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1 Introduction

Circularly polarized luminescence (CPL)-active
inorganic nanomaterials have attracted extensive at-
tention in recent years as an emerging class of chiral

nanomaterials with both featured photophysical prop-

1

erties and unique chiroptical activity"™. Chirality is

a fundamental structural property in which two ob-
jects exist as non-superimposable mirror images,

commonly referred to as left- and right-handed enan-

[4]

tiomers™. In optical systems, chirality gives rise to

characteristic phenomena such as circular dichroism
(CD) and CPL, which originate from the differential
interaction of materials with left-handed circularly
polarized light (LCPL) and right-handed circularly
polarized light (RCPL)". These chiroptical proper-

ties are of great significance for a wide range of ap-

. . . . . . .. 6
plications, including enantioselective recognition',

[8]

3D imaging”, spintronics®™, circularly polarized pho-

1 1

todetection”, optical information encryption"”, and

. . .
nexi-generation optoelectronic devices'"".

Compared with traditional chiral organic mole-

cules, inorganic nanomaterials possess several intrin-
sic advantages, including size-dependent bandgap
tunability, high photoluminescence quantum

yield, high photostability, and superior charge

U% More importantly, the intro-

transport properties
duction of chirality into quantum-confined semicon-
ductor nanostructures enables the combination of
strong excitonic emission with spin-selective optical
transitions, thereby providing an ideal platform for
high-performance CPL materials. In addition to con-
ventional I = VI and III - V semiconductor quantum
dots such as CdSe, CdS, and InP, carbon dots and
metal halide perovskite nanocrystals have also
emerged as important CPL-active inorganic nanoma-
terials due to their excellent luminescence proper-
ties, structural diversity, and versatile chirality in-
duction pathways"™.

Recent reviews on CPL-active inorganic nano-
materials have mainly focused on specific material

. :
U411 1n contrast, this re-

systems or application fields
view adopts a synthesis-strategy-oriented framework

based on one-step and two-step approaches. Despite
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the significant differences in crystal structures and
compositions, the synthesis strategies of CPL-active
inorganic quantum dots can generally be summa-
rized into two universal categories: one-step synthe-
sis and two-step synthesis, because the synthetic
route directly influences chirality induction path-
ways, surface structures, optical properties, and scal-
ability of inorganic quantum dots, shown in Table 1.
This classification not only provides a clear and uni-
versal perspective for comparing different material
systems, including semiconductor quantum dots, car-
bon dots, and perovskite nanocrystals, but also helps
to elucidate the intrinsic trade-offs between crystal
quality, photoluminescence efficiency, and chiroptical
performance. One-step synthesis refers to the direct
introduction of chiral sources during the nucleation
and growth of nanocrystals, allowing chirality to be
generated simultaneously with the formation of the
nanoparticle’ s framework. Typical examples include
the direct aqueous-phase synthesis of chiral CdS

quantum dots using penicillamine (Pen) as capping li-

[16]

gands"”, hydrothermal carbonization of amino-acid-

U7 and direct

derived precursors for chiral carbon dots
crystallization of chiral perovskites using chiral organ-
ic ammonium salts"”. This strategy is simple and effi-
cient and often produces strong chirality transfer, but
it may suffer from poor control over crystal quality,
broad emission spectra, and relatively low fluores-
cence quantum yields. In contrast, two-step synthesis
involves the initial preparation of high-quality achiral
cores, followed by post-synthetic chirality induction
through ligand exchange, surface functionalization, in-
terface-mediated coordination growth, or supramolecu-
lar self-assembly. This approach not only preserves
the excellent optical properties of the original quan-
tum dots but also provides greater flexibility for tun-
ing chiroptical performance. In some cases, interface-
mediated coordination growth can further overcome
shell-screening effects and significantly strengthen or-
bital hybridization between chiral ligands and semi-
conductor cores, leading to remarkably enhanced lu-

. . [19,20]
minescence dissymmetry factors .

Table 1 Comparison of one-step and two-step synthesis strategies for CPL-active inorganic nanomaterials

Synthesis . . L Application
Mechanism Typical Methods Advantages / Limitations . Ref.
Strategy Scenarios
Direct aqueous synthesis with + Simple and efficient process
Chirality is introduced during . . low=cost and
chiral ligands * Strong chirality transfer
nucleation and growth of mass—
Hydrothermal carbonization Potential intrinsic chirality 33-41
One-step nanocrystals; chiral ligands producible
+ Poor control over crystal quality 73-74
synthesis or precursors directly o materials
.. . Direct crystallization of chiral * Broad emission spectra . 91-93
participate in crystal ; (display
. perovskites * Lower PLQY .
formation technologies )
Surface defects are common
Ligand exchange + Preserves high optical quality
Surface functionalization + Flexible and tunable
High—quality achiral + Better control of PLQY
High
nanocrystals are first + Compatible with complex 8
. , luminescence 42-53
synthesized, followed by nanostructures
. Lo . . efficiency, 75-80
post=synthetic chirality + Weaker electronic coupling
. . . Template—induced assembly . - tunable CPL 94-98
induction via surface + Possible reduction in
Two-step o . . . responses, or
modification or assembly chiroptical signals
synthesis precise surface

+ Additional processing steps
. functionality
required

(biosensing,
+ Strong chirality and high PLQY

Oil/water interface coordination chiral

Chirality introduced during
growth

shell growth via interfacial

coordination

assisted shell formation

Ligand - metal complex—

+ Enhanced core - ligand .
recogmhon)

coupling 19
* More complex synthesis

+ Limited universality
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Herein, this review systematically summarizes
recent advances in the synthesis strategies and appli-
cations of CPL-active inorganic quantum dots, with
particular focus on chiral semiconductor quantum
dots, chiral carbon dots, and chiral perovskites. Em-
phasis is placed on the universal one-step and two-
step synthetic approaches and their practical applica-
tions in circularly polarized photodetectors, chiral
sensing and spintronic devices. Finally, the current
challenges and future perspectives for the rational de-
sign of high-performance CPL-active inorganic quan-
tum dots are discussed. This review aims to provide a
comprehensive understanding of the structure and ap-
plication relationships in chiral semiconductor nano-
materials and to offer guidance for the development of

next-generation chiral optoelectronic systems.

2 Chiral optical properties

2.1 Circular Dichroism

When plane-polarized light passes through a
medium, if the two circularly polarized components
propagate at the same velocity, the vibration direc-
tion remains unchanged. Such a medium is defined
as optically inactive, i. e., an achiral substance. In
contrast, if the two circularly polarized components
propagate at different velocities after passing
through the medium, the superposition of these com-
ponents leads to a change in the vibration direction
of the polarized light, and the medium is therefore

considered optically active”".

The optical activity of
chiral materials can be mainly classified into two
types: optical rotatory dispersion (ORD) and CD.
These properties are typically measured using an op-
tical rotatory dispersion spectrometer and a circular
dichroism spectrometer, respectively. Among them,
circular dichroism is particularly useful for reflect-
ing the optical characteristics of chiral substances
and is widely employed in the study of their struc-
tures. Since the discovery of circular dichroism in
1895 by the French physicist Cotton in aqueous solu-
tions of copper (II) and copper (III) tartrate complex-
es, circular dichroism spectroscopy has been widely
applied in chemistry, biology, agriculture, and other

fields, greatly advancing the study of chirality.

