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ABSTRACT
With the growing importance of displays, reducing their power consumption has become crucial for developing energy-efficient
photonic–electronic platforms. Conventional light emitting diodes (LEDs) rely on external polarizers and waveplates to control
light polarization in displays, but these optics cause at least half of the incident energy of the LEDs to be lost, demanding higher
drive currents and accelerating degradation. Generating circularly polarized light (CPL) directly at the source offers a low-power
alternative by eliminating such optical losses and enabling direct spin–photon interfaces. Recently, chiral metal halide perovskites
(MHPs) have emerged as efficient, solution-processable semiconductors that intrinsically couple light polarization and spin. Their
strong spin–orbit coupling and broken inversion symmetry enable spin-selective charge transport via the chiral-induced spin
selectivity effect, allowing both spin manipulation and its impact on emission to be observed within the same layer. In colloidal
nanocrystal form they can emit CPL with high photoluminescence quantum yield, making them promising candidates for chiral
light emission, although their use is still limited by low polarization anisotropy. This perspective discusses intrinsic and extrinsic
routes to achieve circularly polarized electroluminescence (CP-EL) using chiral MHPs, highlights progress in low-dimensional
films and chiral-ligand nanocrystals, and discusses prospects for room-temperature spin control and filter-free, spin-LEDs for
next-generation energy-efficient optoelectronic displays.
1 Introduction

Light-emitting diodes (LEDs) have progressed from simple
electroluminescent (EL) indicators to high-performance, color-
tunable light sources that are foundational to modern display
and lighting technologies [1–3]. However, because their emission
is largely unpolarized, ambient reflections can degrade contrast
at high luminance. To mitigate this, display stacks commonly
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integrate an external circular polarizer to impose a defined
state and reduce glare [4]. Among various aspects, controlling
the emission polarization state at the light source has become
essential, not only to enhance display contrast and suppress
glare, but also to enable emerging photonic and spintronic
functionalities. Polarized light refers to a well-defined orientation
of a light wave’s transverse electric field, and therefore also its
magnetic field, relative to the direction of propagation. In linear
ense, which permits use, distribution and reproduction in any medium, provided the original
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FIGURE 1 a) Schematic of circular polarization: linearly polarized light modulated by a quarter-wave plate to produce left- and right-handed
CPL. b) Comparison of conventional displays (top) and architectures incorporating chiral MHP layers (bottom). Conventional devices rely on external
polarizers and waveplates, leading to ∼50% energy loss, whereas a chiral MHP layer, used either as the emissive layer or as a spin-filter in front of an
achiral emitter, can intrinsically generate or select circularly polarized light, enabling simpler, brighter and more efficient displays.
polarized light the field oscillates in one fixed plane, whereas,
in circular polarized light (CPL) two orthogonal components of
equal amplitude with a ± π/2 phase shift make the field rotate
helically in either a left- or right-handed screw sense (Figure 1a).
Elliptically polarized light is the general case between these
states.

Among polarized light states, CPL is of particular interest
because the handedness of its polarization provides an addi-
tional degree of freedom beyond brightness and color. Key
applications that use or benefit from CPL include 3D displays,
optical sensing, and optical data storage, and CPL can be
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generated directly by devices such as spin-LEDs [5, 6]. To
achieve CPL emission from a conventional LED, unpolarized
emission is first set to a single linear state by an external
linear polarizer and then converted to circular polarization
by a quarter-wave plate (QWP) [7]. The implications of CPL
generation for display technologies are summarized in Figure 1b,
which contrasts conventional polarization optics with archi-
tectures incorporating chiral MHP layers that can generate
or select CPL within the device stack. Because polarization
optics discard a substantial fraction of the emitted photons,
maintaining a target luminance typically requires higher drive
power, increasing power consumption and heat load and
Advanced Materials, 2026



potentially shortening operational lifetime. These considerations
motivate strategies that generate or select well-defined circular
polarizationwithin the emissive stack, rather than filtering it after
emission.

