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PROGRESS AND POTENTIAL Photovoltaics play a vital role in clean energy innovation. Perovskites have
emerged as a cornerstone material for next-generation solar cells due to their exceptional optoelectronic
properties, with power conversion efficiencies rising dramatically from 3.8% to 27.3%, approaching the theo-
retical limit. Due to their compositional and structural tunability, perovskites also serve as an excellent plat-
form for introducing chirality. Chiral perovskites have demonstrated significant potential in various fields,
including chiroptics and spin photonics. In recent years, phenomena such as the Rashba effect and chiral-
induced spin selectivity in chiral perovskites have garnered considerable attention for their potential applica-
tions in photovoltaics.

This review first classifies the main types of chiral perovskites, then explores the functional mechanisms
through which their distinctive properties enhance photovoltaic performance, and finally outlines current
challenges and future research directions. The work aims to provide a structured reference for ongoing
studies in this evolving field and inspire cross-disciplinary research at the intersection of chirality, materials,
and energy.

SUMMARY

The integration of chiral perovskite architectures into photovoltaics has emerged as a burgeoning area of
research. We first analyze the fundamental mechanisms inducing chirality in perovskite structures, revealing
that various properties of chirality with distinct mechanisms enhance solar cell performance via reducing ma-
terial defects, inhibiting carrier recombination, extending carrier lifetime, etc., especially through their syner-
gistic interactions. Moreover, we discuss how the ferroelectric photovoltaic behavior of chiral perovskites
could enable novel device paradigms, introducing the innovative concept of an “artificial ferroelectric domain
wall based on chiral perovskites,” which holds theoretical potential for achieving breakthrough photovol-
tages. Key current limitations are also addressed, alongside proposed solutions such as scalable synthesis
of 3D chiral perovskites via crystal skeleton expansion. Promising future directions include Al-assisted meta-
material design for efficiency enhancement and development of integrated micro-devices leveraging multi-
functional chiral perovskites. By connecting fundamental principles of chiral materials with practical photo-
voltaic implementation, this work offers both methodological perspectives and actionable strategies for
advancing high-performance chiral perovskite solar cells.

INTRODUCTION

Recently, perovskites have attracted extensive attention because
of their excellent photoelectric properties. Unique ABX3 structure
with adjustable compositions (A = larger organic/inorganic cations;
B = smaller non-polar cations; X = oxygen ion or halogen ion) gives
them the characteristics of large absorption coefficient,’ high

carrier mobility,>” long carrier diffusion length,® ' designable
crystal structure,'''® adjustable band gap,'*'” etc. They are ideal
materials for photovoltaic cells,'®?* light-emitting diodes,*> "
photodetectors,*>* lasers,** " and other devices. Especially in
photovoltaics, perovskite solar cells, as the third generation of solar
cells, have attracted much attention and achieved excellent results:
the best laboratory certification efficiency is as high as 27.3%.%°
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An object is chiral if it cannot coincide with its mirror image by
translation and rotation.*® Substances with microscopic chirality
and their enantiomers often have very different physicochemical
and biological properties. For example, some different enantio-
mers with the same molecular formula (such as D/L-tartaric
acid) will deflect the linearly polarized light penetrating it in
various directions, that is, demonstrate optical activity40; the
right-hand isomer of the famous chiral drug thalidomide has
excellent calming effects, while its left-handed isomer is respon-
sible for more than 10,000 fetal malformations.*’ These differ-
ences make chirality widely used in various fields, resulting in
the emergence of various chiral materials. Among them, perov-
skite has become one of the important carriers to introduce
chirality because of its highly adjustable composition and struc-
ture as well as its relatively simple synthesis process. Chiral pe-
rovskites have the advantages of both chiral materials and pe-
rovskites, which have been widely used in chiral optics,****
ferroelectricity,”™*° spin photonics,**® optoelectronics,®™"
and other fields. However, specific analyses and summaries of
the application potential of chiral perovskites in the photovoltaic
field are lacking.

The main content of this review is shown in Figure 1. We first
outline the primary mechanisms for inducing chirality in perov-
skites, including internal crystal ions, surface-bound ligands,
and chiral nanostructures extending beyond the crystal scale.
We then evaluate the theoretical foundations and practical ap-
proaches for deploying chiral perovskites in photovoltaic sys-
tems. Perovskite chirality can not only enhance photovoltaic per-
formance through the Rashba effect and chiral spin-induced
selectivity but also improve the stability and operational lifetime
of perovskite photovoltaics via passivation and enhanced me-
chanical properties. Moreover, chiral perovskites show significant
promise for novel photovoltaic devices, particularly in ferroelectric
photovoltaics (FE-PVs), potentially overcoming the limitations of
conventional devices and breaking the Shockley-Queisser limit.
Within this discussion, we introduce two conceptual advances:
the “multi-mechanistic role of chirality in perovskites” and the
“chiral-perovskite-based ferroelectric domain wall.” Finally, we
address existing challenges including limited conversion effi-
ciency and fragile stability in applying chiral perovskites to photo-
voltaic devices and propose future research directions. The
intrinsic symmetry-breaking and multi-physical coupling (e.g.,
Rashba, chiral-induced spin selectivity [CISS] and ferroelectricity)
in chiral perovskites offer a distinct materials platform to address
these challenges via novel physical mechanisms, offering a
consolidated reference for researchers in this evolving field.

CHIRALITY MECHANISMS IN PEROVSKITES

At present, there are many schemes to introduce chirality into
perovskite materials. Essentially, these methods introduce sym-
metry breaking into perovskites. In this section, referring to and
combining with the existing classification methods and further
refining,”*°? we classify the common mechanisms of chirality
in perovskites into three categories: (I) internal ions of crystals;
(I chiral ligands on the crystal surface; (lll) chiral nanostructures
beyond the crystal level. These introduce symmetry breaking to
perovskites at different scales: the first two at the scale of the
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crystal structure, the latter beyond the crystal structure. The
following introduces the principles of the three mechanisms of
chirality and classifies them in more detail.

Intracrystalline ions inducing chirality

A common mechanism of chirality in perovskites is the internal
ions of crystals. In the standard 3D perovskite crystal structure
(ABXz), the smaller B-site cations are coordinated with six
X-site anions to form [BX]z~ octahedrons, while the larger
A-site cations are embedded in the middle of eight [BX}S’ octa-
hedrons to coordinate with 12 X-site anions. The simplest
method of obtaining chiral perovskites is replacing the A-site cat-
ions with other ions. According to the mechanism of chiral trans-
fer, there are three main sources of chirality provided by this
method: intrinsic chirality of ions; ion-induced crystal structure
distortion; and electron interaction. The latter two often lead to
asymmetries of crystal structure, such as Sohncke space
groups.*®>® For ease of understanding, this section divides the
method into A-site substitution, A-site intercalation, and Jahn-
Teller distortion according to different ions.

A-site substitution: by replacing the achiral A-site cations in
the perovskites with chiral cations with equal charge and appro-
priate size, the perovskite can be made chiral. This method does
not destroy the 3D crystal structure of perovskite, but preserves
it. In general, the A-site chiral cations provide their intrinsic
chirality, while inducing the surrounding [BX]S’ octahedron to
skew and deform through electron interactions (such as
hydrogen bonds, etc.), further amplifying the chirality. This
mechanism is very intuitive and easy to understand, but it is
very rare because the chiral A-site cations are generally large
and difficult to confine to the classical 3D perovskite crystal
structure. Specifically, R/S/rac-3AP-NH,X; and R/S/rac-3AQ-
NH4X3 (X = Cl or Br, 3AP = 3-ammoniopyrrolidinium, 3AQ =
3-ammonioquinuclidinium) are the few A-site substituted perov-
skites with classical 3D crystal structure which are also good fer-
roelectrics and rare non-metallic perovskites (Figure 2A), with
great potential in FE-PVs and green perovskites®*; Theoretically,
based on structural optimization, phonon spectrum, formation
energy, and ab initio molecular dynamics simulations, Long
et al.?° believed that the chirality of chiral cations can be suc-
cessfully transferred to the framework of 3D hybrid organic-inor-
ganic perovskites (HOIPs), and the resulting 3D chiral HOIPs
have good kinetic and thermodynamic properties. In addition,
some recent studies have taken a novel approach to substituting
A-site for chiral 3D perovskites by breaking the classical perov-
skite 3D structure; for example, each A-site ion of (R/S-
PyEA)Pb,Brs (PYEA = (R/S)-1-(pyridine-4-yl)ethan-1-amine) is
embedded between 12 [PbBr|;~ octahedra instead of 8
(Figure 2B).°° On that basis, more complex chiral 3D perovskite
designs, such as (R/S-3APr),Pbyli2:2H,O (R/S-3APr = R/S-3-
aminopyrrolidine),®’ (R/S-BPEA)EAgPb,Clis (R/S-BPEA = (R/
S)-1-4 bromophenylethylamine, EA = ethylamine),”® combine
chiral and achiral A-site ions (Figure 2C). In general, the A-site
replacement of perovskite with classical 3D crystal structure is
difficult to achieve due to limitations on the volume of A-site
ions, but special-shaped 3D perovskite crystal structures that
break through the traditional strategy open up new possibilities
for the realization of A-site ion replacement 3D perovskite.
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A-site intercalation: when the chiral cations occupying the
A-site are too large to be accommodated in the space between
the eight [BX]g ~ octahedrons, the classical 3D perovskite crystal
structure will be destroyed. Depending on the chiral cation, 2D,
1D, and 0D chiral perovskites will be generated.®” The earliest
such chiral perovskites appeared in 2003, when S/R-MBA was
used to replace the original A-position cations, and correspond-
ing 1D and 2D chiral perovskites were successfully prepared
(Figure 2D).°”°® In such low-dimensional chiral perovskites,
because the proportion of chiral A-site ions is significantly higher
than that of 3D perovskites, they often show higher chirality.®® In
addition, even if some large organic cations occupying the A po-
sition do not possess intrinsic chirality, synthetic organic inor-
ganic hybrid perovskites may also possess chirality, which is
related to the Sohncke space group. For example, (piperidi-
nium),>SbCls (the A-site ion is an achiral chair piperidinium) with
chirality has the space group P2:2:2;, which belongs to the
non-centrosymmetric Sohncke space group®; on the other

hand, it may be related to the structure of chiral macromolecules
themselves. For example, although the A-site ion cystamine in
CystaH,[CuCl,] does not have intrinsic chirality, it has a long
chain structure, and will be twisted into a chiral helical structure
under the influence of an external electric field.®®

