof-of-concept device with a configuration of 
NiFe/chiral OIHP/indium tin oxide heterostructure.[58] Upon 
illumination with 405  nm low-intensity laser, spin-polarized 
photocurrent generated in chiral OIHP layer gave rise to an 
increased magnetization of the NiFe film (Figure  11c). As 
shown in Figure  11d, the photoinduced Kerr signal exhibited 
linear dependence on the magnetic field and has opposite sign 
of slope for two enantiomers (positive to R-OIHPs and nega-
tive to S-OIHPs, respectively). This work demonstrated that the 
CISS effect can be potentially linked with the next-generation 
chiral photonic devices and Kerr signal is easily switched by the 
chirality of OIHPs.

5. Conclusion and Future Prospects

Since chiroptical properties of chiral perovskites were 
first examined in 2017, chiral perovskites have been exten-
sively studied for chiral photonics and other optoelectronic 

applications within an extremely short duration. Given this 
trend, a gradual increase in studies exploring chiroptical prop-
erties is expected. Although numerous compositions of chiral 
perovskites have been reported and the magnitude of asym-
metric properties being discovered has rapidly increased, an 
in-depth understanding of the origin of chirality transfer is 
still elusive. Therefore, this review focuses on providing useful 
information (e.g., fundamental basis of chirality and chirality 
transfer mechanism) to apprehend the origin of rare chiroptical 
phenomena. As chiroptical activities include several quantum 
physics phenomena, it is rather difficult to clearly define the 
origin of the chiroptical response. However, understanding the 
possible chirality transfer mechanisms can provide an effective 
approach to enhance the asymmetric response to CPL. Further-
more, this review also provides several bottlenecks of chiral 
OIHPs to be overcome and future direction to fully exploit the 
potential of this smart chiral material systems.

5.1. Controlled Crystallization Process for High-Quality  
Chiral OIHPs

As the most reported chirality of chiral OIHPs originates from 
the spatial arrangement of constituent atoms (e.g., induced by 
either surface distortion or inherent chiral crystal structure), the 
optimization of synthesis procedures is highly recommended 
to obtain high-quality chiral OIHP crystals. The anisotropic 
absorption factor for the reported chiral OIHPs remains low at 
approximately 10−2–10−3. Moreover, 10.1% of the luminescence 
dissymmetry ratio is obtained only at an ultralow temperature 
of 77 K, which completely disappears at room temperature due 

Figure 10. NLO response of chiral OIHPs. a) Crystallographic structure of the chiral OIHPs obtained from the single crystal XRD measurement, 
showing the partial edge sharing, distorted lattice, and DMSO intercalation. b) NLO spectra of (MPEA)1.5PbBr3.5(DMSO)0.5 nanowire pumped at 
various wavelengths, normalized by the incident laser power. c) SHG intensity from the (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowire as a function of the 
linear polarization angle. Reproduced with permission.[47a] Copyright 2018, American Chemical Society.
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to phonon–electron interactions. Therefore, to exploit unique 
chiral OIHPs for practical device applications, high-quality 
thin films should be synthesized while preserving their chiral 
properties even in the thin film configuration as observed in 
the colloidal or bulk single crystal state. Therefore, extensive 
research is required to control crystallization kinetics via the 
Lewis adduct approach and additive engineering to obtain high-
quality monolithic thin films with predicted morphology and 
shape. These synthetic strategies have been widely utilized for 
the fabrication of achiral OIHPs.[59] Additionally, an in-depth 
study of ligand chemistry is essential for rationally selecting 
suitable chiral capping ligands and synthesis conditions 
(e.g., solvent, concentration, and temperature). Introducing a 
chiral solvent during crystallization or low-dimensional OIHP 
growth[60] might be a promising strategy for further promoting 
the structure-induced chirality transfer.

5.2. Elucidating the Chiral Transfer Mechanism for Enhanced 
Chiroptical Phenomena

As mentioned above, most recent researches on chiral OIHPs 
mainly focus on the spatial rearrangement of atoms or inherent 
crystal structure of OIHPs. Compared with the straightforward 
mechanism (aforementioned in Sections 4.1 and 4.2), the effect 
of electronic interaction between the excitonic state of the achiral 
inorganic framework (i.e., PbX4 or PbX3) and molecular orbital 
of chiral molecules has been underestimated and is still elusive. 
However, synergetic effect of electronic interaction and structural 
chirality can further amplify the existing chiroptical properties.