To reduce the optical losses caused by external polarizers,
researchers have developed chiral (spin)-LEDs that emit left-
or right-handed CPL directly from the emitting layer [8, 9].
In these devices, the molecular or structural chirality of the
emissive material or charge transport layers control CPL through
optical transitions or spin-selective recombination, removing the
need for external filters. A widely used parameter of chiroptical
performance in luminescent and absorbing materials is the
dissymmetry factor, g, defined generally by 𝑔 = 2(𝐼𝐿−𝐼𝑅)

𝐼𝐿+𝐼𝑅
, where

IL and IR are the intensities of the left- and right-circularly
polarized components of the optical signal. This definition applies
equivalently to absorption (gabs), photoluminescence (gPL), and
electroluminescence (gEL). This approach has been demonstrated
using a wide range of materials, including chiral small molecules
and π-conjugated polymers (often with chiral side groups),
twisted fibers, chiral metal complexes, chiral semiconductor
nanocrystals (NCs), and non-chiral emitters placed in chiral opti-
cal structures [10–14]. However, most molecular chiral emitters
still face fundamental limitations. Their chiroptical activity is
generally weak (|gPL| ≈ 10−4–10−2, due to the coupling between
electric and (weak) magnetic dipole transitions. As a result,
achieving both high polarization anisotropy and device efficiency
remains challenging [15]. Moreover, precise control over film
morphology and long-term stability is often difficult [16, 17].

To overcome these constraints, chiral metal halide perovskites
(MHPs) have recently emerged as a promising alternative to
existing materials. These materials exhibit high photolumines-
cence quantum yields (PLQYs), and their combination of strong
spin–orbit coupling (SOC) and broken inversion symmetry can
produce large chiroptical responses. Furthermore, composition-
and dimensional-tunability and low-temperature solution pro-
cessability are possible. These materials can also function simul-
taneously as chiral emitters and spin filters, enabling polarized
light emission to be directly produced without need for polarizers
[18–21]. Spin filtering in chiral MHPs arises from chiral-induced
spin selectivity (CISS). There is still significant debate about the
precise mechanism(s) of CISS and how such mechanism(s) vary
in different material sets. However, it is broadly proposed that a
non-magnetic chiral crystal potential, amplified by strong SOC,
couples carrier spin to momentum, making transmission (T)
inherently spin dependent

(
Tspin−up ≠ Tspin−down

)
[22]. One spin

orientation is therefore preferentially transmitted through a given
enantiomer, while the opposite is suppressed. The sign of the
polarization is therefore set by the R/S enantiomer.

In device-relevant implementations, chiral MHPs are realized by
two solution-processed routes: (i) low-dimensional (0D/1D/2D)
layered films grown with chiral ammonium cations, where the
chiral molecules impart chirality to MHPs and the reduced
dimensionality strengthens chiroptical response; and (ii) col-
loidal NCs rendered chiral via surface binding of chiral ligands
that induce lattice distortion. Halide stoichiometry (Cl/Br/I)
tunes the bandgap and thus the emission color. Both formats
can be integrated into spin-LEDs, with layered chiral MHPs films
Advanced Materials, 2026
interfacing with other emissive materials to act as CISS-based
spin filters. Through this interfacial coupling, spin-polarized
carriers are generated within the active stack, enabling source-
level CP-EL at room temperature, further quantified as gEL [23].
On the other hand, chiral NCs can be directly used as an emitter
where carriers combine and result in CP-EL.

Accordingly, chiral MHPs have rapidly evolved from structurally
interesting curiosities into a versatile family of functional opto-
electronic materials. As summarized in Figure 2, the field began
with the first report of a chiral MHP single-crystal by Billing et al.
in 2003 [24], followed by the synthesis of helical chiral MHPs
[25], and later 2D chiral hybrid MHPs films whose chiroptical
responses were quantitatively measured [26]. Subsequent studies
extended chirality to MHPs NCs [27, 28] and nanoplatelets [29].
These works demonstrated 2D chiral MHPs with sizeable spin-
polarized photoluminescence [30], and even proposed metal-free
3D bulk chiral MHPs [31]. Notably, Ma et al. demonstrated
2D chiral MHPs microplates with gPL as high as ≈0.35 at 77
K [32]. Building on these materials advances, chiral 2D MHPs
have recently been integrated as spin-filtering layers in room-
temperature spin-LEDs, as demonstrated by Kim et al. in 2021
using (R/S-MBA)2PbI4 CISS layers coupled to CsPbI3 nanocrystal
emitters [33]. More recently, He et al. realized MHPs spin-
LEDs based on chiral CsPbBr3 quantum dots that combine large
electroluminescence dissymmetry (gEL ≈ 0.3) with EQEs up to
16.8% [34], highlighting the need for future efforts toward lead-
free compositions, long-term operational stability, and extended
spin lifetimes.