CD refers to the differential absorption of LCPL
and RCPL by optically active molecules. This phe-
nomenon occurs because an enantiomeric or chiral
medium exhibits distinct absorption coefficients for
these two components™. When incident LCPL and
RCPL of equal amplitude pass through such a medi-
um, the disparity in absorption causes the resulting
light to become elliptically polarized®**!. The de-
gree of this ellipticity, denoted as 0, is defined by
the ratio of the minor axis to the major axis of the re-
sultant ellipse. Mathematically, it can be expressed
as:

b E,-E
0 = arctan(a) = arctan(Ei_l_EZ)#(l)
where a and b represent the semi-major and semi-mi-
nor axes, respectively, while E_R and E_L denote
the amplitudes of the right- and left-handed circular-
ly polarized light after passing through the sample.
Furthermore, the amplitude is intrinsically related to
the absorption coefficient k and the optical path
length 1 through the medium, expressed askE, =
E,e”™™. By substituting this relationship into the
aforementioned equation, the ellipticity can be re-

written as:

o 2N _

ERTRIN
6 = arctan W

_ml

= (k= ) #(2)

where k; and k, represent the absorption coefficients
for left- and right-handed circularly polarized light,
respectively. It can be observed that the ellipticity
is a function of Ak, which constitutes the CD men-
tioned previously. Currently, the molar extinction
coefficient of circularly polarized light is commonly
used to calculate ellipticity, which is defined accord-

ing to the Beer - Lambert law as:

o= 11g loy3)
1,
where & is the molar extinction coefficient, ¢ is the
solution concentration, [ is the optical path length, I,
is the incident light intensity, and /, is the transmit-
ted light intensity. The most widely used expression

for calculating ellipticity is derived from mathemati-

cal transformations relating light intensity, ampli-
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tude, and extinction coefficients, and can be written
as:
[6]=3300(e, - e,) = 3300Ae#(4)

where 3300 is the standard conversion factor.
2.2 Circularly Polarized luminescence

CPL is a special form of polarized light in
which the electric field vector rotates with time in a
plane perpendicular to the direction of propagation,
tracing a circular trajectory. When light propagates
along a certain direction, if the endpoint of the elec-
tric field vector rotates uniformly with time in the
plane perpendicular to the propagation direction
while maintaining a constant amplitude, the light is
defined as circularly polarized®?". According to the
rotation direction of the electric field vector, CPL
can be classified into LCPL and RCPL. Convention-
ally, when an observer faces the direction of light
propagation, counterclockwise rotation of the electric
field vector corresponds to LCPL, while clockwise ro-
tation corresponds to RCPL. From the perspective of
electromagnetic wave theory, light is a transverse
wave in which both the electric field vector E and
the magnetic field vector B are perpendicular to the
direction of propagation™. Assuming that light prop-
agates along the z direction, the electric field can be
decomposed into two orthogonal components, E, and
E,, vibrating along the x and y directions, respective-
ly. In general, linearly polarized light can be de-
scribed as vibration along a single direction. If an
additional orthogonal component is introduced with
the same amplitude and a phase difference of m/2,
circularly polarized light can be generated. The
electric field components can then be expressed as:

E. = E,cos(kz — wt)#(5)
E, = E,sin(kz — ot)#(6)
where Eis the electric field amplitude, kis the wave
vector, wis the angular frequency, and tis time. By
combining these two components, the time evolution
of the electric field vector can be written as:
EX+ E>=E#(7)

This equation indicates that, at any fixed propa-

gation position z, the endpoint of the electric field

vector satisfies the equation of a circle. Therefore,

the electric field undergoes uniform circular motion
in the plane, which is the essential characteristic of
circularly polarized light. CPL is related to the excit-
ed-state properties of chiral systems. In experimen-
tal optical systems, the most common method to gen-
erate CPL is by using a quarter-wave plate. When
linearly polarized light is incident at an angle of 45°
relative to the optical axis of the wave plate, the
plate introduces a phase delay of /2 between the
two orthogonal components. As a result, the initially
in-phase components acquire a quarter-period phase
difference, ultimately forming circularly polarized
light. In addition, CPL can also be directly generat-
ed from chiral luminescent materials. The differ-
ence in emission intensity between left- and right-
handed circularly polarized light is commonly used
to quantify CPL, which can be expressed as:
Al =1, - I,#(8)

where I,and I, represent the emission intensities of
L-CPL and R-CPL, respectively. The quality of CPL
can be evaluated using the luminescence dissymme-
try factor, defined as:

I, -1
Guw="T"—""-= #(9)

1
EULHR)

In quantum optics and studies of light - matter

interactions, circularly polarized light plays an impor-
tant role. Owing to its well-defined chiral rotation of
the electric field vector, it carries rich optical informa-
tion and lacks angular dependence, making it applica-
ble in quantum computing, satellite communication,
asymmetric synthesis, and magnetic recording™™”.

It is worth emphasizing that CD and CPL origi-
nate from different electronic processes and there-
fore do not necessarily appear simultaneously. In in-
organic quantum dots, CD is often associated with
chiral surface coordination, lattice distortion, or chi-
ral superstructures, while CPL depends more direct-
ly on the chirality of emissive excitonic states and ra-
diative transition pathways”. Therefore, although
CD and CPL are closely related manifestations of

chirality, there is no strict one-to-one correspon-

dence between them.
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3 Chiral semiconductor Quantum Dots

3.1 Direct Synthesis
In 2007, Gun'ko and co-workers reported the
first example of chiral semiconductor nanomateri-

s" Under microwave-assisted conditions, CdS

al
QDs were directly synthesized using L-/D-Pen as sta-
bilizing ligands. This work demonstrated, for the
first time, that chiral ligands can directly induce CD
signals in inorganic semiconductor nanocrystal
cores, thereby breaking the conventional notion that
chirality is restricted to organic molecules or metal-
lic clusters. And pronounced mirror-image CD sig-
nals were observed for products (Figure 1A). CdS
cores are intrinsically achiral, the authors proposed
that the optical activity originates from the interac-
tions between the quantum dot surface and the chiral
Then confirmed this hypothesis

ligands. they

through density functional theory (DFT) calcula-

tions™. Their results revealed that Pen ligands can This finding highlights their potential for applica-
A @ B 120%
6 10% +
4 100% ]
52 /\ £ 90% !
£ o el B nox BCds-D-Penicillamine
S . = 70% BCdS-Rac-Penicillamine
4 . 0CdS-L-Penicillamine
60%
£
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8 04pg/ml  4pg/ml 40 pg/ml
20 2 0 0 R ®0 Concentration
Wawelength
2.0
C .
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1.0
oy
1E: 0.5
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© -0.5-
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Figure 1 (A) CD scans of the D-/L- / Rac-Pen stabilized CdS QDs"*. (reproduced from ref. 16 with permission from Royal So-

ciety of Chemistry). (B) Histograms showing the evaluation of cell viability depending on tetrapod concentration .

significantly distort the spatial arrangement of sur-
face atoms, leading to the formation of chiral surface
structures. Specifically, L-/D-Pen binds to surface
metal atoms via N and S atoms, while the carboxyl-
ate group coordinates with neighboring surface sites,
collectively introducing asymmetry into the nano-
crystal surface. In 2010, Gun'ko’ s group further ex-
tended this strategy by synthesizing tetrapod-shaped
CdS nanocrystals through refluxing penicillamine in

B4 This work represented

alkaline aqueous solutions
one of the earliest attempts to introduce chirality into
nanocrystals with complex morphologies. Although
the CD signals of these tetrapod-shaped CdS were
relatively weak, the materials exhibited excellent
biocompatibility. Notably, even at concentrations as
high as 40 pg mL ™', the nanocrystals maintained
high viability (>90%) in NG108-15 cells (Figure
1B), demonstrating that surface passivation by chiral

ligands effectively suppresses Cd* * ion leakage.

34]

(reproduced from ref. 34 with permission from Royal Society of Chemistry). (C) QDs stabilized by chiral biomole-

cules show size-dependent CD characteristics in the visible light region

% (reproduced from ref. 36 with permission

from Wiley). (D) Calculated molecular orbital of L-Cys-(CdTe) 5. (reproduced from ref. 39 with permission from

American Chemical Society).