Jahn-Teller distortion: unlike the lattice structure deforma-
tion caused by A-site cations mentioned above, it is possible
to induce Jahn-Teller distortion when certain cations are used
to replace B-site cations in perovskite. In a crystal, the asym-
metric occupation of electrons in degenerate orbitals will lead
to the distortion of the crystal geometry, which will reduce the
symmetry of the crystal and the degeneracy of the orbital, and
further reduce the energy of the system. Electron asymmetry in
degenerate orbitals has special requirements for the extranu-
clear electron configuration of B-site cations. Currently, B-site
cations that can induce Jahn-Teller distortion include Cu?*,%:¢
Cr¥*/Cre* %7 Fe?*/Fe3*,%” Mn®",%® etc. Although these Jahn-
Teller ions do not possess intrinsic chirality, their induced lattice
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(A) Traditional chiral 3D perovskite crystal structure, S/R-3AQ-NH,Brs as examples, reproduced with permission from Ye et al.,”* AAAS.
(B and C) Special-shaped chiral 3D perovskite crystal structure, (R/S-PyEA)Pb,Brg and (S/R-BPEA)EAsPb,4Cl45 as examples, reproduced with permission from

Bai et al. and Guan et al.,*>°® ACS and Wiley-VCH.

(D) S-MBAPbBTr; chiral 1D perovskite on the left, reproduced with permission from Billing and Lemmerer,®” International Union of Crystallography; (R-MBA),Pbl,
chiral 2D perovskite on the right, reproduced with permission from Billing and Lemmerer,°® RSC.
(E) CsCuCls chiral 1D perovskite, reproduced with permission from Cao et al.,”® ACS.

structure deformation can bring chirality to the overall struc-
ture.®® Early studies dating back to the 1970s showed that
Cu?* induced Jahn-Teller distortion in CsCuCls and produced
1D chiral helical structures (Figure 2E).°

Goldschmidt tolerance factor: a simple way to distinguish
between A-site substitution and intercalation, and to measure
the degree of deformation in the perovskite crystal structure, is
to calculate the Goldschmidt tolerance factor. This method is
very simple, requiring only the radii of the three ions to be consid-
ered, but its effectiveness has been well demonstrated.”® The
relevant formula is as follows”": ¢ = ’A"’X , Where ra, rg, and
r¢ are the ionic radii at the A, B, and X S|tes respectively. The
tolerance factor r can be used to measure whether the three
ions can stably form 3D perovskite, and the degree of distortion
in the crystal structure of the 3D perovskite. The relationship be-
tween the tolerance factor r and perovskite structure is shown in
Table 1 below.

Itis worth noting that the Goldschmidt tolerance factor can only
be used to measure the stability of the classical ABX3 3D perov-
skite crystal structure, and does not apply to 3D perovskites with
special crystal structures such as (R/S-PyEA)Pb,Brs>° and (R/S-
BPEA)EAsPb4Cly5.%°

Transfer mechanism of chirality from surface ligands

The chiral ligands on the surface of the achiral perovskite can
induce the perovskite to exhibit chiral properties. These methods
have been widely used in semiconductor nanocrystals (NCs),
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especially in quantum dot (QD) materials. The chiral surface li-
gands mentioned in this paper include not only chiral organic
molecules (such as MBA,"? PEA,”>"* MPEA,"”® NEA,”® DACH,”®
20A,”7 ABA,”® CYS,”® and BNP®) but also other low-dimen-
sional chiral perovskites. In addition to the intrinsic chirality of
the surface ligands, there are two main sources of chirality
brought by the surface chiral ligands of perovskite crystals: sur-
face distortion and electronic interaction between chiral ligands
and achiral substrates.

Surface distortion: due to incomplete surface bonding, the
surface of perovskite crystals has many ionic vacancies and sus-
pended bonds, which can be coordinated with chiral ligands
(mainly organic amines). These ligands, in turn, distort the inor-
ganic skeleton on the surface of the perovskite crystal, resulting
in obvious symmetry breaking and thus obvious chirality. Kim
et al. found that this lattice distortion can deeply affect the lattice
at depths of up to five monolayers (MLs) (Figure 3A).”” This chiral
introduction is mostly seen in 3D perovskites, but Cao et al. show
that it can also be used in 2D/quasi-2D perovskites (Figure 3B).
They found that 2D/quasi-2D CsPbBr; nanosheets modified
with chiral ligands (R)/(S)--methylphenethylamine exhibit signif-
icant optical chirality.®' In most cases, the chiral ligand ions used
in relevant studies are mostly organic cations, but there are also
studies using anions as ligands. Tran et al.?° reported a chiral
perovskite using the chiral anion R/S-BNP as a chiral ligand
and CsPbBrs as an achiral base. The optical chirality of R/S-
BNP-CsPbBrz remains unchanged after purification with
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Table 1. Relationship between tolerance factor  and perovskite structure””°

Range of © 7<0.77 0.77 <7<1 =1 1<7<1.05 7> 1.05

A-site ion too small  smaller moderate larger too large

Is it perovskite? no yes yes yes yes

mechanism of Chirality - A-site substitution

smaller A-site ions
cause the octahedron
to tilt and deform,
resulting in crystal
structure distortion

Characteristics of -
perovskite structure

crystal

Dimension - 3D 3D

A-site substitution

perfect and ideal
perovskite crystal
structure with almost
no distortion inside the

A-site substitution A-site Intercalation

larger A-site ions
prevent the formation
of 3D perovskite, but
the 3D perovskite can

too large A-site ions
destroy the crystal
structure of 3D
perovskite and

still be relatively stable produce low-
dimensional perovskite
3D 2D/1D/0D

antisolvent, owing to the high binding affinity of the phosphate
group to the surface of CsPbBr; perovskite NCs.

Electronic interaction: in addition to surface lattice distortion,
electronic interactions between chiral ligands and achiral perov-
skites are also important mechanisms of chirality in perovskites.
Forde et al.”® used density functional theory calculations to
explore the mechanism of chiral transfer in chiral diamino-cyclo-
hexane (DACH) enantiomer-terminated CsPbX3 (X = Cl, I) clus-
ters, and found that the mechanism is more likely to be chiral mo-
lecular dipole-cluster transition dipole coupling rather than
lattice distortion (Figure 3C). In recent years, CISS has attracted
much attention as a novel electron interaction, and related
research has focused on NCs and 2D/3D perovskite structures.
The former studies have found that chiral perovskite NCs modi-
fied by chiral ligands are a good platform for CISS research’®; the
latter studies have found that low-dimensional chiral perovskites
can also be regarded as a chiral ligand that can transfer chirality
to achiral 3D perovskites through CISS, which is commonly seen
in the field of QDs.**%°

It is worth mentioning that the chiral ligands filling the ion va-
cancies on the surface of perovskite not only give the chirality
in perovskites but also passivate the surface of perovskite, which
has special significance for improving the photoelectron yield of
perovskite materials. At present, relevant studies®* have proved
that using ligands with specific chiral structures to passivate
perovskite materials has a better effect than using its enantio-
mers, which provides a new research direction for the applica-
tion of chiral perovskites in the photovoltaic field. This is ex-
plained in detail in the section “application of chiral perovskite
in photovoltaics.”

Chiral nanostructures beyond the crystal level

The introduction of chirality in perovskites is not necessarily
limited to the internal structure of the crystal. Chiral nanostruc-
ture designs beyond the crystal level have also been shown to
confer chirality on achiral perovskites. Perovskite materials
used in such designs generally do not have intrinsic chirality,
and their chirality comes from chiral geometric structures
beyond the crystal level, with scales generally ranging from a
few nanometers to a few millimeters. According to the size of
the geometric scale of perovskite, perovskite chiral nanostruc-
tures can be divided into two categories: NC assembly and
metamaterials.

Perovskite NC assembly: NCs refers to crystalline materials
that are only a few nanometers in size, including recently popular
QD materials. Chiral assembly of achiral perovskite NCs using
chiral gels, polymers, helical SiO», and liquid crystals (LC) is a
widely used method. In 2018, Shi et al.® reported their discovery
of the chiral organic lipid N,N’-bis(octadecyl)-L/D-glutamic
(abbreviated L/D-Gam) mixing diamide with achiral inorganic
perovskite NCs stabilized by oleic acid and oleyl amine forms a
co-gel with circularly polarized light emission (CPLE) in a non-po-
lar solvent (Figure 4A). Later, Cao et al.”® conducted a similar
study. They designed and synthesized a simple amphiphilic
molecule (D/L-MA-ALA-COOH) that can self-assemble into a
chiral gel with helical chirality in a non-polar solvent. The gel is
co-assembled with CsPbX3 (X = Cl or Br) NCs to achieve circu-
larly polarized emission of gum up to 8.2 x 103, In addition, achi-
ral perovskite QDs can theoretically be assembled into chiral QD
molecules, as demonstrated by calculations by Tepliakov et al.
(Figure 4B).%°

Perovskite chiral metamaterials: the geometric scale of
metamaterials is significantly larger than that of NCs, generally
in the tens of nanometers to a few millimeters. According to
the way of obtaining the chiral geometry, the synthesis strategies
of perovskite chiral metamaterials can be divided into two cate-
gories®': bottom-up*®® and top-down.