As an emerging field, recent advances in chiral MHP synthesis,
materials chemistry, and potential for CPL have been reviewed
elsewhere [15, 35, 36, 19, 37]. In this Perspective, we focus
specifically on chiral MHP spin-LEDs and compare two device
concepts, i.e., intrinsic chiral emitters and extrinsic spin-filtered
architectures, analyzing and highlighting how materials design,
device structure, and interfacial spin transport govern CPL per-
formance.We discuss key challenges formoving from filter-based
CP light sources to robust, source-level polarization.

2 Fundamental Origin of Chirality and Spin
Polarization in MHPs

Before exploring themechanisms operative in LEDs, it is essential
to understand how chirality is introduced into MHPs and how it
influences their electronic structure through symmetry breaking
and SOC. In this section, the key structural distortions that
govern chirality transfer and spin selectivity are discussed. Froma
molecular perspective, varying the structure of the chiral organic
cations can lead to varying degrees of asymmetric hydrogen bond-
ing with the inorganic framework, which significantly affects
the resulting chiroptical properties [38]. Strategies for tuning
the molecular design of chiral cations include: 1) Introducing
extended π–π stacking by incorporating large π-conjugated sys-
tems such as a naphthalene skeleton (e.g., R/S-NEA) [39]. 2) Pro-
moting halogen-based interactions, including halogen–halogen
intermolecular interactions between halogen-substituted chiral
cations and the inorganic layers (e.g., R/S-MBA-X, X= F, Cl, Br, I)
[35, 40], andmodulating the substituents on aromatic ammonium
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FIGURE 2 Timeline of key milestones in chiral MHPs research, from the first crystal structure report to recent demonstrations of spin-LEDs.
Future directions may include lead-free chiral MHPs, long-term operational stability, and extended spin lifetimes.
cations [41]. 3) Inducing CH⋅⋅⋅π interactions by using mixed
chiral–achiral cation systems (e.g., comprising a blend of chiral
ammonium and achiral alkylammonium spacer cations) [42–44].
For example, stronger intermolecular π–π interactions between
chiral cations helps to align the ligands, which in turn facilitates
a uniform and organized asymmetric distortion of the inorganic
framework, enhancing the system’s overall chiroptical properties.

The chirality transfer in chiral MHPs is suggested to occur
through the following mechanisms: (i) chiral templating of the
surface through structural distortions, (ii) formation of a chiral
supercell via the geometric pattern of achiral cations [45], (iii)
chiral molecular dipole–MHPs transition dipole coupling [46],
and (iv) creation of a chiral crystal structure (i.e., Sohncke chiral
space group) [19]. In addition, a recent study has reported that
MHP NCs with unequal basal edge lengths can have chiral sym-
metry C1, resulting in a CD peak, even though bulk ferroelectric
CsPbBr3 is non-chiral [47].

Chiral templating of the surface via structural distortions or
twisted assemblies involves chiral cation ligands (smallmolecules
or polymers) attached to the surface of MHP NCs [27, 48].
These surface ligands induce an asymmetric distortion of the
local lattice or forms twisted NC assemblies [49], transferring
chirality to the NCs. However, the first effect is largely confined
to the surface region and does not propagate through the bulk
of the perovskite lattice. Consequently, although chiral MHP
NCs can be successfully synthesized using this approach, the
efficiency of chirality transfer is inherently limited to the surface.
A similar limitation applies to chiral molecular dipole–perovskite
4 of 23
transition dipole coupling [46]. In this case, the origin of chirality
transfer is the interaction between the static molecular dipoles
of the molecular enantiomers and the transition dipoles at the
cluster surface of the perovskite. Since the coupling is restricted
to the surface dipoles, the induced chirality does not extend
throughout the perovskite lattice. On the other hand, the twisted
assemblies exhibit higher dissymmetry factors due to strong
light-matter interactions [49]. In contrast, formation of a chiral
supercell via the geometric arrangement of achiral cations or
creation of a chiral crystal structure induces asymmetric dis-
tortions throughout the entire inorganic framework [45]. These
approaches generate more coherent and pronounced chirality
because the distortion is not confined to the surface but is
propagated across the bulk structure. Accordingly, current evi-
dence suggests that strategies promoting highly ordered, coherent
asymmetric distortions throughout the bulk lattice are the most
effective for achieving strong chirality in perovskite materials.