ZHOU Bingian, et al. : CPL-Active Inorganic Nanomaterials: Synthetic Strategies and Applications 7

tions in chiral biosensing and cellular imaging. In
2010, their recent work used chiral ligands L-/D-Cys
to regulate the nucleation and growth of CdTe QDs.
They proposed a topological origin model of chiral
centers on the surface of inorganic nanocrystals at
the atomic level™. They also found that chiral li-
gands exert a stereoselective influence on the growth
kinetics of nanocrystals. results

showed that CdTe QDs stabilized by L-Cys exhibited

a faster growth rate, which was attributed to the ther-

Experimental

modynamic preference of chiral ligands for selective-
ly stabilizing specific surface facets. In 2011, Tang
et al. also prepared a series of CdTe QDs with sizes
ranging from 2.7 to 4.2 nm through a one-pot syn-
thesis method by precisely controlling the reaction

. 36
time"*

. It was found that the CD peak position shift-
ed synchronously with the first excitonic absorption
peak, and the g-factor decreased with increasing size
(Figure 1C). Different from the mainstream view at
that time that chirality only originated from surface
defects or the ligands themselves, they proposed that
chirality arose from the electric dipole - dipole cou-
pling between chiral molecules and quantum dots,
rather than from the simple contribution of ligands.
The hybridization between ligand molecular orbitals
and QD electronic states leads to asymmetric transi-
tion dipoles, giving rise to CD and CPL signals. This
theoretically explained why CD signals could be ob-
served in the visible region where the ligands them-
selves expressed no absorption activity. Moreover,
these findings collectively overturned the earlier con-
clusion that achiral semiconductor cores cannot ex-
hibit optical activity. Rather, they demonstrated that
the interplay between surface chemistry and elec-
tronic structure can effectively transfer and amplify
chirality from molecular ligands to inorganic nano-
crystals, establishing a new paradigm for the design
of chiral semiconductor nanomaterials. At this
point, a mature theoretical framework for the aque-
ous synthesis of semiconductor quantum dots had
been established. Then researchers shifted their fo-
cus to deeper mechanistic studies and the potential
applications of chiral semiconductor QDs in optical

137, 38]

and biological fields™"™. For example, unlike previ-

ous reports that mainly focused on the interaction be-
tween intrinsically chiral quantum dots and their chi-
ral ligands, Yang et al. further advanced the under-
standing of the fundamental mechanism of chiral in-
duction in semiconductor QDs by investigating the
interactions between the surfaces of QDs and other
chiral groups™. They found that the effects of added
chiral molecules on the chiroptical signals and fluo-
rescence of chiral CdTe were significantly chiral se-
lective. Specifically, only when chiral molecules
containing a thiol group (-SH) was introduced did
the fluorescence and CD signals of L/D-Cys-CdTe
QDs show a significant red shift, whereas chiral mol-
ecules without -SH did not cause such a red shift.
Through experiments and DFT calculations, the au-
thors attributed this phenomenon to the orbital hy-
bridization between the highest occupied molecular
orbital of -SH in cysteine and the valence band of
CdTe QDs, which reduced the effective band gap
(Figure 1D). In addition to chiral semiconductor
QDs in the visible region, near-infrared chiral semi-
conductor QDs also have great application potential
due to their deep tissue penetration and low autofluo-
rescence™. Qu et al. successfully prepared chiral
Ag,S QDs with near-infrared fluorescence emission
(~1060 nm) and chiroptical activity by a one-pot
aqueous synthesis method"". Their study revealed
that chirality has a significant influence on the mo-
lecular interactions between quantum dots and bio-
logical systems. They found that the selective accu-
mulation of D-Ag,S QDs in tumor regions was signifi-
cantly higher than that of L-Ag,S QDs. This differ-
ence was attributed to the chirality-dependent pro-
tein corona, which further influenced the interac-
tions between the probes and the tumor microenvi-
ronment. This work provided a new strategy for regu-
lating their biological behaviors, such as tumor tar-
geting and toxicity, through rational engineering of
their surface properties.
3.2 Post-synthetic Chirality Induction

Before 2013, the mainstream strategy for pre-
paring chiral semiconductor nanocrystals was direct
aqueous-phase synthesis, in which water-soluble chi-

ral ligands were introduced during the nucleation
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and growth stages of nanocrystals. In this approach,
chiral ligands served as one of the starting reagents
and directly coordinated with the quantum dot sur-
face during crystal growth, thereby inducing chiropti-
cal activity. In contrast to one-step approaches, two-
step synthesis provides a more flexible and controlla-
ble route, where high-quality achiral nanocrystals
are first prepared, followed by post-synthetic chirali-
ty induction through surface modification or assem-
bly processes. A major breakthrough was reported
by Balaz’ s group in 2013, who demonstrated the
preparation of chiroptical activity CdSe QDs through

egy, the original achiral surface ligands TOPO/OA
were replaced by L/D-Cys, enabling originally achi-
ral CdSe QDs to exhibit distinct CD signals in the
visible region, as shown in Figure 2A. This repre-
sented the first application of post-synthetic ligand
exchange in the preparation of chiral semiconductor

QDs.

functionalization route compared with direct aqueous

The strategy provided a more flexible post-

synthesis, while maintaining compatibility with high
quality nanocrystals. In the same year, this group
further reported that simple surface modification

with chiral organic ligands could induce pronounced

e CPL in CdSe QDs*’. CdSe QDs capped with L/D-

post-synthetic ligand exchange™'. Through this strat-
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Figure 2 (A) CD spectra of L-Cys - CdSe QDs and D-Cys - CdSe QDs'*?’. (reproduced from ref. 42 with permission from Royal
Society of Chemistry). (B) Chiral inversion achieved by chiral molecules with distinct structures but identical L-con-
figuration'*'. (reproduced from ref. 44 with permission from American Chemical Society). (C) Schematic diagram of
chiral Cys- CdSe/CdS QDs signals'®’. (reproduced from ref. 45 with permission from American Chemical Society).
(D) Mechanism of ligand-induced shape variations'**’. (reproduced from ref. 46 with permission from American Chem-

. (reproduced from ref. 47 with permission from

ical Society). (E) Schematic diagram of NPLs chiral signals'
Wiley). (F) CPL spectra of cyan-emissive QD-doped co-gels in the state of assembly and disassembly™". (reproduced
from ref. 50 with permission from Royal Society of Chemistry). (G) Fabrication procedure for the CdSe/CdS nanorod

solution chiral films"*. (reproduced from ref. 50 with permission from Wiley).
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Cys exhibited mirror-image CPL signals with oppo-
site handedness, representing the first example of li-
gand-induced CPL in semiconductor QDs. More im-
portantly, time-dependent density functional theory
(TDDFT) calculations based on a (CdSe);3 nanoclus-
ter model reproduced qualitatively consistent mir-
rored CD spectra while keeping the geometry of the
QDs core unchanged. This supported that the prima-
ry origin of induced chirality was the hybridization
between the highest occupied molecular orbital (HO-
MO) of the chiral ligand and the valence electronic
states of the QDs, rather than distortion of the crystal
lattice caused by ligand adsorption. The presence of
chiral ligands breaks the symmetry of excitonic
states and induces coupling between electric and
magnetic transition dipoles, resulting in enhanced
dissymmetric optical responses. This work provided
key evidence for understanding the electronic origin
of ligand-induced chirality. Subsequent studies fur-
ther deepened the understanding of chiroptical activ-
ity in semiconductor nanocrystals. For example,
Balaz and colleague demonstrated that inversion of
the CD signal could be achieved without changing
the absolute configuration of the chiral ligand, sim-
ply by modifying the chemical structure of ligand™.
This finding revealed that the chiroptical activity of
quantum dots depends not only on the absolute ste-
reochemistry of the ligand, but more critically on the
binding configuration and spatial arrangement of li-
gands on the QD surface. (Figure 2B). Later, Cheng
and Hao’ s group systematically revealed the influ-
ence of nanocrystal geometry on CD and CPL perfor-
mance from multiple dimensions. In 2018, they suc-
cessfully prepared L-/D-Cys capped CdSe-dot/CdS-
rod heterostructures (DRs)™, which exhibited tun-
able CD and CPL behavior with a maximum lumines-
cence dissymmetry factor (g,.,) of 4. 66 X 10~* (Fig-
ure 2C). They also proposed that QDs with a thinner
shell and larger core was more favorable for chirality
induction. In 2020, the same team systematically in-
vestigated a series of complex morphologies ranging
from spherical nanocrystals (0D) to nanorods (1D)
and further to tadpole-like structures consisting of a

0D head and a 1D tail*” (Figure 2D). Through in si-

tu experiments, they clearly demonstrated that the
CD signal mainly originated from the CdS shell (tail),
whereas the CPL signal predominantly originated
from the CdSe core, achieving separation of the ori-
gins of CD (shell) and CPL (core). Based on this,
they established a structure - property relationship
showing that a thinner shell favors stronger coupling
between the core and chiral ligands, leading to en-
hanced CPL, while a longer tail with higher anisotro-
py is more beneficial for strengthening CD signals.
This work clarified that the optimization pathways
for CD and CPL are fundamentally different. In
2021, they further reported tunable CPL signals in
CdSe/CdS nanoplatelets
(NPLs) capped with chiral ligands"” (Figure 2E).

two-dimensional chiral
They systematically revealed that during the evolu-
tion from discrete islands to complete shell coverage
both CD and CPL signals first increased and then de-
creased, with the maximum response appearing at
the island-like shell formation stage. This study fur-
ther emphasized the critical role of shell growth
mode and surface geometry in regulating chiroptical
properties.