The “bottom-up” process relies on a pre-processed base or
pre-patterned template and is an accumulation or addition pro-
cess. The chiral geometry is completed before perovskite syn-
thesis. For example, it is a typical “bottom-up” process to
grow achiral perovskites in pre-prepared nano-templates with
chiral micro-nano structures to obtain chiral superstructures.
Choi et al.?” prepared different scale nano-templates composed
of cholesteric polymer networks to introduce chirality into non-
chiral hybrid organic-inorganic perovskite (BZA;Pbl,, BZA =
benzylamine), and observed significant CPLE and circular di-
chroism (CD) (Figure 4C).

“Top-down” refers to the process of achieving a chiral super-
structure after perovskite synthesis. lon beam/electron beam/
laser engraving and nanoimprinting are “top-down” methods
that have been used for perovskite metamaterials. Long et al.®®
and Mendoza-Carreno et al.®° prepared clear gammadion chiral
patterns on perovskite surfaces by focused ion beam (FIB) mill-
ing and nanoimprinting, respectively (Figures 4D and 4E). Exper-
iments and simulations show that the chiral meta-surface has
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Figure 3. Schematic diagram of transfer mechanisms of chirality between ligand and perovskite

(A) Chirality of 3D perovskites induced by ligands, reproduced from Kim et al.,”* Wiley-VCH, licensed under CC BY 4.0.

(B) Chirality of 2D/quasi-2D perovskites induced by ligands, reproduced with permission from Cao et al.,®' Wiley-VCH.

(C) Ligand DACHs bind to a cluster surface in the (left) monodentate and (right) bridging configurations, reproduced with permission from Forde et al.,”® ACS.
(D) The chiral shell induces the achiral nucleus to exhibit chirality by CISS in the core-shell structure, reproduced with permission from Ye et al.,®> ACS.

significant chiroptical activity, which provides a new possibility
for the detection and emission of circularly polarized light.

In general, because the structure is too macro, there are few
studies on the impact of chiral nanostructures on photovoltaic
effects. However, studies have shown that metamaterials can
reproduce atomic-scale phenomena on a macroscopic scale
and use them to achieve molecular-scale functions, which pro-
vide a new possibility for using meta-structures to achieve
photovoltaic effects, which will be described in detail in the
next section.

Novel/multiple mechanisms of chirality in perovskites

It should be emphasized that the chiral crystal structure does not
require the ion/ligand to be inherently chiral, such as the B-site
ion with Jahn-Teller distortion mentioned above and Sohncke
space group caused by A-site achiral ions.'"%*

In addition to the chirality mechanisms in perovskites
mentioned above, novel mechanisms have been emerging in
research, such as the chiral crystallization of perovskites
induced by nanometer/micron nuclei proposed by Chen et al.
being one.?® The study found that in MABr-PbBr,-DMF (MA =
methylammonium, DMF = N,N-dimethylformamide) solution,
with carbon, copper, In,O3, and other NCs or micron crystals
as condensation nuclei, it is possible to grow MAPbBr; NCs
with a chiral crystal structure, even if normal MAPbBr; is not chi-
ral. This kind of chiral perovskite preparation technology cannot
be classified by traditional methods and is a novel chirality mech-
anism. Although there is less research on these technologies,
novel mechanisms of chirality in perovskites hold promise, and
their future development is worth looking forward to.

It is worth noting that most types of chirality with distinct
mechanisms can coexist within the same perovskite material.
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Itis possible to give a piece of perovskite material multiple mech-
anisms of chirality. For example, A-site substituted 3D chiral
perovskite NCs surface-treated with chiral ligands to give them
two types of chirality with distinct mechanisms: in-crystal
A-site ions and surface chiral ligands. Or to make chiral nanoma-
terials from perovskite with molecular chirality as raw materials,
such products have two types of chirality at the crystal level and
beyond the crystal level. Indeed, the coupling of molecular
chirality with metamaterial chirality to achieve enhanced optical
chirality has been validated by the study of Zhao et al.,”® which
corroborates the feasibility of multi-chirality coupling in perov-
skites. On the one hand, perovskite materials with stronger
chirality can be obtained by making the signs of different chirality
consistent and superimposing them through design. On the
other hand, the chirality at different geometric scales enables
materials to have optical chirality over a wider spectrum, which
provides a new direction for the development of wide-spectrum
chiral optics. In addition, multiple mechanisms of chirality may
also have potential value in the photovoltaic field, which will be
detailed in the section “application of chiral perovskite in
photovoltaics.”

Having established the conceptual foundations of chiral pe-
rovskites, next section now turns to an in-depth assessment of
their photovoltaic potential. Chirality introduced via intracrystal-
line ions enables Rashba splitting and the bulk photovoltaic ef-
fect (BPVE)—two distinct mechanisms that respectively offer
pathways for improving classical solar cell performance and
enabling novel FE-PV devices. Meanwhile, surface chiral ligands
impart CISS and defect passivation, which effectively suppress
carrier recombination and enhance device efficiency. In addition,
these ligands have been shown to improve the mechanical prop-
erties of perovskite solar cells, contributing to device durability.
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Figure 4. Perovskite chiral nanostructure
(A) Schematic diagram of achiral perovskite NCs co-assembled with chiral gels, reproduced with permission from Shi et al.,®> Wiley-VCH.
(B) Schematic diagram of perovskite QDs assembled into chiral quantum-dot molecules, reproduced with permission from Tepliakov et al.,*® ACS.

(C) CPLE difference from nonchiral perovskites incorporated into different nanoporous cholesteric polymer templates, reproduced with permission from Choi
etal.,®” ACS.

(D) CD of perovskite chiral meta-surfaces based on FIB milling, reproduced from Long et al.,®® Springer Nature, licensed under CC BY 4.0. The inset shows the
SEM pictures of perovskite chiral meta-surfaces.

(E) The SEM pictures of perovskite chiral meta-surface based on nanoimprinting, reproduced from Mendoza-Carrefio et al.,*° Wiley-VCH, licensed under
CC BY 4.0.
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The following section provides a detailed elaboration of these
mechanisms and explores the broader prospects and practical
feasibility of chiral perovskites in photovoltaic applications.

APPLICATION OF CHIRAL PEROVSKITE IN
PHOTOVOLTAICS

Since the first perovskite photovoltaic cell came out in 2009, re-
searchers around the world have fully realized the value of perov-
skite materials with a large absorption coefficient, high carrier
mobility, long carrier life, adjustable band gap, and other charac-
teristics relevant to the photovoltaic field, and started a series of
profound and extensive perovskite photovoltaic cell research.
Through that research, the energy conversion efficiency has
been successfully increased from the initial 3.8% to the most
recent 27.3%.°® However, the research on chiral perovskites in
the photovoltaic field is still in its infancy.®” This section will sum-
marize and expand on current research on chiral perovskites in
the photovoltaic field from the perspectives of optimizing clas-
sical photovoltaic devices and of developing new photovoltaic
devices using various characteristics of chiral perovskites.

Chiral perovskites improving the performance of
classical photovoltaics

When a semiconductor absorbs photons that have energy higher
than the intrinsic bandgap energy, electrons at the top of the
valence band will be excited to transition to the conduction
band, producing electrons and holes. In general, these excited
carriers decay quickly to the ground state and maintain energy
conservation by emitting photons or phonons. However, when
the electrostatic potential in a semiconductor has an asymmetric
structure (built-in electric field), the recombination of electrons
and holes will be affected and move in the opposite direction, re-
sulting in a photogenerated net electron flow and a hole flow, that
is, a photocurrent. In addition to adjusting the band gap to
absorb a wider spectrum of photons, reducing photovoltaic ma-
terial defects, inhibiting carrier recombination, and extending
carrier lifetimes are also considered important methods to opti-
mize the performance of classical photovoltaic devices. So far,
studies have shown that various properties of chiral perovskite
materials (the Rashba effect, chiral-induced spin selectivity,
etc.) can play a significant role in these aspects.

Rashba effect: Rashba et al.”® first discovered the Rashba ef-
fect in 1959 when studying the band structure of type Il wurtzite
crystals; it refers to the band splitting caused by spin-orbit
coupling (SOC) in a system with single axis symmetry breaking,
in which electrons with different spin directions have different
band energies. Researchers generally use Rashba parameters
or Rashba splitting energy to measure the strength of the Rashba
effect. Their relationship is as follows®®: 2Ex = agko, where ag, Er
(sometimes represented by Ey'%), and ko, respectively, refer to
the Rashba parameter, the energy difference between the vertex
of the energy curve before and after the energy band splitting
(i.e., Rashba splitting energy), and the offset of the vertex on
the k axis. The definitions of the three are shown in Figure 5A.
In addition, the Rashba parameter is sometimes defined as:
aR = % , Where AE refers to the energy difference between the
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two branches at the vertex of the curve after the band split-
ting.'*1%° If the energy curve is approximated as a quadratic
function curve, it is easy to find that AEg is four times Eq, and
the two equations are essentially equivalent. It is worth noting
that some papers'? also refer to AE as Rashba splitting energy,
which needs to be carefully identified.

For a long time, research on the Rashba effect had been
concentrated in the field of spin photonics until Zheng et al.™"
studied the long carrier lifetime of perovskite solar cells in
2015. Since perovskite materials have been used in photovoltaic
devices, their relatively longer carrier lifetime compared to sili-
con-based photovoltaics has attracted researchers’ attention.
It was once thought that this extraordinary carrier lifetime was
due to the lower defect density in perovskite materials, but
Zheng et al. demonstrated that the Rashba effect is the main
reason for the long carrier lifetime.