Importantly, electrical excitation of a chiral MHP emitter can
give rise to CP-EL. Alternatively, CP-EL can be generated (even
in achiral emitters) from the injection of spin polarized charge
carriers. In principle, the higher the spin polarization of the car-
riers, the greater the anisotropy of the CPL emission, while also
reducing spin-mismatched recombination pathways. As such, the
generation of spin polarized carriers can not only allow for CP-
EL, but also improve charge carrier dynamics, LED lifetime, and
internal quantum efficiency (IQE). For chiral MHP interlayers,
spin polarization is generated via the CISS mechanism. Since the
first discovery of the CISS effect in typical chiral 2D MHPs ((R/S-
MBA)2PbI4 (R/S-MBA = R/S-methylbenzylamine) [50], a variety
Advanced Materials, 2026



X

of chiral MHPs have been reported to show CISS by measuring
magnetic conductive-probe atomic force microscopy (mc-AFM)
[51–59].

The crystal structures of chiral MHPs used for the spin filtering
and their Pspin, dissymmetry factor of circular dichroism (gCD),
and distortion index (D) are summarized in Figure 3a−i. It is
noteworthy that the chiral MHPs incorporating chiral organic
cations with stronger intermolecular interactions, especially for
π–π interactions, tend to produce amore pronounced CISS effect.
For example, MBA- and NEA-based chiral MHPs exhibit the
higher Pspin, while alkyl chain-based chiralmolecules (e.g., HP1A,
PRDA, BA), which lack π–π interaction groups, show the lower
Pspin. Furthermore, a stronger CISS effect often is accompanied
by enhanced circular dichroism (CD), suggesting that the Pspin
may correlate with chiroptical properties (gCD) (Figure 3i). For
example, alloying (PEA)x(S-PRDA)2–xPbBr4 with a small amount
of Sn (10%) resulted in a significant amplification of gCD, leading
to a higher Pspin of 84%, compared to 60% for the pure Pb-based
composition, attributed to the larger degree of octahedral bond
distortion compared to the pure Pb-based counterpart [60].

Despite such correlations, the precise origins and key factors that
contribute to the strongCISS effect in chiralMHPs require further
investigation. Further studies are needed to better understand
the relationship between chiroptical properties, SOC, molecular
design of chiral MHPs, and the CISS effect. As the CISS effect
is often accompanied with a high D, this may indicate that D
could be an important factor influencing CISS anisotropy. D is
defined as: 𝐷 = 1

6

∑6

𝑖=1
|𝑑𝑖−𝑑0|
𝑑0

, where di represents the individual
metal–halide bond lengths, and d0 is the average metal–halide
bond distance. In an ideal octahedron, D would be zero. While
greater lattice distortion can enhance chiroptical activity, Babu
et al. demonstrated that pronounced CD responses can also occur
when D = 0, highlighting that electronic asymmetry and chiral
molecular interactions, rather than just geometric distortions, can
govern chiroptical and spin-dependent behavior [61]. However, D
does not exhibit a clear correlation with the Pspin.