Chiral template assembly is also one of the im-
portant strategies for constructing chiral semiconduc-
tor quantum dots. lts core concept is to use mole-
cules, supramolecular systems, or biomacromole-
cules with intrinsic chiral structures as templates to
induce inorganic quantum dots to form chiral struc-
tures such as helices, twisted ribbons, or asymmetric
polyhedra through electrostatic interactions, coordi-
nation, hydrogen bonding, or van der Waals forc-

[48, 49]
€es

. Compared with directly introducing chirality
during nucleation and growth using chiral ligands,
the template assembly method usually does not sig-
nificantly disrupt the original crystal structure and
luminescence properties of quantum dots, while en-
abling stronger CD and CPL signals. Therefore, it
has attracted increasing attention in recent years. In
particular, template systems such as DNA, cellulose
nanocrystals (CNC), peptide molecules, and chiral
liquid crystals have been widely used for construct-
ing high-performance chiral luminescent systems be-

cause of their intrinsic helical structures and tunable
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supramolecular assembly capability. For example,
Duan’s group employed a supramolecular co-assem-
bly strategy to embed achiral QDs into chiral molecu-

lar gelators™

. The quantum dots and gelators under-
went co-gelation in the aqueous phase, inducing orig-
inally achiral quantum dots to exhibit strong CPL
(Figure 2F). Subsequently, Liu et al. reported a
gelator molecule that could spontaneously self-as-
nanosheets and

semble into two-dimensional

achieved precise regulation of CPL through simple

B This hierarchical assembly

chemical stimulation
structure not only exhibited unique morphology but
also significantly enhanced the optical properties.
In addition, quantum dots can also assemble into chi-
ral superstructures through van der Waals forces and
electrostatic adsorption. For example, during the as-
sembly process of CdSe nanoplatelets, the stress in-
duced by surface ligands caused the originally flat
stacked belts to twist, forming chiral ribbons with
regular helical structures”™. The Langmuir — Schaef-
fer (LS) technique can also be used to align quantum
dots directionally to induce chirality. Kuang et al.
reported a method for preparing semiconductor nano-
rod chiral films with high CPL activity using the LS
technique (Figure 2G)"". By precisely rotating the
substrate angle during the transfer of each layer,
they forced the nanorod layers to stack at specific an-
gles, thereby constructing chiral films with helical
structures on the macroscopic scale, with a maxi-
mum g, value of 0. 0997.

A new approach based on water/oil interfacial
mediation has recently been developed for the syn-
thesis of chiral semiconductor nanomaterials. Cai et
al. reported an interface-assisted, chiral ligand -
metal ion coordination-mediated strategy for the syn-
thesis of core — shell quantum dots, which was used
to prepare chiral CdSe@ZnS quantum dots with sig-

T Tt is well

nificantly enhanced CPL performance
known that when water-soluble chiral ligands are di-
rectly introduced during nucleation and growth, the
resulting QDs often suffer from weak fluorescence
and broad emission spectra due to abundant surface

defects. In contrast, post-synthetic ligand exchange

usually weakens the chiroptical signals because the

chiral ligands are mainly confined to the outer shell
surface and have limited electronic coupling with the
QDs core™.

combines the advantages of strong chiral induction

This interfacial strategy successfully

from direct aqueous synthesis with the high photolu-
minescence quantum yield of post-synthetically mod-
ified core - shell quantum dots. As a result, the ob-
tained QDs simultaneously exhibit narrow emission
peaks, high brightness, strong CD signal, and in-
tense CPL. Furthermore, theoretical calculations re-
vealed that the CdSe@ZnS model constructed with
the L-His - Zn** complex exhibited significant core
- ligand orbital hybridization. In contrast, when L-
His was directly coordinated or adsorbed onto the
pre-formed CdSe@ZnS surface, the orbital hybridiza-
tion was much weaker. This result provided strong
electronic-structure-level evidence that the coordina-
tion-mediated growth strategy can effectively over-
come the shell-shielding effect. Specifically, the chi-
ral ligand deeply participates in the shell growth pro-
cess through coordination complexes, thereby effec-
tively bypassing the screening effect of the ZnS shell
and enabling strong orbital hybridization between
the QDs core and the ligand. As a result, both the
absorption dissymmetry factor (g,,) and g, reached
the 1072 level (Figure 3). This work provides a new
strategy for simultaneously achieving high lumines-
cence efficiency and strong chiroptical activity in
chiral core - shell semiconductor quantum dots.
3.4 Opto— and Chemo— Applications
3.4.1 Chiral Recognition and Ion Detection

Chiral semiconductor QDs have attracted in-
creasing attention in enantioselective recognition
and biosensing owing to their unique combination of
tunable fluorescence, strong chiroptical responses,
and abundant surface coordination sites™ . Unlike
conventional molecular probes, chiral QDs can serve
as both optical reporters and stereoselective recogni-
tion units, enabling highly sensitive discrimination
of biomolecular enantiomers through fluorescence,
CD, CPL and electrochemiluminescence (ECL) re-
sponses. Molecular recognition is one of the most
important phenomena in chemistry and biology”. A

representative pioneering work was reported by Gun’
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Figure 3 CdSe@ZnS at the oil - water interface achieves high luminescence dissymmetry factor and fluorescence quantum

yield"". (reproduced from ref. 19 with permission from American Chemical Society).

ko and co-workers, who demonstrated that intrinsi-
cally chiral CdSe quantum dots could selectively rec-
ognize biomolecular enantiomers such as cysteine,
histidine, and arginine””. They found that L-Cys
preferentially adsorbed onto D-CdSe QDs, with up to
50-fold selectivity. This enantioselective interaction
was confirmed by CD spectroscopy, real-time photo-
luminescence dynamics, and density functional theo-
ry calculations, providing direct evidence for stere-
oselective molecular recognition at the quantum dot
surface. Subsequent studies further extended this
concept to fluorescence sensing of amino acid enan-
tiomers. For example, N-acetyl-L-cysteine-capped
CdSe/CdS QDs were employed for the enantioselec-
tive recognition of tyrosine, originating from differ-
ences in surface binding affinity and hydrogen-bond-

. . . [58]
ing interactions™ .

Chiral semiconductor QDs, owing to their
unique chiroptical activity, can also be employed for

B Compared with con-

the detection of metal ions
ventional fluorescence sensing, sensing strategies
based on CD signals can effectively avoid spectral
overlap and background fluorescence interference by
monitoring the differential absorption of polarized
light caused by the interaction between target analyt-
es and the chiral microenvironment on the quantum
dot surface™. The sensing mechanisms can general-
ly be divided into two categories: signal quenching
mode and signal generation mode. For example,
Wang and co-workers developed a Pb?* sensor based

on chiral CdSe nanoplatelets®".

In the presence of
Pb2* ions, the strong affinity between Ph** and the
-SH of the chiral ligands disrupts the Cd - S bonds

between the ligands and the nanoplatelet surface,
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leading to ligand desorption. As a result, the chirali-
ty transfer pathway is interrupted, causing a signifi-
cant decrease in the CD signal. Based on this princi-
ple, the sensor achieved a detection limit as low as
4.9 nM for Pb?* and exhibited excellent selectivity
among various coexisting ions due to the specific in-
teraction between Pbh** and -SH (Figure 4A). Time-
dependent density functional theory (TD-DFT) calcu-
lations further revealed the mechanism of chirality
generation and quenching at the electronic orbital
level, providing theoretical guidance for sensor de-
sign. In contrast, Tedsana et al. employed chiral L-

Cys capped CdS QDs for the detection of Ni** and

Co>"™™. In this system, Ni*>* or Co** does not destroy
the original chirality, instead, they coordinate with L-
Cys on the quantum dot surface, forming in situ a
new chiral metal complex with stronger optical activ-
ity. This newly formed structure generates distinct
responses in the CD spectra: Ni** induces a negative
CD signal at 324 nm, whereas Co®* produces a posi-
tive CD signal at 352 nm (Figure 4B). Although the
detection limits were at the micromolar level, the re-
sults obtained from real water samples were in good
agreement with those measured by the standard
method (ICP-OES), demonstrating the practical feasi-

bility of this sensing strategy.
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(A) Examination of the high selectivity of the CdSe NPL chiral sensor®". (reproduced from ref. 61 with permission from

>1%1 (repro-

duced from ref. 62 with permission from Elsevier). (C) Schematic diagram of chiral CdSe/CdS quantum rod-based light-

emitting diodes™". (reproduced from ref. 64 with permission from Tsinghua University Press ; Springer Nature ).