At first, the manner in which electronic interaction contrib-
utes to the chiroptical behavior of chiral perovskites should 

be understood. As each peak of CD spectra can be assigned to 
different excitonic transitions of OIHPs, deconvolution of CD 
spectra will help unveil the underlying physical phenomena for 
excitonic transition in chiral perovskites. Additionally, as low-
dimensional perovskites exhibit multiple excitonic transition 
behavior,[42,61] (e.g., 1D, 2D, and quasi-2D OIHPs) they would 
become an ideal platform to scrutinize the transitional behavior 
of chiral perovskites. For appropriate chiral molecules or cations, 
the HOMO level of such a molecule/cation should be consid-
ered in terms of its efficient hybridization capability with the VB 
level of OIHPs. Recent work by Gao et al. reported that a large 
π bond ( 6

6Π ) with delocalized electron of spacer could effectively 
change the electronic configuration of quasi-2D OIHPs, dem-
onstrating the potential coupling effect of π-electron of organic 
spacer and p orbital of I– from the inorganic framework.[62] 
Therefore, through the delicate control of the electronic interac-
tion between the chiral organic molecules and achiral inorganic 
framework, it is highly expected that chiral OIHPs could further 
deliver the enhanced chiroptical activity and large anisotropic 
optical behavior. In this perspective, chiral molecules with high 
ETDM or MTDM should also be considered as candidates for 
the synthesis of new chiral OIHPs because chiroptical activity 
is influenced by ETDM and MTDM. Furthermore, DFT calcu-
lations describing the electronic structures of chiral molecules 
could provide a new synthetic strategy for designing various 
chiral OIHPs with large chiroptical activity.

5.3. 3D Chiral Perovskite for Broadband Chiroptical Phenomena

Because of the large size of chiral organic molecules, most cur-
rent studies on chiral OIHPs have been limited to OIHPs with 

Figure 11. Photoinduced spin signal device with chiral OIHPs. a) Schematic illustration describing the spin selectivity phenomena in chiral OIHPs.  
b) Current–voltage curve of (R-MBA)2PbI4 (left panel) and (S-MBA)2PbI4 (right panel) measured by magnetic conductive-probe atomic force microscopy 
at room temperature. Reproduced with permission.[54] Copyright 2019, AAAS. c) Schematic illustration of the proposed photo-induced magnetization at 
the ferromagnet/chiral OIHP interface. d) Change of Kerr angle induced by photon absorption in S-configuration (left panel) and R-configuration (right 
panel) as a function of external magnetic field. Reproduced with permission.[58] Copyright 2020, American Chemical Society.
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low <n> values (e.g., RPbX3 or R2PbX4; X = halide ion, R = large 
sized aromatic amine). However, most reported OIHPs with 
low <n> values (<n> = 1 or 2) likely suffer from significant non-
radiative recombination and poor PLQY, thus hampering them 
from being utilized in optoelectronic applications. Additionally, 
to develop practical optoelectronic devices, the wavelength tun-
ability of chiroptical phenomena is required.[46] Compared with 
their low <n> counterparts, quasi-2D and 3D chiral perovskites 
with a narrow bandgap are capable of showing chiroptical 
activities in the longer wavelength region. Fortunately, a recent 
theoretical calculation successfully predicted that 3D chiral 
perovskites would be stable with chiral cations such as CHF-
ClNH3

+ or CHDFNH3
+.[63] Additional, Yuan et al. discussed 

CPL-PDs that possess exceptional semiconducting proper-
ties based on quasi-2D chiral perovskites.[55] Therefore, phase 
control of chiral quasi-2D perovskite or novel design of chiral 
3D perovskites with the smallest chiral monovalent cation 
(e.g., CHFClNH3

+ or CHDFNH3
+) exhibit excellent potential 

in chiral photonics. In addition, the colloidal OIHP NCs with 
chiral ligand become the one of possible candidates for wid-
ening the wavelength region of chiroptical phenomena due to 
their controllable size-dependent quantum confinement effect, 
high PLQY, and extensive compositional tunability.[56]
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