3 Mechanism-Based Classification of Spin-LED
Architectures

In principle, two primary device architectures have been explored
to realize CP-EL in chiral MHPs-based spin-LEDs, as seen in
Figure 4. The first approach employs intrinsically chiral emitters.
In this approach, the chirality and emission both derive from
the active layer, and the resulting polarization originates from
asymmetric electronic transitions that are controlled by the chiral
potential and Rashba-type band splitting. The second pathway
is via selective spin-pumping, whereby circular polarization is
realized extrinsically by injecting spin-polarized carriers into an
achiral emissive layer. Here, the spin-selective transport is either
mediated through the CISS effect or ferromagnetic contacts to
provide spin-polarized electrons and holes, which radiatively
recombine to emit CPL.While bothmechanisms exploit the SOC-
structural asymmetry coupling, they fundamentally differ in the
mode of action. Figure 4 illustrates the two device architectures
and their workingmechanisms ofMHPs spin-LEDs, i.e., intrinsic
and extrinsic. Table 1 summarizes the key distinguishing features
Advanced Materials, 2026
of these twomechanisms that are critical for the operation of spin-
LED devices. In the subsequent sections, we examine how both
strategies have been realized across various chiral MHPs systems,
with particular emphasis on the underlying material design
principles, device architectures, and their resulting performance
metrics for spin-LED application.

3.1 Intrinsic Chiral Emitters (Chiral Emission
Zone)

In these systems, the optical polarization stems from the intrinsic
electronic structure of the chiral MHPs, where symmetry break-
ing within the lattice couples with strong spin–orbit interactions
to produce spin-split energy bands and spin-selective radiative
recombination pathways [63]. The magnitude of the Rashba
splitting, which is determined by the extent of lattice distortion
and SOC strength, is a key parameter [64]. While intrinsic spin-
split bands facilitate efficient CPL emission without the use of
external spin filters, translating this intrinsic mechanism into
high-performance devices requires a careful design strategy. The
same lattice distortions that strengthen chirality and Rashba
splitting can also generate trap states and impede carriermobility,
leading to nonradiative losses and lower EL efficiency. Therefore,
an optimal spin-LED architecture must balance chiral asym-
metry to maintain strong polarization with electronic transport
characteristics that ensure efficient light emission.

3.1.1 2D and Quasi-2D Chiral Emissive Films

2D and quasi-2D MHPs have attracted significant attention as
promising intrinsic chiral emitters, as their layered structures
facilitate stronger SOC and tighter exciton confinement [65, 66].
The interplay between octahedral distortions and the layered
organic–inorganic structure in 2D MHPs allows for additional
modulation of asymmetry, which promotes more efficient chi-
rality transfer from the organic spacers to the inorganic Pb–X
octahedra [64, 67]. Also, the in-plane variation in the bond angles
in non-centrosymmetric systems influences the spin splitting.
An increase in tilting asymmetry (Pb-X-Pb) leads to greater
inversion asymmetry within the inorganic layer, resulting in
enhanced spin splitting [68]. In MHPs, the combination of
inversion-symmetry breaking and strong SOC generates Rashba-
split bands with momentum-dependent spin helicities, such that
radiative recombination is favored between electrons and holes
that occupy Rashba branches with aligned spin helicity, while
transitions between opposite-helicity states are suppressed. This
helicity-selective recombination results in intrinsically circularly
polarized emission. Consequently, tuning the bond angle (Pb-
-Pb), for instance by tuning the organic spacer size or halide

composition, is crucial for maximizing spin polarization and
the EL dissymmetry. For instance, pure organic/inorganic MHPs
based on methylammonium (MA) or formamidinium (FA)- sys-
tems have shown similar spin-lifetime which indicates aminimal
effect of A-site cation, whereas the variation of halogen ions along
with inorganic sublattice have shown significant impact on spin
transport behavior [69]. Beyond static structural factors, Rashba
splitting in 2D and quasi-2D perovskites is influenced by external
electric fields and temperature, making it a dynamic rather
than fixed electronic property. For instance, both first principles
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FIGURE 3 Reported chiral MHPs used for spin polarization and their D, gCD, and Pspin. Crystal structures of a) (R/S-MBA)2PbI4, b)
(R/S-MBA)2CuCl4 (left) and (R/S-MBA)2CuBr4 (right), c) (R/S-NEA)2CoCl, d) (R/S-MBA)PbBr3, e) (R-HP1A)PbI3, f) (R-MBA)2PdBr4, g) (R/S-
MBA)(GA)PbI4, h) (R/S-MBA)2SnI4, and their i) D (top), gCD (middle), and Pspin (bottom) [51–56, 60, 62].
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FIGURE 4 Schematic illustration of two distinct emission mechanism in chiral MHPs spin-LEDs and the resulting (CP-EL) process. a) Intrinsic
mechanism: circularly polarized emission originates directly from a chiral emissive layer, Extrinsic mechanism: CP-EL arises through spin-pumping, in
which spin-polarized carriers are generated in a CISS-active chiral spin-filter layer and injected into an achiral emissive layer.