3.4.2 Circularly Polarized Luminescence Devices

Among the various applications of chiral semi-
conductor QDs, circularly polarized light-emitting de-
vices represent the most important and rapidly devel-
oping field. Unlike conventional luminescent devic-
es, which require additional linear polarizers and
quarter-wave plates to generate circularly polarized
light, chiral quantum dots can directly emit CPL,
thereby significantly simplifying device architecture
and improving energy efficiency®. The first break-
through was reported by Balaz and co-workers in
2013, who demonstrated ligand-induced CPL in CdSe
quantum dots through post-synthetic ligand exchange
using L-/D-Cys™. A major step toward practical ap-
plications was achieved in 2022, when chiral CdSe/
CdS quantum rod-based light-emitting diodes were
successfully fabricated to produce circularly polarized

[64]

electroluminescence (CPEL) In this work, chiral

CdSe/CdS QRs were synthesized with cholic acid as a

symmetry-breaking agent, inducing a right-handed
chiral dislocation. Remarkably, during spin-coating,
these nanorods self-assembled into a long-range or-
dered helical superstructure with the helical axis per-
pendicular to the substrate. As shown in Figure 4C,
this hierarchical chiral assembly not only served as
the light-emitting layer but also functioned as an in-
trinsic circular Bragg reflector, selectively filtering
the electroluminescence to produce a dominant right-
handed CPEL signal at 600 nm. This evaporation-in-
duced self-assembly strategy presents a feasible route
for fabricating CPEL devices without complex tem-
plating. More recently, Cai and co-workers developed
a coordination-mediated growth strategy at the liquid/
liquid interface to prepare chiral CdSe@ZnS core -
shell quantum dots with significantly enhanced CPL
performance™. By introducing chiral His — Zn** com-
plexes during shell growth, the resulting quantum dots

achieved both high photoluminescence quantum yield
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and exceptionally large glum values at the 1072 level.
This work provides an effective strategy for overcom-
ing the long-standing trade-off between strong lumi-
nescence efficiency and strong chiroptical activity,
greatly advancing the development of high-perfor-
mance CPL-emitting devices.
3.4.3 Spintronic Devices and Emerging Applications
In addition to light emission, the chiral-induced
spin selectivity (CISS) effect in chiral semiconduc-
tors enables the realization of emerging spintronic
optoelectronic devices. Current studies have shown
that electron transport through chiral molecules de-
pends on the electron spin orientation, a phenome-

165]

non known as the CISS effect”™. A pioneering study
demonstrated that simple chiral molecules adsorbed
on metal surfaces can induce magnetization switch-
ing of the underlying ferromagnetic (FM) thin film
without the need for an external current or magnetic
field. This result provided direct evidence for light-
or electron-induced local magnetization in the ab-
sence of an external magnetic field, offering a theo-
retical foundation for constructing highly spin-polar-

ized nanoscale devices.

The integration of chiral
semiconductor QDs into solid-state devices repre-
sents a transition toward magnet-free spintronics.
Bloom and co-workers demonstrated that thin films
of CdSe QDs capped with L-/D-Cys can act as effi-
cient spin filters at room temperature via the CISS ef-

fect[fﬂl

In magnetic conducting atomic force micros-
copy (mCP-AFM) measurements, these chiral quan-
tum dot films exhibited a pronounced dependence of
tunneling current on the magnetization direction of
the tip, corresponding to an effective spin-dependent
barrier height difference of approximately 0.2 eV.
This spin filtering behavior was further confirmed in
magnetoresistance devices. Notably, the effect was
quenched in larger (6 nm) quantum dots, highlight-
ing that spin selectivity originates from the chiral im-
printing of ligand-induced electronic states under
strong quantum confinement®,

Furthermore, the unique combination of high
quantum yield and tunable CPL signals makes chiral

QDs ideal candidates for anti-counterfeiting and in-

formation encryption. Integration of chiral QDs into

polymer matrices or via inkjet printing enables the
fabrication of flexible, high-resolution security tags

and wearable 3D imaging systems.

4 Chiral carbon quantum dots

4.1 One-Pot Synthetic Method

Compared with traditional semiconductor QDs
containing toxic heavy metals such as cadmium and
lead, CQDs exhibit lower toxicity, superior biocom-
patibility, lower cost, and facile surface functional-

) These advantages endow CQDs have at-

ization
tracted increasing attention in recent years with sig-
nificant potential for biological applications, includ-
ing bioimaging, biosensing, and drug delivery™”".
In 2016, Kang and co-workers reported the first ex-
ample of intrinsically chiral carbon quantum dots"”.
As shown in Figure 5A, using a one-pot synthetic
strategy, a chiral precursor was directly involved in
the formation of the carbon core. Notably, the chiral
configuration of the precursor was retained during
the carbonization and polymerization processes and
became embedded within the carbon core frame-
work, rather than being merely adsorbed on the sur-
face. This work realized the direct transfer of chirali-
ty from the molecular level to the nanoscale. The
CD spectra of L-CQDs and D-CQDs exhibit perfect
mirror-image Cotton effects at 245 and 350 nm, con-
firming the successful construction of intrinsic chi-
rality at the nanoscale. Prior to this study, research
on CQDs mainly focused on their photoluminescence
properties, while systematic investigations of chiral
CQDs were scarce and largely limited to conceptual
demonstrations or complex post-modification strate-
gies. In addition, Kang and co-workers were the first
to apply chiral CQDs for enantioselective recogni-
tion. In 2018, Kang’ s group further developed this
strategy by employing a one-step hydrothermal meth-
od using citric acid and chiral cysteine as precur-
sors, achieving efficient chirality transfer from mole-
cules to nanomaterials””. The obtained L- and D-
CQDs exhibited mirror-image CD signals at approxi-
mately 212 and 250 nm, along with high photolumi-
nescence quantum yields (~30%) and excellent pH

and thermal stability. More importantly, they discov-
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ered that D-CDs significantly outperform L-CDs in
promoting root activity, Rubisco enzyme activity,
and photosynthesis efficiency, with enhancement fac-
tors ranging from 20% to 67%. This work represents
the first systematic demonstration of stereoselective
growth regulation in plants induced by chiral CQDs.
Chiral amino acids, which inherently contain car-
bon elements, can simultaneously serve as both car-
bon sources and chirality inducers during CQD syn-
thesis. For example, in 2017, Kang’ s group reported
the one-step synthesis of nitrogen- and sulfur-co-
doped chiral CQDs (L-/D-CQDs) using a single chiral
precursor L-/D-Cys (Figure 5B) ™. The resulting
CQDs exhibited strong mirror-symmetric CD signals
at approximately 212 and 240 nm. This strategy
avoids the structural uncertainty associated with

mixed precursor systems. Importantly, they proposed

™ (reproduced from ref. 74 with permission from Royal

an insightful concept that photoluminescence (PL)
and CD are fundamentally independent properties.
With increasing temperature, the fluorescence intensi-
ty gradually decreases due to thermal quenching (with
a linearity of 0.992), whereas the CD signal remains
nearly unchanged. This finding challenges the earlier
assumption that chirality necessarily influences lumi-
nescence and provides a crucial theoretical basis for
the design of multifunctional chiral nanomaterials. In
2018, Raz Jelinek and co-workers reported another
significant advance by synthesizing chiral CQDs us-
ing a single chiral precursor L- or D-lysine as the sole
carbon source (Figure 5C)". These CQDs demon-
strated enantioselective inhibition of amyloid fibrilla-
tion, a key pathological process in Alzheimer’ s dis-
ease. Experimental results showed that L-CQDs ex-

hibit significantly higher inhibitory efficiency toward
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AB42 aggregation and provide better neuroprotection
compared to their D-counterparts. This behavior can
be attributed to the specific stereochemical matching
between the surface functional groups of L-CQDs and
AB42 peptides.
4.2 Two-Step Synthesis Method

The two-step strategy is an important approach
for the preparation of CQDs, in which achiral carbon
cores are first generated through carbonization of
precursors, followed by surface modification with
chiral molecules to impart chirality to the final prod-
ucts. Unlike the one-step hydrothermal method,
where chiral precursors are directly carbonized, the
two-step strategy typically involves the initial synthe-
sis of carbon dot cores with excellent luminescent
properties, followed by post-synthetic functionaliza-
tion to introduce chiral centers. This process not on-
ly enables surface passivation but also creates new
emissive centers, thereby enhancing fluorescence in-
tensity. More importantly, this method preserves the
structural integrity of the chiral ligands, allowing the
final products to fully inherit the optical characteris-
tics of the chiral sources.