As shown in Figure 5B, the Rashba effect increases the spin
devolution of the conduction and valence bands near the
bandgap, producing an “inner band” (orange arrow) and an
“outer band” (cyan arrow) with opposite spin textures “clock-
wise” (y = —1) and “counterclockwise” (y = 1), respectively. After
the electron absorbs the photon, it transitions from the valence
band to the conduction band (blue arrow), and the excited elec-
trons on the conduction band Cy = 1 and Cy = —1 will rapidly
relax to the minimum value of the band Cy = —1 (red arrow)
due to inelastic phonon scattering. Similarly, the hole rapidly re-
laxes to the maximum value of the Vy = 1 band (red arrow). How-
ever, since spin states and wave vectors are opposite, the radi-
ative recombination of Cy = —1 — Vy = 1 is a process prohibited
by spin and momentum (light blue arrow). In addition, the mini-
mum and maximum values of the Cy = —1 band are located at
different locations in the Brillouin zone, which creates an indirect
band gap for recombination, further slowing down the recombi-
nation process. The combined effect of the two prolongs the car-
rier lifetime. In this study, Zheng et al. demonstrated their pro-
posed mechanism using first-principles calculations, and
showed that the extension of carrier lifetime is positively corre-
lated with Rashba fission energy.

According to Zheng et al., it is easy to imagine that the perfor-
mance of perovskite solar cells can be improved by enhancing
the Rashba effect of perovskite materials to improve the carrier
lifetime. The introduction of chiral symmetry breaking has been
proven to be a reliable means to enhance the Rashba effect in
many studies. Jana et al."%® showed that 2D perovskite materials
with R-(+)- or S-(—)-1-(1-naphthyl)ethylammonium (abbreviated
as R-NPB/S-NPB) as the A-site ion, Pb?* as the B-site ion, and
Br~ as the X-site ion exhibit a significant Rashba effect and
obvious optical chirality. Rac-NPB does not have these charac-
teristics. Li et al.’° further studied the synthesis of chiral 2D/3D
composite perovskite films by mixing chiral organic cations with
cesium bromide, and realized a strong Rashba effect by symme-
try breaking between chiral and achiral interfaces. To summa-
rize, the performance of photovoltaic devices can be effectively
improved by introducing chirality to enhance the Rashba effect,
which inhibits carrier recombination, extending the carrier
lifetime.

CISS: CISS refers to the phenomenon wherein electrons can
be selectively transported or filtered according to the spin state
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Figure 5. Improvement of traditional photovoltaic performance by chiral perovskite

(A) lllustration of the Rashba effect and related parameters at the bottom of the conduction band.

B) Diagram of Rashba bands and the electron transport path, reproduced with permission from Zheng et al.,'®' ACS.

C) Diagram of CISS in chiral 2D/achiral 3D perovskite structures in perovskite solar cells, reproduced with permission from Gao et al., % Elsevier.

E) Diagram of perovskite solar cells with homo/hetero-chiral interlayers, reproduced with permission from Duan et al.,'® AAAS.

(
(
(D) The structures and size comparison of passivating agent L/D-pyroglutamic acid (L/D-PA) and FAPbXg, reproduced with permission from Wu et al.,** ACS.
(
(

F) Schematic diagram of enhancing photovoltaic performance with multiple mechanisms of chirality.

of electrons in a chiral system, which reflects the connection be-
tween chiral symmetry and electron spin, and is generally repre-
sented by electron transport and electron displacement current.
The relevant research can be traced back to the asymmetric
scattering of spin-polarized electrons from chiral molecular
gases by Lee and Yang shortly after the discovery of parity
destruction (i.e., weak force destruction of parity conserva-
tion)."°” However, the asymmetry measured in the gas phase
was too weak (<107 until Ray et al.’® found in 1999 that the
scattering asymmetry becomes significant (0.1-0.2) when elec-

trons travel through an ordered film of chiral molecules. With
the progress of spin-related studies, the spin asymmetry has
been raised to 0.6.'% As of 2012, this phenomenon is known
as CISS.'"°

Unfortunately, the principle of CISS is not fully understood, but
it is generally believed to be closely related to SOC, similar to the
Rashba effect."'” Moreover, CISS has also been found to effec-
tively optimize the performance of photovoltaic devices. Gao
et al."% showed that chiral perovskites can promote hole trans-
port in perovskite solar cells. As shown in Figure 5C, they added
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a layer of MBAI to the FASNI; perovskite solar cell and obtained a
2D/3D thin film structure (mechanism Il of chirality). Using a mag-
netic conductivity probe atomic force microscope (mCP-AFM) to
investigate the charge transport effect of the chiral thin film, they
found that (R-/S-MBA),Snl,, formed after the addition of the R-/
S-MBA layer to the FASnI; solar cell, exhibited a CISS induced
charge transport effect. CISS is beneficial to the interface extrac-
tion of positively polarized charge, and the rapid charge transfer
and efficient hole transport it enables further reduce the interface
charge recombination and inhibit the hysteresis effect in PSC de-
vices. The (rac-MBA).Snl, did not show CISS, although rac-MBA
based devices did show better photovoltaic performance than
non-MBA devices, but only because the PEDOT:PSS/FASnI3
interface has better level alignment (i.e., passivation effect) under
the influence of 2D MBA,Snhl,4; the performance of rac-MBA de-
vices is not as good as that of R/S-MBA devices with CISS.
Although the mechanism of CISS is not yet fully studied, this
study fully demonstrates the potential of CISS to optimize photo-
voltaic devices by improving interfacial charge extraction. How-
ever, this study only validated the optimization of interface
extraction for positive charges. Although the interface extraction
of negative charge could also be improved by CISS, the specific
experimental verification still needs further research work.
Passivation: In addition to the above-mentioned, chiral pe-
rovskites have also been found to optimize photovoltaic devices
in other ways. As we all know, the passivation of photovoltaic
materials is one of the important methods to optimize the perfor-
mance of photovoltaic devices; it can reduce carrier recombina-
tion due to defects in or on the surface of the materials and
extend the life of perovskite solar cells."’*""” The chirality of
the passivating agent has been found to have a significant
impact on the passivating effect: some chiral molecular struc-
tures match the A-site ion defects of perovskites better than their
enantiomers. Wu et al.®* found that when the chiral molecules L-
and D-pyroglutamic acid (L-PA and D-PA) were used as addi-
tives for perovskite passivation, both of them significantly
improved the photovoltaic performance of the materials, but
the effect of the latter was significantly better than that of the
former. This is because L-PA has a more twisted spatial config-
uration, while D-PA is more planar, resulting in a difference in dis-
tance between the two C=0 groups. As shown in Figure 5D, the
smaller distance between the two C=0O groups of L-PA
compared to the Pb—Pb bond length will distort the perovskite
lattice structure, resulting in poor device stability. In contrast,
the similar distance between the two C=0 groups of D-PA with
the Pb-Pb bond length promotes the preferentially oriented
growth of perovskites. In addition, it has been found that the chi-
ral environment of L-cys shows advantages in terms of inhibition
of non-radiative recombination, perovskite crystallization, stabil-
ity, and light capture.”® Between the two, L-cys is superior to
D-cys due to the difference in their electrostatic potential distri-
butions, which makes their abilities to bind with perovskite de-
fects different, resulting in different passivating abilities.
Mechanical properties: In addition to passivation, the
improvement of mechanical properties of solar cells by chiral
structures has recently received attention.''®'" Duan et al.®®
published a study in Science showing that using R-/S-/rac-
MBAI as the intermediate layer of organic-inorganic hybrid
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perovskite solar cells can not only effectively passivate perov-
skite materials and reduce carrier recombination, but also signif-
icantly improve the mechanical properties of the cells and
enhance delamination resistance and toughness. In the study,
the mechanical properties of the heterogeneous chiral perov-
skite interface (rac-MBAI intermediate layer) are superior to
those of the homogeneous chiral perovskite interface (R-/S-
MBAI intermediate layer). The latter acts like a molecular spring,
enhancing the elasticity of the interface, but is more prone to
elastic deformation, resulting in a small Young’s modulus, as
shown in Figure 5E. In contrast, heterochiral perovskite inter-
faces formed between enantiomers with opposite chirality
exhibit a greater Young’s modulus while maintaining excellent
elastic recovery. Therefore, although both homogeneous and
heterogeneous chiral perovskite interfaces show improved me-
chanical properties, heterogeneous chiral perovskite interfaces
reduce elastic deformation under the same stress and have bet-
ter mechanical properties. This study provides a new direction
for research in photovoltaics. Previously, most researchers
have focused on the photoelectric conversion performance
and temporal stability of photovoltaic devices, but this study
may inspire researchers to optimize other aspects of photovol-
taic device performance, such as mechanical stability and resis-
tance to extreme temperatures.

Idea (I) multiple mechanisms of chirality enhancing photo-
voltaic performance: The previous section mentioned that the
multiple mechanisms of chirality can effectively enhance the op-
tical chirality intensity and spectrum width of perovskite mate-
rials. Combined with the content of this section, it can be inferred
that multiple mechanisms of chirality also have great potential to
improve the performance of perovskite solar cells. For example,
Rashba effects are often seen in 2D chiral perovskites based on
A-site intercalation (mechanism I of chirality), while CISS is more
often seen in chiral perovskites with surface chiral ligands (mech-
anism Il of chirality). It is easy to think that if a chiral perovskite
has two chirality mechanisms, from A-site intercalation and sur-
face chiral ligands, then it may have a long carrier lifetime from
the Rashba effect and a strong charge extraction ability from
CISS, and thus have a stronger photovoltaic performance. Simi-
larly, passivation and mechanical properties improvements are
also based on surface chiral ligands, and chiral perovskites
with both A-site intercalation and surface chiral ligands may
have the effects of long carrier lifetimes from the Rashba effect,
and improved passivation/mechanical properties at the same
time (Figure 5F). Itis acknowledged that leveraging multi-chirality
coupling for photovoltaic enhancement is still an unverified idea.
Nevertheless, its effectiveness in boosting chiral optical re-
sponses has been substantiated by existing research,’® thereby
reinforcing the prospects for its extension to photovoltaics.