TABLE 1 Comparisons of key material characteristics, device architectures, and performance aspects of intrinsic and extrinsic emitter for chiral
MHPs-based spin-LEDs.

Key aspect Intrinsic chiral emitter LED Extrinsic Spin-pumping LED

Polarization route Intrinsic to emissive material (chiral lattice with
asymmetric recombination)

Extrinsic via spin-polarized carrier injection
via CISS or magnetic interface

Material Type Chiral MHPs, chiral organics, or
helicene-functional QDs

Chiral MHPs spin-filters + achiral emissive
layer such as QDs

Crucial Factors Chirality strength and dimensionality Spin polarization efficiency
Spin dynamics Spin splitting promotes intrinsic spin polarization

and asymmetric recombination. Influences gEL
Spin splitting governs spin-injection
efficiency and spin-filter selectivity.

Influences Pinj
Spin lifetime Governs spin preservation before radiative

recombination. Higher lifetime can result in
higher CPL

Determines spin diffusion length and spin
preservation while crossing through

interface.
EQE (%) Higher in optimized 2D/3D heterostructure Lower due to interfacial losses
Dissymmetry factor
gEL

10−3–10−1 10−4–10−1

Advantages Simple device design and Integration Independent optimization of spin generation
and emissive layer

Challenges Achieving simultaneously higher gEL and EQE Effective spin injection and depolarization at
interfaces
calculations and experimental studies have shown that an applied
or built-in electric field can significantly alter the Rashba splitting
energy (ER) and coefficient (αR) by modifying lattice distortion,
surface ligands, interfacial dipoles, and flexibility of the inorganic
framework, thereby dynamically tuning spin textures under
device-relevant bias conditions [70]. Moreover, while thermal
broadening generally promotes spin-phonon scattering and spin
dephasing, as temperature dependent measurements indicate
that thermally activated octahedral distortions and polar fluctu-
ations can, in some cases, strengthen Rashba splitting at higher
temperature. Recent work further demonstrates that both the
magnitude and thermal evolution of Rashba splitting are highly
sensitive to organic spacer polarity and exciton-phonon coupling,
highlighting the role of lattice softness and dynamic disorder in
governing spin-split excitonic states [71, 67].

Apart from intrinsic properties and externally tunable electronic
states, designing single layer spin-LEDs with higher PLQY
and strong optical chirality based on chiral MHPs emissive
Advanced Materials, 2026
layer remains a challenge due to competing electronic and
structural constraints. Recently, Yang et al. reported the link
between chiral organic spacers, lattice distortion and spin–orbit
fields to realize spin-polarized emission. The group designed
a single layer spin-LEDs based on quasi-2D MHPs with achi-
ral phenethylammonium iodide (PEAI) and chiral S/R-1-(1-
naphthyl)ethylammonium iodide (S/R-NEAI) as dual spacer
cations within a RP lattice. The presence of chiral cation
broke the inversion symmetry and induced strong Rashba-type
band splitting in the emissive layers. In a further step, the
amalgamation of PEAI and NEAI, combined with in situ passiva-
tion using carbazole-functionalized phosphonium [(9-ethyl-9H-
carbazol-3-yl)triphenylphosphonium iodide, TPPCzEtI], resulted
in smoother film morphology and narrower emission peaks.
This engineering yielded stable spin-LEDs with gPL and gEL
values of 2 × 10−3 and 4 × 10−3, respectively, and an EQE
approaching 3.7% [72]. The same group later introduced an in-
situ ligand-engineering strategy using chiral binaphthyl ligands
(R/S-BinapO) to modify MAPbBr3 NCs [73]. These chiral ligands
7 of 23



simultaneously passivated defects and imposed chiral distortion
within the MHPs lattice, which resulted in a lower gPL of 5.6
× 10−3. The measured CPL from the device was higher (gEL of
1.8 × 10−1), the highest reported for a single-layer chiral MHPs
LED at the time. PLQY also enhanced from 0.9% to 37.9% after
chiral passivation. The simplicity of the device design, requiring
no additional spin-injection layer, underscored the promise of
lattice-embedded chirality for achieving both efficiency and
polarization.