Early studies commonly employed citric acid or

glucose as carbon sources to prepare highly fluores-
cent carbon dots via hydrothermal synthesis, fol-
lowed by surface modification using chiral molecules
such as L-/D-Cys, Pen and proline. Such post-modi-
fication strategies can achieve stable chirality trans-
fer through covalent bonding or coordination interac-
tions between the ligands and the surface carboxyl,
hydroxyl, and amino groups of carbon dots, while sig-
nificantly enhancing CD and CPL signals. Among
them, the cysteine system has become one of the
most widely used chiral sources because it contains
both thiol and amino groups, which enable stronger

1

interactions with the carbon dot surface”. For exam-

ple, Suzuki et al. first prepared achiral graphene
QDs precursors with sizes of 2 = 7 nm and carboxyl-
rich edges ( - COOH) through a top-down acid oxida-
tion exfoliation method, such as treating carbon fi-
bers with a mixed sulfuric acid/nitric acid solu-

. 76
tion"®

Subsequently, at room temperature, L-/D-Cys
molecules were covalently attached to the edge car-
boxyl groups of achiral QDs through an amidation re-
action using 1-ethyl- (3-dimethylaminopropyl) car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS)

as coupling agents (Fig. 6A). New CD signals were
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(A) Schematic diagram of two-step synthesis of CQDs'’
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observed at approximately 250 - 265 nm, corre-
sponding to the excitonic absorption of GQDs rather
than the molecular absorption of cysteine. This re-
sult indicated that chirality was not merely confined
to the surface but was transferred to the electronic
energy levels of the entire carbon core. Combined
with DFT and molecular mechanics calculations,
they further revealed that this distortion effect exhib-
ited strong size dependence: only small-sized GQDs
(2 = 7 nm) could maintain stable twisted conforma-
tions. As shown in Fig. 6B, Rogach et al. systemati-
cally compared two chiral carbon dot synthesis strat-
egies based on L-/D-Cys””. They found that both
methods significantly improved the PLQY, whereas
the surface-modified carbon dots exhibited much
stronger chiral signals than those prepared by direct
carbonization of chiral precursors.

In addition, the two-step strategy has been wide-
ly used for constructing functional composite sys-
tems. For example, Lin and co-workers proposed an
organic — inorganic co-assembly strategy, successful-
ly inducing the assembly of achiral CQDs into nano-
spiral structures with strong CPL  activity”™.
Through interfacial kinetic regulation, they achieved
the synergistic amplification of chiral signals and
emission polarization, increasing the CPL dissymme-
try factor of CPDs to the 1072 level. Xu and co-work-
ers further constructed composite nanomaterials with
chiral recognition capability and tunable chiroptical
properties by co-assembling achiral CQDs, magnetic
Fes04 nanoparticles, and chiral templates (Figure 6C)
" Such strategies have greatly expanded the appli-
cations of chiral carbon dots in bioimaging, sensing,
and intelligent chiral optoelectronic devices. Ghosh
et al. reported the direct synthesis of chiral carbon
dots using naturally occurring guanosine-5'-mono-

phosphate (5'-GMP) as the sole precursor™.

Since
guanine groups remained on the surface of the G-
dots, they could further self-assemble to form chiral
supramolecular hydrogels (Figure 6D).
4.2 CPL-related Applications

CQDs have attracted considerable attention in

recent years as emerging chiroptical nanomaterials

for CPL sensors and optical information devices.

Their ability to generate CD and CPL signals en-
ables them to serve not only as conventional fluores-
cent emitters but also as advanced polarization-sen-

- . A
sitive optical materials"™"

. In particular, the combi-
nation of strong fluorescence and chiral optical re-
sponses provides a new platform for high-sensitivity
sensing, multi-level information encryption, anti-
counterfeiting, and intelligent photonic devices.
Among these applications, CPL-based sensing has
become one of the most important research direc-
tions. Unlike conventional fluorescence sensing,
which mainly relies on intensity variation and is of-
ten affected by background fluorescence and spec-
tral overlap, CPL sensing uses the difference be-
tween LCPL and RCPL as the output signal, signifi-
cantly improving selectivity and anti-interference
capability. Because the CPL response is highly sen-
sitive to changes in the local chiral environment,
small perturbations caused by ions, biomolecules,
or structural transformations can induce remark-
able variations in the g, thereby enabling highly
sensitive detection. Wang and co-workers recently
developed a novel CPL sensor for the dual detec-
tion of Hg?* and 1~ based on G-quartet nanofibers
and N/S co-doped achiral CQDs™. In this system,
the G-quartet-based nanofibers (g-fibers), formed

(GMP)
linked through hydrogen bonding, served as chiral

by guanosine 5'-monophosphate units
templates to transfer chirality to the achiral carbon
dots and induce strong CPL signals. The resulting
luminescence dissymmetry factor (gy,,) reached the
10~ % level. More importantly, the obtained chiral
composites were successfully applied to the dual de-
tection of Hg?* and 1~ ions using CPL as the signal
output. The detection limit for Hg?* was 88.4 nM,
while that for I" was 157 nM. (Figure 7A). In addi-
tion, Zhang and co-workers found that CQDs, syn-
thesized using L-tryptophan and D-tryptophan as
precursors, could trigger the supramolecular self-as-
sembly of N-(9-fluorenylmethoxycarbonyl)-protect-
ed glutamic acid (Fmoc-Glu), forming chiral hydro-
gels with left-handed or right-handed helical nano-

[83]

structures This material exhibited strong chiral

templating capability and enabled universal chirali-
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ty transfer to embedded dye molecules, thereby
achieving full-color CPL and Forster resonance en-
ergy transfer (FRET) -based CPL. Furthermore,
transparent composite films prepared by combining
the chiral hydrogels with poly(vinyl alcohol) (PVA)
exhibited differential responses toward LCPL and
RCPL (RCP). These films could therefore serve as
simple and visual circularly polarized light detec-
tors or optical polarization filters for distinguishing
LCPL from RCPL (Figure 7B). Importantly, chiral
carbon dots are also highly suitable for secure opti-

cal storage and anti-counterfeiting labels. Li et al.
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synthesized four types of chiral carbon dots with
emissions ranging from near-ultraviolet to red light
and co-assembled them with cellulose nanocrystals
(CNCs) to fabricate a series of C QDs@CNCs com-

[84]

posite films™". Owing to the left-handed chiral nem-
atic structure of CNCs and the tunable fluorescence
of CCDs, these films exhibited distinct visual polar-
ization differences under circular polarizers with
different rotation directions (Figure 7C). This pro-
vides significant opportunities for the application of

CPL materials in information encryption, optical an-

ti-counterfeiting, and polarization detection.
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(A) Schematic illustration of the CPL sensor constructed by the co-assembly of the left-handed and right-handed N -
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tion of co-assembly between four typical dye molecules and hydrogels template'™. (reproduced from ref. 83 with per-

mission from Elsevier). (C) Schematic diagram of the LP-RCDs@CNC composite film for visual polarization detec-

tion'™'. (reproduced from ref. 84 with permission from Elsevier).