Chiral perovskites facilitating the development of novel
photovoltaics

As mentioned above, the photovoltaic effect relies on a built-in
electric field to separate the two kinds of carriers, electrons
and holes. In general, the built-in electric field in photovoltaic de-
vices is derived from the PN junction (a heterogeneous structure
composed of P-type semiconductors and N-type semiconduc-
tors). The power generation performance of such photovoltaic
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Table 2. Examples of chiral perovskite ferroelectrics

A-site chiral molecule (abbreviation) Chemical formula Dim Reference

R/S/rac-3-ammoniopyrrolidinium R/S/rac-3AP-NH X3 3D Ye et al.**

(R/S/rac-3AP) R/S/rac-3AQ-NH X3

R/S/rac-3-ammonioquinuclidinium (X =ClorBr)

(R/S/rac-3AQ)

R/S-3-fluoropyrrolidinium R/S-3-(fluoropyrrolidinium)MnXs 1D Ai et al.,"*; Gao et al.’°
(X =ClorBr)

R/S-1-(4-chlorophenyl) ethylammonium [R/S-1-(4- 2D Yang et al.**
chlorophenyl)ethylammonium],Pbl,

(RY/(S)-(=)/(+)-1-cyclohexylethylamine (R/S-CYHEA)Pbl 1D Hu et al.’’

(R/S-CYHEA)

(R)-(—)-1-methyl-3-phenylpropylamine (R-MPA),CdCl, 0D Lietal.'*?

(R-MPA)

2,2'-dithiobis(ethylamine) dihydrochloride® CystaH,CuCl, 2D Deng et al.®®

(Cystamine, Cysta)

(R)-N-ethyl-3- quinuclidinol (R-EQ)Pblg 1D Fuetal.'*®

(R-EQ)

(R)/(S)-N-(1-phenylethyl)ethane-1,2- (R/S-PEDA)PbI, 2D Zeng et al.’®*

diaminium

(R/S-PEDA)

(R)/(S)-3-F-pyrrolidinium (R)/(S)-3-F-(pyrrolidinium)CdCl3 1D Tang et al.*®

(R)/(S)-3-(@aminomethyl)-piperidine (R/S-3AMP)PbBr, 2D Fan et al.’®®

(R/S-3AMP)

4-phenylbutylamine® 4PBA-CdCl, 2D Lietal.'?®

(4PBA)

32,2'-Dithiobis(ethylamine) dihydrochloride is not intrinsically chiral, but it can be twisted into a chiral helical structure under the influence of an external

electric field in CystaH,CuCl,.

P4-Phenylbutylamine is also not intrinsically chiral, but its induced lattice distortion and its own distortion together constitute a chiral structure.

devices will also be restricted by the performance of the PN junc-
tion. The performance of the PN junction is limited by semicon-
ductor materials. In theory, photovoltaic devices based on PN
junctions have an upper conversion limit, the Shockley-
Queisser limit, due to the limited band gap width of the semicon-
ductor materials. However, some photovoltaic effects do not
depend on the PN junction structure and are not limited by the
Shockley-Queisser limit, known as anomalous photovoltaic
(APV) effects. Among them, the FE-PV effect is one of the most
common anomalous effects and has attracted much attention.

The property of ferroelectrics to generate photovoltage and
photocurrent under uniform light is called the FE-PV effect.
Because the asymmetry of chiral perovskites can effectively
induce the generation and spontaneous polarization of electric
dipoles, it can be inferred that chiral perovskites have great po-
tential in the field of ferroelectrics, which is proven by relevant
studies (Table 2). Additionally, the potential of perovskite mate-
rials for photovoltaic applications has been fully demonstrated.
Considering both of these points, the potential value of perov-
skite for FE-PVs can be inferred.

As an APV effect, the FE-PV effect can exceed the band gap
limit of photovoltaic materials without a PN junction, and can
also change the direction of spontaneous polarization by electric
field to switch the direction of current. Therefore, the FE-PV ef-
fect is considered to have great potential for the development
of new photovoltaic devices. However, the mechanism of the

FE-PV effect is complex and not unique, and in ferroelectric ma-
terials, photogenerated charge carriers can be separated by
multiple forces. At present, the main sources of the FE-PV effect
include the BPVE, ferroelectric domain wall theory, depolariza-
tion field, Schottky junction, and so on. For a detailed analysis,
this section will discuss the mechanism of the FE-PV effect,
and then explore the potential and value of chiral perovskites
in this context.

BPVE in chiral perovskites: The BPVE, sometimes called the
photogalvanic effect (PGE), refers to the characteristics of ho-
mogeneous materials under uniform light irradiation to produce
current, and the biggest difference compared with the classical
photovoltaic effect is that there is no heterostructure. BPVEs
have been found mainly in ferroelectrics, first in BaTiOgz in the
1970s. Historically, the built-in electric field formed by macro-
scopic polarization in materials has been considered to be the
origin of the BPVE, which is also the most popular and simplest
intuitive explanation of the FE-PV effect. However, with the prog-
ress of related research, more theoretical models have been pro-
posed (Figure 6)'"'3%: (i) some early models believe that the
asymmetric scattering center with the same orientation in the
materials is the source of the photocurrent (Figure 6A)'?%; (i)
other theories hold that the asymmetry of the electrostatic barrier
makes carriers with energy in a specific range only move in a
limited direction, resulting in the generation of photocurrent
(Figure 6B)'?%; (i) some other theories hold that the transition
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Figure 6. Several models of the BPVE

(A) Asymmetric carrier scattering center, where +k refers to the carrier momentum before scattering, +k' refers to the symmetric carrier momentum after scat-
tering, Wi, and W, _ refers to the probability of k—k' and _k—_k', respectively. W, > W., , the carrier direction after scattering is asymmetrical.’*"?®

(B) Asymmetric potential well at carrier generation, where carriers with energies between V4 and V, have asymmetric velocity distributions due to the higher
potential barrier on the left.'*°

(C) The hopping of a photoexcited electron between two identical centers located at a distance R can also produce a photocurrent in a non-centrosymmetric
medium, where W®*(«R) refers to the probability of excitation of the electron with a transition. Due to the wave function of the excited state being distorted
compared with that of the localized ground state, W®(R) > W®*(-R) and the carrier momentum distribution is asymmetrical. %%

(D) Relativistic splitting of the conduction band minimum establishes two distinct channels (k,* and k") for electron excitation, polarized light promotes electrons

preferentially to one channel.'*?

asymmetry caused by the distortion of the excited state wave
function is the cause of the net photocurrent generation
(Figure 6C)"%'3%: (iv) still other theories have found that the
Rashba effect, caused by the strong SOC, can explain the
BPVE under polarized light (Figure 6D)."** Now, models based
on time-dependent perturbation theory have become the main-
stream explanation of BPVEs.

In the model, the BPVE is considered the result of two cur-
rents: the shift current and the ballistic current. The former orig-
inates from the off-diagonal part of the electron density matrix
and is caused by the carrier shift during the photoinduced tran-
sition. The latter is derived from the diagonal portion of the elec-
tron density matrix and is caused by the asymmetry of the carrier
momentum distribution.”**"3° The two current theories have
some similarities with other BPVE models mentioned above:
both shift current and model Il are related to the asymmetric
displacement of carriers during the energy band transition;
both the ballistic current and model Il are related to the asym-
metric momentum (velocity) distribution of carriers in the energy
band. In fact, as with the other models, the study of the two cur-
rents also dates back to early work in the last century, detailed in
Fridkin’s review.'*° However, better than other earlier theories,
the shift current theory was adapted in 2012 by Young and
Rappe and can be calculated based on first principles.’*®
Then, a first-principles model of ballistic currents was also re-
ported in 2021."%""*8 These studies have led to better simulation
and prediction capabilities for the two current models and have
helped them become mainstream models of BPVEs. It is worth
mentioning that injection current, as a special ballistic current,
generally exists only under circularly polarized light, and has a
wide range of applications in experiments.

The research and development of the BPVE has been closely
related to perovskite materials, from the initial BaTiO3 to the pre-
sent organic and inorganic hybrid perovskite materials. Inciden-
tally, compounds with chiral structures are thought to have the

12 Matter 9, June 3, 2026

potential to generate strong displacement currents.'*® There-
fore, chiral perovskites are highly relevant in the field of BPVEs.
In fact, researchers did find BPVEs in many chiral perovskites,
as shown in Table 3 below.

In summary, it can be confirmed that the BPVE exists widely in
chiral perovskites. However, there is no consensus on the role of
chirality in the BPVE of perovskite. Huang et al.’s study suggests
that polarity rather than chirality is the main cause of the
BPVE."*® However, another study showed that the key to the
BPVE is symmetry breaking, and the polarity is primarily for
enhancing the photocurrent.’*® Although controversy still exists,
considering that the BPVE found so far mainly appears in inver-
sion symmetry-breaking materials, there is reason to believe that
chiral perovskites with significant symmetry breaking have the
potential in the bulk photovoltaic field. The value of chirality
and what role it can play in bulk photovoltaics needs further
research.