On the other hand, Yao et al. demonstrated green LEDs based
on quasi-2D chiral MHPs(R/S-NEA2(FA0.85Cs0.15)2Pb3Br10). The
optimized chiral MHPs thin film demonstrated a strong CPL at
535 nm with a near unity PLQY of 91%, and gPL of 8.6 × 10−2.
The designed spin-LED exhibited self-contained spin and energy
funneling within the same emissive film, and ultrafast transient
spectroscopy revealed the presence of long-lived excitons from
sub-picosecond (0.2 ps) transfer of spin-polarized excitons from
2D chiral domains to 3D emissive regions, leading to gEL around
7.8 × 10−2, and EQE of 13.5%, as shown in Figure 5a–f [74].

Dual-ligand and interfacial strategies further illustrate how
chirality transfer and radiative efficiency can be co-optimized
in quasi-2D emissive films. Yan et al. showed that mixed-
ligand quasi-2D perovskites can switch from transfer-type CP
emission to an intrinsic regime: when the lowest-bandgap emit-
ting phase itself exhibits intrinsic chirality, CP-EL arises from
direct recombination within that chiral emissive phase, enabling
standard and deep-blue CP-LEDs with gEL up to 1.75 × 10−1
[75]. Jiang et al. employed a chiral hybrid MHP emitter (R/S-p-
FMBA)2Cs1FA1Pb3I10 together with aMeO-2PACz self-assembled
monolayer at the HTL/MHPs interface, improving film quality,
suppressing ionmigration, and extending the spin lifetime,which
led to red spin-LEDs with EQE of 8.3% and gEL of 1.6 × 10−1
[76]. Zhang et al. used chiral ionic liquids during quasi-2D
film formation to simultaneously imprint chirality and passivate
defects, obtaining sky-blue devices (491 nm) with gEL ≈ (1.3–1.6)
× 10−1 and EQE of 13% [77].

3.1.2 Intrinsic Nanostructured Emitters

Beyond 2D and quasi-2D chiral MHPs, recent work has extended
intrinsic chirality to colloidal NCs by engineering surface lig-
ands and ionic environments. Chen et al. demonstrated in-situ
high-temperature modification of CsPbBr3 NCs with chiral R/S-
bPEABr ligands, imprinting chirality directly onto the NC surface
without forming low-dimensional phases. The resulting chiral
emitters combined a high PLQY of≈ 89%with an impressive EQE
of 15.4% and CP-EL with gEL ≈ 2.2 × 10−3 at room temperature,
establishing NC-based intrinsic chiral emitters as competitive
with 2D systems in LED devices [21].

Further developments have explored materials chemistry, orien-
tation and interfacial effects as routes to boost the performance of
chiral emitters. In one such approach, chirality and light emission
are combined within host–guest structures. Ren et al. embedded
CsPbBr3 NCs into the helical channels of enantiomeric metal–
organic frameworks (L/D-MOFs, Figure 5g–m), where the chiral
scaffold imposes helical ordering and Cd–Br coordination at the
interface, transferring chirality into the achiral MHPs lattice.
8 of 23
Simultaneously, the blue-emitting MOF host acts as a Förster
resonance energy transfer (FRET) donor that funnels excitation
into the NCs, yielding a PLQY of 78% and gPL ≈ 8.4 × 10−3 and
enabling CP white LEDs with luminous efficiency of 68.6 lmW−1

and good operational stability, showing no spectral variation even
after 2 hours of continuous operation [78].