5 Chiral Perovskites

In recent years, chiral perovskites have attract-
ed extensive attention owing to their unique applica-
tions in CPL, spintronics, and optoelectronic photo-
detection. The fundamental principle lies in break-
ing the spatial inversion symmetry of the crystal
structure through the introduction of chiral motifs,
thereby endowing the material with chiroptical re-
sponses. Compared with inorganic QDs, one remark-
able advantage of perovskite materials is their highly
tunable crystal structure and bandgap, which can be
flexibly adjusted by engineering the organic and in-

organic structural units. Therefore, the rational in-

troduction of functional organic cations provides an
effective strategy for constructing novel perovskite
architectures with tailored chiroptical and optoelec-
tronic properties. In 2003, David G. Billing and co-
workers first reported the single-crystal structure of
the chiral organic - inorganic hybrid perovskite (S)-
PEA «PbBri, marking the earliest example of chiral

hybrid perovskites™".

This pioneering work initiated
systematic investigations into the crystal structures
of a wide range of chiral halide perovskites™”. Fol-
lowing the above classification, the synthetic strate-

gies of chiral perovskites can be generally classified

into three major categories: (i) direct construction via
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the introduction of chiral organic cations, (ii) post-
synthetic modification through surface engineering
with chiral ligands, and chirality induction through
supramolecular or physical assembly.
5.1 Direct Construction Strategy

Direct incorporation of chiral organic cations is
one of the most mature crystal growth strategies for
preparing chiral perovskite nanocrystals. In this ap-
proach, chiral ammonium salts are introduced during
precursor preparation, allowing chiral cations to par-
ticipate directly in crystal growth through covalent
and ionic interactions, thereby inducing chirality with-
in the perovskite lattice itself. This method enables
precise control over the size, shape, and dimensionali-
ty of hybrid organic - inorganic perovskites (HOIPs)
through rational precursor substitution and structural
design. In 2006, David G. Billing systematically re-
ported a series of chiral two-dimensional layered
perovskites, such as (PEA),PbL/"". By employing chi-
ral organic amines as structure directing agents and
using slow solution crystallization, they achieved con-
trollable synthesis of chiral hybrid materials ranging
from 1D to 2D architectures. This work filled the gap
of chiral hybrid materials in the perovskite field and

laid the structural foundation for subsequent studies

extending from single to thin films,

and QDs. in 2018,

Waldeck and co-workers reported the direct synthesis

crystals

nanosheets, For example,
of chiral methylammonium lead bromide perovskite
nanoplatelets using R- or S-phenylethylammonium
(PEA) ligands combined with achiral OA ligands"".
Distinct bisignate Cotton effects were observed at the
excitonic absorption region from 400 nm to 450 nm,
demonstrating the successful transfer of chirality to
the band-edge electronic states of the inorganic core.
Their study showed that the CD signals originated
from the chiral imprinting of surface ligands on the
electronic states of the nanoplatelets rather than from
aggregation effects. Subsequently, Xu synthesized
two-dimensional perovskite nanowires with a non-cen-
trosymmetric crystal structure via a one-step approach
and realized strong second-harmonic generation
(SHG) together with chiral nonlinear optical respons-
In this system, R/S-MPEABr served as the

structure-directing agent, where the chiral center di-

92
es[ ].

rectly disrupted inversion symmetry within the crystal
lattice. In addition, Gao et al. reported 3D hybrid or-
ganic — inorganic perovskites that implant chirality
through introducing the chiral methylammonium cat-

ion are demonstrated Figure 8A™.
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Figure 8 (A) The structures of 3D chiral HOIPs (R) -CHFCINH3PbI;**. (reproduced from ref. 93 with permission from

Wiley). (B) Ligand exchange on an OA-capped perovskite NC using enantiomers'’

". (reproduced from ref. 94 with

permission from AIP Publishing). (C) Schematic diagram of the co-assembly induced chirality of perovskite NCs in

chiral gels"™’

. (reproduced from ref. 95 with permission from Wiley).
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5.2 Post-Synthetic Modification and Assem-
bly Strategy

In  post-synthetic ~ modification,  achiral
perovskite nanocrystals are first prepared, followed
by ligand exchange reactions in which external chi-
ral molecules partially or completely replace the
original surface ligands. Chirality is then transferred
from the ligands to the perovskite core, generating
chiroptical activity. In such systems, chirality main-
ly originates from the formation of non-centrosym-
metric surface structures and chiral spatial arrange-
ments induced by surface ligands. The mechanism
is often more complex and strongly dependent on li-
gand concentration. In 2017, Zhang synthesized chi-
ral all-inorganic perovskite nanocrystals by grafting
chiral molecules onto the surface of achiral nanocrys-
tals through microwave-assisted ligand exchange®,
as shown in Figure 8B. These materials possess
unique advantages such as long carrier lifetimes and
high luminescence efficiency. They found that the
origin of chirality strongly depended on the amount
of the chiral ligand. When excessive ligand was
used, chirality mainly originated from chiral pattern
aggregation of ligands on the nanocrystal surface. In
contrast, under low ligand concentration, chirality
primarily arose from ligand-induced surface lattice
distortion, defect formation, and electronic interac-
tions. Interestingly, even after removing the ligands,
part of the CD signal remained, directly proving that
surface distortion serves as the physical basis for chi-
rality retention.

Chiral assembly has also emerged as an effec-
tive route for obtaining highly luminescent chiral
perovskites. For example, Liu et al. realized CPL
indirectly by supramolecular co-assembly on the

95 . .
®* where achiral perovskite nano-

macroscopic scale
crystals borrowed optical activity from an external
chiral gel network shown in Figure 8C. In this sys-
tem, chirality was transferred through a chiral field
and spatial confinement rather than through strong
chemical bonding. Furthermore, the co-gel was di-
rectly embedded into a PMMA matrix to fabricate
self-supporting flexible CPL films, demonstrating

promising device applications. Similarly, Wang and

co-workers achieved high-performance CPL by phys-
ically integrating achiral perovskite emitters with
chiral liquid crystal (CLC) filters™. They proposed a
separation of emission and chirality concept, in
which efficient and stable achiral perovskites are re-
sponsible for light emission, while chirality is provid-
ed by specialized CLC filters. In addition, Ma et al.
confirmed that the generation of chirality in chiral
perovskites (R-/S-MBA ), Pbl4(1-x)Brsx is mainly at-
tributed to the electronic interactions between the
chiral organic spacer cations and the inorganic
framework®. They found that the microstrain in-
duced by spatial confinement leads to the redistribu-
tion of the stacking conformation of the benzene
rings in the organic spacer cations, which enhances
the asymmetric hydrogen-bonding interactions be-
tween the chiral organic molecules and the inorganic
framework. This asymmetry promotes the transfer of
chirality from the organic molecules to the inorganic
framework. More recently, Liu et al. reported a new
strategy for preparing strongly circularly polarized
red-emissive perovskite nanowires through chiral li-
gand-induced self-assembly™. The obtained chiral
CsPbl; nanowires exhibited intense circularly polar-
ized red emission at ~640 nm, with a film-state lumi-
nescence dissymmetry factor. This work effectively
addressed several long-standing challenges in chiral
perovskites, particularly in the red and near-infrared
regions, including low g-factors, poor stability, and
harsh synthetic conditions.
5.3 Optoelectronic Applications

Chiral perovskites have emerged as one of the
most promising material systems for direct CPL de-
tection because they combine the polarization-selec-
tive absorption of chiral organic molecules with the
excellent charge transport properties of inorganic
perovskite frameworks. Unlike conventional CPL
photodetectors, which require additional optical com-
ponents such as quarter-wave plates and linear polar-
izers, chiral perovskites can directly distinguish
LCPL from RCPL, thereby significantly simplifying
device architecture and enabling highly integrated
optoelectronic systemsm'm].