Ferroelectric domain walls based on chiral perovskites:
spontaneous polarization of the electric dipole moment is an
inherent property of ferroelectrics. When a ferroelectric is spon-
taneously polarized, the energy increases, the state is unstable,
and the crystal tends to be divided into many parts. The electric
dipoles within a given part are polarized in the same direction,
and the electric dipoles in different parts are polarized in different
directions. These parts are called electric domains, and the
boundary between electric domains is called a domain wall
(Figure 7A). Some studies have shown that the FE-PV effect is
related to the domain wall. A study in 2002 found electrostatic
dipole moments on both sides of a 90° domain wall
(Figure 7B), which lead to electrostatic potential steps as well
as valence and conduction band shifts.'“® A study in 2010 found
that the FE-PV effect voltage perpendicular to the domain wall is
significantly stronger than the voltage parallel to the domain wall,
and is positively correlated with the number of domain walls and
electrode distance (Figure 7C)."*” To explain this phenomenon, a
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Table 3. Some chiral perovskites with bulk photovoltaic effects

A-site chiral molecule (abbreviations) Chemical formula Dim Reference
(R)-(—)-1- cyclohexylethylamine (R-CYHEA)gPbgly4 1D Noma et al.”*?
(R-CYHEA)

(R)/(S)-B- methylphenethylammonium (R/S-MPA)>(MA)Pb,l, 2D Huang et al.’*°
(R/S-MPA) (MA = methylammonium)

(R/S)-1-(4-bromophenyl)- ethylammonium (R/S-BEPA),(FA)Pb,l, 2D Ye et al.'*!
(R/S-BEPA) (FA = formidinum)

R/S-1-phenylpropylamine (R/S-PPA),Bils oD You et al.’*?
(R/S-PPA)

(R)/(S)-B-methylphenethylammonium (R/S-MPA),Pbl, 2D Huang et al.’*®
(R/S-MPA)

(R)/(S)-p-methylphenethylammonium [(R)/(S)-MPA],AgBilg 2D Lietal.'
(R/S-MPA)

R/S-1-(1-naphthyl)ethylamine (R/S-NEA)[Pblg] 1D Ishii et al.’*®
(R/S-NEA)

ferroelectric domain wall photovoltaic theory has been pro-
posed. Ferroelectric domain walls have a built-in potential step
generated by the polarization component perpendicular to the
domain wall,"*®'*° and an electric field is generated between
the domains, that is, within the domain wall, which can separate
the charge carriers and is perpendicular to the domain wall. The
photoexcited electrons and hole pairs separate and drift to both
sides of the domain wall, allowing the accumulation of different
charges to produce a BPVE, similar to the classical PN junction.
It is worth mentioning that each domain wall under this theory
can be regarded as a voltage source on the micron/nanometer
scale. Most ferroelectrics have more than one domain wall,
and many ferroelectric domain walls are connected end-to-end
along the polarization direction of the ferroelectric materials,
just as many voltage sources are in series. From this, unusually
high voltages that are not limited by the band gap of ferroelectric
materials can be observed. In addition, because the direction of
polarization and the domain walls are affected by the external
electric field, the direction of the domain walls can be changed
by applying an external electric field, changing the direction of
the photocurrent from the FE-PV effect.

Considering that the spontaneous polarization of electric di-
poles in ferroelectrics comes from the asymmetry of the crystal
structure, and the electric field of ferroelectric domain walls
comes from the difference in polarization direction on either
side of the domain wall, it can be reasonably inferred that chiral
perovskites with obvious asymmetric crystal structures should
have obvious influence on the FE-PV effect. Unfortunately, that
idea has not been supported by reliable research. However, by
review of previous studies, we propose that it may be possible
to realize artificial ferroelectric domain walls through chiral pe-
rovskites to achieve FE-PV effects.

Concept (l) ferroelectric domain walls based on molecular
chirality: the research on the generation of high voltages by
ferroelectric domain walls is accompanied by the design and
fabrication of artificial ferroelectric domain walls. As early as
2009, Yang et al."*” achieved the stacking of BiFeO3 thin layers
with different electric dipole directions by controlling the anneal-
ing process, and realized artificial ferroelectric domain walls that

could generate high photogenerated voltages (Figure 7D).
Inspired by this, we hypothesized that chiral perovskites could
be utilized to achieve a similar effect (Figure 7E). The opposite
of perovskite chirality implies a difference in crystal structure
and orientation, might meaning different directions of electric
dipole moments. If these opposite-handed perovskite thin layers
are alternately stacked, it is possible to achieve a new type of
artificial ferroelectric domain wall that can generate a high photo-
generated voltage (Figure 7E). This design has its unique advan-
tages: on the one hand, there is no need for deliberate annealing
control; on the other hand, chiral perovskites are mostly two-
dimensional, and due to the presence of the organic spacer
layer, it is easier to prepare thin layers. However, the presence
of the organic interlayer may also affect the carrier transport.
Its superiority still needs to be verified.

Concept (ll) ferroelectric domain walls based on chiral
metamaterials: the researchers have designed various meta-
material structures to achieve atomic-scale phenomena at the
nanoscale, °°"*® including domain walls.”®” A study in 2013
by Kang et al reported a chiral metamaterial that can switch
chirality using a flexible material (Figure 7F). They found that
this flexible metamaterial can have different geometric shapes
in different parts of the same material, some of which have oppo-
site geometric chirality. They call a part of consistent chirality a
domain. Unfortunately, they did not focus on the walls between
the different domains. In 2020, Deng et al.'*® conducted a similar
study and focused on domain walls, suggesting that they could
be designed with different shapes through the mechanical defor-
mation of flexible metamaterials. Inspired by these findings, we
hypothesize that the metamaterial domain walls might also be
applicable to ferroelectrics, that is, metamaterial ferroelectric
domain walls (Figure 7F).

Two design ideas are proposed to make the two sides of the
metamaterial domain wall have different polarity. (i) Photoexcited
unit cells: through the design of different unit cells on both sides
of the domain wall, the unit cells on both sides become electric
dipoles in different directions under the excitation of electromag-
netic waves (light fields). It is a common phenomenon for dielec-
tric elements to have dipoles or even multipoles when excited by
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Figure 7. Photovoltaic theory of ferroelectric domain walls and conception of metamaterial ferroelectric domain walls

(A) Schematic of ferroelectric domain walls.

(B) Schematic illustration of a periodic array of 90° domain walls, reproduced with permission from Meyer and Vanderbilt,'*® APS. The upper shows the
component P, of the polarization perpendicular to the DW, and the resulting induced charge and electron potential v(x); the middle shows corresponding band
offsets; the lower shows potential v(x) in the case of the corresponding supercell calculation using periodic boundary conditions, i.e., in which the supercell-
averaged electric field is zero.

(C) Study of the evolution of V¢ as a function of electrode spacing for four different samples: 71° domain-walls samples with thicknesses of 100 nm (red), 200 nm
(blue), and 500 nm (green) as well as a monodomain BFO film having no domain walls (black), reproduced with permission from Yang et al.,'*” Springer Nature. A
clear correlation between the number of domain walls and the magnitude of V¢ is observed.

(D) Schematic diagram of artificial BiFeOs ferroelectric domain wall, reproduced with permission from Yang et al.,'*” Springer Nature.

(E) The envisioned artificial ferroelectric domain wall based on chiral perovskites.

(F) Domains and domain walls in flexible mechanical metamaterials, where dashed yellow lines represent domain walls, reproduced with permission from Kang
et al.,'*® Wiley-VCH. The upper three pictures are achiral, and the lower three pictures are chiral.

(G) Schematic of the hypothesized metamaterial ferroelectric domain wall.
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electromagnetic waves.®® (i) Ferroelectric unit cells: the use of
ferroelectric systems with inherent electric dipole moments
can also give the unit cells polarity. In this way, the polarization
direction of the two sides of the domain wall is different because
of the different unit cell designs on both sides of the domain wall,
which puts forward higher requirements for the regulation of the
polarization direction. It can be found that the characteristics of
chiral perovskite have the potential to make ferroelectric domain
walls of metamaterials. Perovskite unit cells can easily become
electric dipoles under electromagnetic excitation and be used
as optical field excitation unit cells. At the same time, many chiral
perovskites are themselves good ferroelectrics and can be used
to make ferroelectric unit cells.

The ferroelectric properties (i.e., polarization direction and
strength) of metamaterial ferroelectric domains are mainly
determined by the microgeometric design of the metamateri-
als, whether they are photoexcited or ferroelectric unit cells.
In addition, photoexcited unit cells are also affected by the
dielectric property of the materials itself and the external exci-
tation light field, and ferroelectric unit cells are affected by the
ferroelectric property of the materials itself. This makes meta-
material ferroelectric domain walls more stable: the polariza-
tion of the photoexcited unit cell depends only on the dielectric
property of the materials, the design of the unit cell and the
excitation light field. As long as the temperature change does
not significantly change the nanostructure of the metamaterial
or the dielectric property of the materials, its ferroelectric prop-
erty will not change obviously (no Curie temperature). For the
same reason, ferroelectric domains of metamaterials are not
susceptible to ferroelectric fatigue, which provides a new pos-
sibility for fatigue-resistant ferroelectrics. However, the rela-
tively large scale of the metamaterial unit cells has inhibited
the transfer of charge carriers between the cells, which remains
an open question.

Both molecular chirality-based and metamaterial chirality-
based artificial ferroelectric domain walls exhibit strong
tunability. Owing to the compositional flexibility of perovskites
and the design freedom of metamaterial structures, different po-
larization directions and magnitudes can be achieved by adjust-
ing the type and proportion of chiral molecules/ions or through
rational metamaterial design. As demonstrated by Jia et al.,"®®
tailoring ferroelectric polarization enables modulation of the
interaction between ferroelectric materials and light. This
tunability of artificial ferroelectric domain walls suggests the pos-
sibility of tailoring the absorption spectrum for FE-PV effects,
thereby enabling specific spectral absorption or even broadband
absorption to improve power conversion efficiency.

Furthermore, owing to the intrinsic geometrical nature of
chirality, artificial domain walls based on chiral perovskites typi-
cally also function as crystallographic mirror planes. A study®°
on ferroelastic domain walls suggests that such crystallographic
mirror planes can be regarded as defining the orientation of
domain walls, and the resultant domains facilitate charge carrier
transport, thereby enhancing optoelectronic performance. By
analogy, in the context of FE-PVs, artificial ferroelectric domain
walls based on chiral perovskites are expected to benefit from
improved charge carrier transport, offering a potential pathway
toward enhanced photovoltaic performance.