Ahn et al. observed a pronounced Cotton effect
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in phase-pure two-dimensional perovskite thin films
containing chiral organic cations. The R- and S-type
films exhibited CD signals with opposite signs. In
addition, the CD response could be tuned by control-
ling the morphology, thickness, and orientation of
the films. This novel finding demonstrated that chi-
ral perovskites possess differential absorption toward
LCPL AND RCPL, which provides the physical foun-
dation for constructing CPL photodetectors™. A pio-
neering breakthrough was reported by Chen et al. in
2019, who first demonstrated a high-performance di-
rect CPL photodetector based on the chiral hybrid
perovskite™. The device achieved a high responsivi-
ty of 797 mA W™, a detectivity of 7. 1 x 10'" Jones,
and a 3-dB bandwidth of 150 Hz, while maintaining

A

LCP RCP

(R-o-PEA)PbI,

LCP RCP Y

Figure 9

AT

excellent operational stability for over one month
(Figure 9A) Flexible devices fabricated on PET sub-
strates also showed comparable performance, high-
lighting the strong potential of chiral perovskites for
wearable CPL-sensitive electronics.  Subsequent
studies further expanded CPL photodetection toward
multifunctional intelligent devices. For example,
Liu et al. constructed a circular polarization-re-
solved ultraviolet photonic artificial synapse by inte-
grating helical chiral perovskites with single-wall
carbon nanotubes"™. This work extended CPL de-
tection from conventional photodetection to neuro-
morphic vision systems. More recently, panchromat-
ic CPL detection was achieved through 3D/chiral-2D

. 05
perovskite heterostructures""”".
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(A) Schematic diagram of photodetector; The crystal structure of (R- and S-a-PEA)Pbls; Photoresponse of fresh and

1-month aged (S-a-PEA)Pbl, films under LCP and RCP 395 nm light ™. (reproduced from ref. 88 with permission

from Springer Nature). (B) Schematic diagram of CPL photodetector; Layered structure viewed along a axis; The cur-

rent - voltage curves of device under dark, LCP-520, RCP-520, and unpolarized-520 nm light illumination'

produced from ref. 107 with permission from Wiley).

In contrast, lead-free chiral perovskites have at-
tracted increasing attention because of concerns re-
garding Pb toxicity. Li et al. developed the lead-
free double perovskite and achieved the first self-
powered CPL photodetector without any external

[106, 107]

power supply Benefiting from the chiral polar

photovoltaic effect, the device showed an anisotropy

107] (I‘P-

factor as high as 0. 3, representing one of the best
performances among lead-free chiral perovskite de-
tectors (Figure 9B). This work demonstrates that en-
vironmentally friendly lead-free perovskites can
serve as highly competitive candidates for next-gen-
eration green CPL photodetectors.

In addition, chiral perovskites have been ex-
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plored for applications in light-emitting diodes
(LEDs) due to their advantages of high photolumines-
cence quantum yield, narrow emission bandwidth,
and tunable bandgap. More importantly, chiral
perovskites can induce spin-selective effects, mak-
ing them efficient spin filters in spin-polarized
LEDs. Current chiral perovskite LED strategies are
mainly divided into two categories: spin-filter-assist-
ed LEDs and intrinsically emissive LEDs. In the
first strategy, chiral perovskites serve as spin-filter-
ing layers that selectively transport spin-polarized

carriers, while the emissive layer remains achiral.

This approach effectively utilizes the CISS effect to
generate CPEL without external magnetic fields or
ferromagnetic electrodes. Beard’ s group first used
chiral two-dimensional perovskite (R-/S-MBA),Phly4
as the CISS layer to directly generate CPL inside the

. 106
device™

The device exhibited a spin-polarized
hole current exceeding 80%, and its spin orientation
was determined by the chirality of the MBA cations,
as shown in Fig. 10A. In the second strategy, the
chiral perovskite itself functions as both the emissive
layer and the spin-selective medium, allowing the di-

rect generation of CPL through radiative recombina-
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Figure 10

(A) Schematic of spin-polarized charge injection and CP-EL emission; CPEL of spin-LEDs based on CISS layer/

CsPbBr; "™ (reproduced from ref. 106 with permission from American Association for the Advancement of Science ).

(B) Schematic illustration of quasi-2D perovskites; Structure and EL performance of spin-LEDs; CPEL spectra of

spin-LEDsr108

' (reproduced from ref. 108 with permission from American Chemical Society). (C) Schematic illustra-

tion of the mechanism of spin-LEDs based on chiral PQDs"*. (reproduced from ref. 109with permission from Spring-

er Nature).
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tion. For example, Yao et al. reported highly effi-
cient green spin LEDs based on quasi-two-dimen-
sional chiral perovskites, in which the chiral
perovskite served as the emissive layer to achieve ef-
ficient CPEL, with a photoluminescence quantum
yield of 91%, a g, of 8. 6 X 1072, an electrolumines-
cence dissymmetry factor (gg) of 7.8 X 1072, and a
maximum external quantum efficiency (EQE) of
13. 5%, as shown in Fig. 10B106"™. This strategy
does not require an additional spin-filtering layer
and enables spin regulation through a single chiral
emissive layer, thereby reducing device complexity.
At present, both the EQE and CPEL of chiral
perovskite-based spin LEDs remain relatively low.
Recently, Song et al. reported spin light-emitting di-
odes based on chiral perovskite quantum dots,
achieving both high circular polarization and high ef-

- [109]
ficiency .

By improving the efficiency of chiral li-
gand exchange and spin selectivity, these devices ex-
hibited remarkable electroluminescence dissymme-
try factors of 0. 285 (R) and 0. 251 (S), together with
high EQEs of 16. 8% and 16. 0%, respectively (Fig.
10C). High gg values are often obtained at the ex-
pense of luminescence efficiency, whereas this work
successfully achieved both simultaneously, greatly

enhancing the practical potential of chiral perovskite

LEDs.

4 Conclusion and perspectives

In summary, CPL-active inorganic quantum
dots have developed into one of the most important
research directions in chiral nanomaterials due to
their unique combination of strong luminescence,
tunable electronic structures, and controllable chi-
roptical responses. Compared with traditional chiral
organic systems, inorganic quantum dots provide su-
perior optical stability, broader spectral tunability,
and stronger excitonic emission, making them highly
attractive for practical applications in chiral photon-
ics, spintronics, information encryption, and circular-
ly polarized optoelectronic devices. Despite signifi-
cant progress, several critical challenges remain.
First, the microscopic origin of chirality transfer

from chiral ligands to inorganic cores is still not fully

understood, especially in systems where no obvious
structural asymmetry is observed. In particular, the
dominant mechanisms, including ligand - surface co-
ordination asymmetry, electronic coupling — induced
spin polarization, and symmetry breaking during nu-
cleation and growth remain under debate and may
vary significantly across different material systems.
Second, achieving the simultaneous optimization of
high photoluminescence quantum yield and large
gum values remains difficult, as these two parameters
are often mutually constrained. This trade-off typi-
cally arises because strong surface functionalization
or chiral ligand coverage can enhance chiroptical ac-
tivity but may introduce surface trap states or per-
turb exciton recombination pathways, thereby reduc-
ing radiative efficiency. Conversely, highly passivat-
ed or defect-free quantum dots often exhibit excel-
lent PLQY but weak chiral asymmetry due to insuffi-
cient symmetry breaking at the surface or interface.
Third, improving the long-term stability of chiral
quantum dots, particularly in perovskite and carbon-
dot systems, is necessary for practical device appli-
cations. Instability issues are often associated with
ligand desorption, ion migration, moisture/oxygen
sensitivity, and structural reconstruction under ther-
mal or optical excitation, which can lead to gradual
decay of both emission intensity and chiroptical sig-
nals over time. Moreover, expanding CPL-active ma-
terials into the near-infrared region will be particu-
larly important for biological imaging, telecommuni-
cations, and spin-photon interfaces. However,
achieving efficient NIR CPL emission is challenging
due to inherently lower bandgap-related radiative ef-
ficiencies and increased non-radiative decay chan-
nels in narrow-bandgap semiconductor systems, re-
quiring more sophisticated band engineering and sur-
face-state control strategies.

In addition to improving chiroptical perfor-
mance, the long-term stability of CPL-active inorgan-
ic nanomaterials is also critical for practical applica-
tions. Current studies have shown that some materi-
al systems, particularly perovskite nanocrystals and
certain carbon-dot-based materials, may suffer from

ligand desorption, surface oxidation, ion migration,
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or structural reconstruction under environmental or
optical stress, leading to gradual degradation of lumi-
nescence and CPL activity. To address these issues,
several strategies including core/shell engineering,
multidentate ligand passivation, polymer encapsula-
tion, and interface stabilization have been explored
to improve both optical and chiroptical stability.
Overall, the continued exploration of structure
and property relationships will not only deepen the
fundamental understanding of chiral inorganic nano-
materials but also accelerate the development of

next-generation CPL-active optoelectronic systems
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