¢? CellPress

It is worth noting that the ferroelectric domains in achiral pe-
rovskites can sometimes exhibit optical chirality,’®"~'® but this
situation is beyond the scope of discussion in this article.

Depolarization field in chiral perovskites: ferroelectric ma-
terials will be polarized under the influence of an external electric
field. The microcosmic manifestation of this is that the direction
of electric dipoles inside ferroelectric materials tends to be the
same. At the same time, due to the influence of the external elec-
tric field, a large number of polarized charges appear on the sur-
face of ferroelectric materials. When the external electric field is
removed, the polarization remains unchanged, and the materials
have a large residual polarization intensity. If the free charge on
the electrode surface cannot completely shield the polarized
charge, the residual polarized charge will generate an electric
field on the ferroelectric materials. This electric field is called
the depolarization field. The depolarization field, which exists in
the entire ferroelectric material and is similar to the built-in elec-
tric field in PN-junction photovoltaic devices, has also been
found to separate charge carriers and plays an important role
in the FE-PV effect. Relevant studies can be traced back to the
study on BaTiO; in 1956.'%*

Because the depolarized field acts as a carrier separator, the
FE-PV effect is positively correlated with the intensity of the de-
polarized field. Considering that the depolarization field is the
electric field generated by polarized charge, according to basic
knowledge of electrostatic field distributions, thin materials are
more conducive to generating a larger depolarization field, and
most studies on the depolarization field also focus on ferroelec-
tric thin films."®>~'®” For convenience, thin-film ferroelectrics are
illustrated below. The size of the depolarization field Eep, can be
obtained from the classical electrostatic field within the bound-
ary conditions of the film, as shown in the following equation'®®:
Egep = Plegeserro, Where P is the average degree of ferroelectric
polarization in the film region, and gg and ez are the vacuum
and static permittivity of the materials, respectively. The average
degree of ferroelectric polarization P is the volume average of the
electric dipole moment, calculated by the following formula'®®:
P = Y Pqip/V, where Py, refers to the electric dipole moment
and V refers to the film volume. The depolarization field is posi-
tively correlated with the electric dipole moment in the ferroelec-
tric materials.

The electric dipole moment is essentially a symmetry breaking
of the charge distribution. In chiral molecules, the charge distri-
bution is usually asymmetric, resulting in an inherent electric
dipole moment of the molecule. The electric dipole moment is
the result of the misalignment of the positive and negative charge
centers in the molecule, which is particularly common in chiral
molecules, and the same is true for chiral crystals. It can be in-
ferred that the asymmetric structure of chiral perovskite helps
to induce the positive and negative charge centers of the lattice
to be non-coincident, resulting in a large number of inherent
electric dipole moments with the same direction and size within
the materials, which leads to considerable ferroelectric polariza-
tion and a significant depolarization field, conducive to the FE-PV
effect. The large number of ferroelectrics found in chiral perov-
skites supports our hypothesis.

In addition to these mentioned above, Schottky junctions have
also been found to play an important role in FE-PVs. Although it
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has been proven that Schottky junctions play an important role in
the FE-PV effect, and it has been found that some Schottky junc-
tions are affected by chiral structures,'”° this paper will not elab-
orate on them much because Schottky junctions are not intrinsic
properties of materials, and no obvious relationship between
Schottky junctions and chiral perovskites has been found.

In summary, the application potential of chiral perovskites in
photovoltaics is unexpectedly strong. However, there are still
some problems in the application of chiral perovskites to PV de-
vices without a PN junction. For example, compared with mature
classical photovoltaic devices, the current and conversion effi-
ciency of the FE-PV effect is generally smaller, which may be
related to the wide band gap of ferroelectric devices currently
used for FE-PVs and weak absorption of low-energy photons.
These issues are discussed in the next section.

CHALLENGES AND PROSPECTIVE

There are still many problems and challenges in the application
of chiral perovskites in the photovoltaic field, but there is no
lack of exciting research directions and bright prospects. In
addition to the aforementioned “multiple mechanisms of chirality
in perovskites” and “ferroelectric domain walls based on chiral
perovskites,” this section summarizes the current main research
directions and puts forward ideas for possible future research,
which are divided into several parts, such as the mechanisms
of chirality in perovskites and applications of chiral perovskites.

Challenges and prospects of chirality mechanisms in
perovskites

3D chiral perovskite synthesis: considering that 3D perovskite
generally has a narrower band gap, higher carrier mobility, and a
higher upper limit of photoelectric conversion efficiency than 2D
perovskite, the development of 3D chiral perovskite materials
has been of interest for a long time. However, in the classical
perovskite 3D crystal structure, the A-site ions are confined to
the space surrounded by eight regular octahedrons and cannot
have a large volume, which restricts further development of chi-
ral 3D perovskites, because the common chiral ions are mostly
organic ions with larger volumes. One possible solution is ex-
panding the crystal skeleton to leave more room for the chiral
ions, where the research can be summarized in two directions.
One of them is to retain the traditional ABX3 structure while re-
placing ions other than the A-site with larger ions to expand
the volume of the entire cell. Relevant studies have achieved re-
sults by replacing the B-site ions with ammonium ions
(Figure 2A).%* The other is to abandon the ABX5 structure and
choose the hetero-skeleton to give the A-site ions more space,
and the relevant results are more than the former (Figures 2B
and 2C).°*°° In essence, both methods are expanding the cell
skeleton to accommodate larger A-site chiral ions, which is
currently the most promising direction of research.

Al-assisted chiral metamaterial design: with the develop-
ment of artificial intelligence, the use of new technologies,
such as neural networks to assist in the development of new ma-
terials, especially metamaterials, has gained widespread atten-
tion. As early as 2008, genetic algorithms were used to design
parameters for a gammadion chiral metamaterial.’”" In recent
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years, new artificial intelligence methods such as deep learning
have been widely used in the chiral metamaterial design of other
structures.'”*""® Compared with traditional design methods, us-
ing artificial intelligence has the advantages of high speed and
low cost while ensuring considerable accuracy. In addition, it is
worth mentioning that some studies have found that chiral pe-
rovskites can be used to develop photonic artificial synapses
to build a neuromorphic vision system,'”* and chiral perovskite
materials also show potential in nurturing the development of
artificial intelligence technology.

Multiple mechanisms of chirality in perovskites: as noted at
the end of the sections “novel/multiple mechanisms of chirality in
perovskites” and “chiral perovskites improving the performance
of classical photovoltaics,” it is theoretically feasible for a single
perovskite material to simultaneously exhibit chirality originating
from different sources—such as chiral A-site cations within the
crystal lattice and chiral ligands on the surface. Compared with
conventional perovskites possessing a single chiral origin, pe-
rovskites with multiple chirality theoretically offer the following
advantages: (i) when different chiral sources respond to the
same spectral region, their superposition is expected to yield a
more pronounced chiral optical response; (ii) when the respon-
sive spectral ranges of different chiral sources differ, their com-
bination enables a broader spectral response; and (iii) the coex-
istence of multiple chiral origins implies the simultaneous
presence of distinct chiral photovoltaic effects, the synergistic
interaction of which may theoretically lead to significantly
enhanced photovoltaic performance. The former two have
been experimentally validated in terms of feasibility,°® while their
application in photovoltaics awaits future investigation. These
promising attributes suggest that multi-chiral perovskite mate-
rials could emerge as a key research direction in the future devel-
opment of chiral perovskites.

Challenges and prospects of chiral perovskite
applications

Scalable synthesis of chiral perovskites: the premise of the
application and promotion of the new materials is to achieve
low-cost large-scale preparation. Although large-area prepara-
tion technology of achiral perovskite is relatively mature, low-
cost large-area preparation of chiral perovskite is still a difficult
problem because the volume of chiral molecules is generally
large. In addition to the chiral nanostructures of perovskites,
the synthesis methods of chiral perovskites can be mainly
divided into the direct method and the chiral ligand-assisted
method.'”® The former is mainly used to synthesize type | chiral
perovskites whose chirality comes from internal ions of crystals,
including cooling crystallization,***®"® aqueous synthesis,'””
slow evaporation crystallization,'”® and antisolvent vapor-assis-
ted crystallization (AVC).”*'7° The latter is mainly used to synthe-
size type Il chiral perovskites with surface chiral ligands,
including the single-step ultrasonication method,'®° the micro-
wave-radiation-assisted method,®" and so on. The preparation
methods of perovskite chiral nanostructures can be divided into
two categories: “bottom-up” and “top-down”. The “bottom-up”
synthesis method (e.g., nano-template method) is low cost, scal-
able, and uniform, but takes a long time, the chiral geometry is
often not perfect, and the chirality is not significant. While
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Table 4. Comparison of common synthesis methods for chiral perovskites
Methods Cost Chirality degree Scalability Crys. Reference
Molecular chiral  cooling crystallization low  CD:~140 mdeg (515 nm)*°  high microplate  Billing et al.”%; Ahn et al."’5;
perovskite Ma et al.*®
aqueous synthesis low  CD: ~—50 mdeg (510 nm) high microplate Wang et al.'””
slow evaporation low  CD: ~58 mdeg (203 nm) high microplate Moon et al.’”®
crystallization
antisolvent vapor-assisted low CD: —0.14 mdeg/nm high nanoplate  Yuan et al."’®; Georgieva
crystallization (405 nm)'"? etal.””
single-step ultrasonication low glum: 7.0 x 1072 (521 nm) high NC Chen et al.'®®
method
microwave-radiation- low  CD:~-240 mdeg (247 nm)  high NC He et al.’®
assisted method
Perovskite chiral nano-template method low  CD: ~1,500 mdeg high - Choi et al.?”
metamaterial focused ion beam high CD: 26,350 mdeg (747 nm)  low - Long et al.?®
nanoimprinting method low  glum: 0.16-0.31 high - Mendoza-Carrefio et al.®?

“top-down” manufacturing (e.g., nanoimprinting method and
focused ion beam, FIB) shows more precise and high-resolution
control in terms of the shape, size, and alignment of microstruc-
tures, it is costly and difficult to prepare large areas. The advan-
tages and disadvantages of these methods are shown in Table 4.
The nanoimprinting method, while exhibiting the strong chirality
characteristic of top-down approaches, achieves considerable
scalability through the reusability of templates, thereby posi-
tioning it as a promising candidate for the large-scale fabrication
of perovskite chiral metamaterials. Furthermore, integrating
“bottom-up” and “top-down” approaches (e.g., self-assembly
combined with soft lithography) to combine the advantages of
both represents another potential research direction.

Chirality to improve the stability of perovskite photovol-
taics: although the conversion efficiency of perovskite solar
cells, as the third generation of photovoltaic cells, has reached
an impressive 27.3%,°® poor stability and short life have always
been important factors restricting the development of perovskite
photovoltaic devices. High intensity and unstable light, humidity,
oxygen, extreme temperatures, and mechanical stress can seri-
ously affect the life of perovskite photovoltaic devices. '#~#° For
a long time, the stability research of perovskite photovoltaic de-
vices has been focused on light, temperature, oxygen, humidity,
and other aspects, but ignored the influence of mechanical
stress. Fortunately, recent studies have shown that the mechan-
ical properties of perovskite solar cells can be effectively
improved by introducing chiral molecules.'®® However, so far,
the problem of a lack of stability and robustness of perovskite
photovoltaic devices has not been completely solved, which is
still the biggest obstacle to large-scale application of perovskite
solar cells. Current studies’®®* have proven that chiral perov-
skites can effectively improve the stability and extend the life
of photovoltaic devices through passivation. Considering these
studies alongside the improvement of the mechanical properties
of perovskite solar cells by chiral molecules, it can be inferred
that chirality may be a key that can help solve these problems.

Improvement of chiral perovskite photovoltaic conversion
efficiency: the conversion efficiency of chiral perovskite photo-
voltaic devices has been paid much attention. On the one hand,

as mentioned above, chiral perovskites shine in improving tradi-
tional photovoltaic performance. On the other hand, compared
with mature classical photovoltaic devices, the conversion effi-
ciency of the current novel photovoltaic devices based on chiral
perovskites is small, which further restricts the improvement of
current and power. The reason for the relatively small conversion
efficiency may be that the band gap of perovskite material itself
is wide, and the absorption of long wavelength light is weak.
Additionally, it may be related to the lack of symmetry breaking
of chiral perovskite materials. To solve this problem, one
approach would be to develop new FE-PV materials and use en-
ergy band engineering to improve the photovoltaic performance
of materials.'®” Another approach would be to strengthen the
symmetry breaking of the materials to enhance its FE-PV effect
(such as using perovskites with multiple mechanisms of
chirality). The aforementioned strategy, being rooted in funda-
mental physics, entails considerable challenges. A more feasible
approach is to extend strategies developed for conventional
photovoltaics to FE-PVs based on chiral perovskites. Conven-
tional tandem solar cells broaden the absorption spectrum and
enhance power conversion efficiency by stacking subcells with
different bandgaps (i.e., absorption spectra). Extending this
strategy, chiral perovskite heterostructures with a bandgap
gradient enable simultaneous absorption across different spec-
tral ranges, thereby improving photovoltaic efficiency. Another
method derived from conventional photovoltaics leverages the
light-trapping effect of metamaterials'®® by incorporating light-
trapping structures into FE-PV devices to achieve enhanced so-
lar absorption.

Multi-functional materials and multi-characteristic
coupling in perovskites: with the research and development
of perovskite materials in recent years, chiral perovskites have
been found to have many excellent properties, including optical
chirality, polarity, ferroelectricity, pyroelectricity, and so on. This
gives chiral perovskites a variety of applications. It has shown
application potential in chiral optics, ferroelectrics, spin pho-
tonics, optoelectronics, photovoltaic power generation, and
other fields. In addition, the interaction of a variety of excellent
properties is expected to make breakthroughs in material
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properties. Considering the diversity of chiral perovskite applica-
tions, multifunctional chiral perovskites began to receive atten-
tion. For example: chiral hybrid rare earth double perovskite
[(R)/(S)-N-methyl-3-hydroxylquinu-clidinium].RbEu(NO3)g has a
good piezoelectric effect and CPLE'®®; another chiral hybrid
rare earth perovskite, (R-N-methyl-3-hydroxylquinuclidi-
nium)>,RbCe(NO3)s, was found to achieve both a piezoelectric
response and piezomagnetic switching, and was the first time
that the piezomagnetic switching was achieved in a molecular
material.’®® In addition, CsPbBr; nanosheets modified with (R)/
(S)-p-methylphenethylamine ligands exhibit both CD and
CPLE.?" Compared with traditional devices, devices designed
and manufactured based on multifunctional materials can
achieve more functions in a limited space, and have significant
potential in the field of miniaturization and integration. The com-
bination of various properties in chiral perovskites has also
made breakthroughs. For example, the chiral and polar
photovoltaic effect of chiral alternating cationic interspersed
perovskite (R/S-PPA)EAPbCI, (EA = ethylammonium, PPA =
1-phenylpropylamine) shows the potential of self-powered
shortwave ultraviolet circularly polarized light detection.'®" 2D
chiral-polar double perovskite S/R-[(4-aminophenyl)ethylami-
ne]>AgBilg-0.5H,0 combines chiral optical phenomena and ther-
moluminescence electron effects to achieve unprecedented py-
roelectric-based circularly polarized light detection.’®” In
addition, studies have shown that the internal electric field of fer-
roelectrics can be used to inhibit carrier recombination and
improve the efficiency of perovskite solar cells, which is called
the ferroelectric coupling effect.'®® Although the ferroelectrics
used in this study are not perovskite materials, and the ferroelec-
tric materials are independent of the photovoltaic materials, it
can be inferred that chiral perovskite ferroelectrics can simulta-
neously act as ferroelectric materials and photovoltaic materials
to achieve the same ferroelectric coupling effect. Similarly, some
studies have found that the combination of the FE-PV effect and
classical photoelectric effect can also enhance the photovoltaic
effect.’®* In summary, the current study shows that multi-char-
acteristic coupling helps to strengthen the properties of mate-
rials (including photovoltaic properties) and will be a new
possible direction for the development of chiral perovskite
materials.

Other challenges and prospects

In addition to the problems mentioned above, the imperfection of
chiral photovoltaic theory is also an important factor restricting
the development of chiral perovskite photovoltaics. While CISS
is believed to improve the performance of photovoltaic devices
by improving carrier transport, there is still no perfect theoretical
model to explain CISS itself. Although the volume photovoltaic
effect model based on time-dependent perturbation theory has
been rather accurate, the model based on Floquet theory and
combined with the non-equilibrium Green’s function (NEGF)
method proposed in recent years seems to be more suitable
when the light field is strong.'®>'9>"'9" |n addition, although
many chiral perovskite materials show ferroelectricity and
BPVEs, the question of how chirality affects the BPVE and depo-
larization field still lacks an answer based on a rigorous theoret-
ical model. The imperfection of the theoretical model has hin-
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dered the further development of chiral perovskite photovoltaic
devices to a great extent.

Green perovskite is an important focus of perovskite research. At
present, the B-site ions of common halide perovskite materials are
mostly lead ions with toxicity, which brings hidden dangers to hu-
man health and environmental safety. Therefore, it is particularly
important to develop green perovskite materials that do not contain
lead. In the field of chiral perovskites, one approach has been to use
Bi,142,144,198,199 Sn,102,200-202 Ag,144‘199‘203 Mn,45 Sb,204 Fe,203 In,203
Na,>*® and other low and non-toxic metal elements to replace Pb.
Additionally, research on metal-free perovskite materials using
ammonium ion as a B-site ion has also achieved results.>* Although
most of the current halide perovskites contain lead, as more lead-
free perovskite materials are developed, safer and more reliable
green perovskites will become alternative materials.

CONCLUSION

This paper reviews and divides the main mechanisms of chirality
in perovskites into three categories: (l) internal ions of crystals; (Il)
surface chiral ligands; and (1ll) chiral nanostructures. The first two
(land Il) can provide chirality by the ion/ligand’s intrinsic chirality
(if any), induced lattice distortion, and electron interaction, while
the latter () achieves chirality by subwavelength geometric
design. On this basis, we also discuss the mechanisms of
chirality that cannot be classified into these three types, and pro-
pose the concept of “multiple mechanisms of chirality in perov-
skites,” which exhibits significant theoretical potential in the
fields of strongly optically chiral materials and broadband chiral
optical response materials. Moreover, by integrating different
chiral photovoltaic effects, such as the Rashba effect and
CISS, it could provide a promising new route for enhancing
photovoltaic performance.

Then, the potential of various chiral perovskites in photovol-
taics is divided into two categories of discussion. For classical
photovoltaics, the Rashba effect of type (I) chiral perovskites,
the passivation and CISS of type (Il) chiral perovskites can effec-
tively inhibit carrier coupling and improve photovoltaic perfor-
mance. In addition, type (l) chiral perovskites have also been
found to strengthen mechanical properties of perovskite photo-
voltaics. For FE-PVs as novel photovoltaics, the depolarization
field and BPVE fully demonstrate the potential of type (1) chiral
perovskites. In addition, based on type () and (lll) chiral perov-
skites, we propose “artificial ferroelectric domain walls based
on chiral perovskites.” Although not yet proven, by designing
the chirality of perovskite materials, it may be possible to flexibly
regulate ferroelectric domain walls, thereby achieving smarter
and more pronounced FE-PV effects.

Finally, the challenges and prospects of chiral perovskite
development and photovoltaic applications are discussed in cat-
egories, and possible research directions for the future are
analyzed. It is hoped that this paper can serve as a helpful refer-
ence for future research.
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