Low-dimensional MHPs NCs such as ultrathin nanowires (NWs)
and nanoplatelets (NPLs) also exhibit CPL when combined
with chiral ligands, with several studies highlighting the impact
of monolayer thickness and superlattice orientation on CPL
performance. Chen et al. recently extended this concept to all-
inorganic chiral CsPbX3 ultrathinNWs,where chirality originates
intrinsically from helical lattice distortion caused by chiral lig-
ands. Interestingly, the handedness of the NWs was precisely
controlled using very small concentrations of chiral amines (e.g.,
R/S-MBA), which do not bind strongly to the crystal surface, but
guide symmetry breaking in NWs. Room-temperature synthesis
of left- and right-handed ultrathin NWs (<2 nm diameter) was
demonstrated, exhibiting both CISS-driven spin selectivity and
CP-EL (gEL of 5 × 10−3) [79]. Cao et al. reported an inverse relation
between NPL thickness and CPL/CD strength, while Wang et al.
used a solvent-mediated post-synthetic treatment to imprint
chirality in CsPbBr3 NPLs via simultaneous chiral ammonium
ligand exchange and partial B-site cation exchange [80]. In these
systems, enhanced CPL was attributed to ligand-induced lattice
distortions and exciton delocalization across ordered stacks,
which strengthens magnetic-dipole transition matrix elements.

3.2 Extrinsic Spin-Injection Devices (Achiral
Emission Zone)

Extrinsic spin-LEDs build on concepts from semiconductor
spintronics. They achieve CP-EL by injecting spin-polarized
carriers from a chiral CISS-based spin-filter layer into an achiral
emitter (Figure 4a), thereby decoupling spin selection from light
generation. As such, the emissive layer can remain achiral,
enabling the use of high-PLQY MHPs NCs or quantum wells
while maintaining significant polarization output. The radiative
recombination of spin-polarized carriers follows angularmomen-
tum conservation rules (Δmj = ±1), resulting in preferential left-
or right-handed photon emission, depending on the handedness
of the chiral medium. gEL in such devices depends on the spin
polarization efficiency (Pinj), spin coherence lifetime (τs) and
spin-preserving recombination probability. Therefore, two key
requirements must be satisfied for high-performance spin-LEDs
via this mechanism: (i) efficient spin-polarized carrier injection
and transport [33], and (ii) an emissive MHPs that maintains a
high PLQY while preserving spin coherence [81].

The physics of theCISS effect has beenwidely reviewed elsewhere
[82]. In currently reported device architectures, low-dimensional
chiral MHPs are employed as spin-selective layer. They are
positioned between the charge transport layer and an achiral
MHPs emitter layer. The steric hindrance of the chiral spacer
molecules can inhibit the crystallization of 2D chiral MHPs,
resulting in enhanced structural defects [83]. Consequently,
carrier losses often occur during charge transport or across the
additional interface separating the chiral and achiral MHPs layer.
Additionally, there is a high probability of spin relaxation of
Advanced Materials, 2026



FIGURE 5 Structure and performance of spin-LEDs based on R/S-NEA2(FA0.85Cs0.15)2Pb3Br10 as an emitting layer: a) device structure, b) energy
level bandgap diagram of different layers, c) CP-EL, d) current density−luminance−voltage (J−L−V) curves, e) EQE−luminance curves, f) Left- (σ+)
and right-hand (σ−) CP-EL spectra of spin-LEDs based on R-NEA2(FA0.85Cs0.15)2Pb3Br10. Reproduced with permission from Ref. [74]. Copyright
2024, American Chemical Society. g) Schematic illustration of the synthesis of CsPbBr3@L/D-MOF composites, h) emission spectra and photographs
of CsPbBr3@D-MOF-based green LED, i) CsPbBrI2@D-MOF-based red LED, j) CsPbX3@D-MOF based white LED, k) Long-term operating test
of CsPbX3@D-MOF-based white LED, l) EL intensity, and m) EL efficiency of CsPbX3@D-MOF-based white LED at different operating currents.
Reproduced with permission from Ref. [78]. Copyright 2025, Wiley-VCH GmbH.
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the spin-polarized carriers before radiative recombination in the
achiral MHPs layer.

To address the above-mentioned challenges, researchers have
explored modulating the chiral MHPs structure in order to sup-
press non-radiative routes and enhance both spin preservation
and carrier injection efficiency, resulting in an improved perfor-
mance of CISS-based spin-LEDs. To date, there are three primary
design strategies which have been explored, including: a) layered
heterostructures, b) mixed-phase or quasi-2D architectures for
inter-phase spin transfer, and c) hybrid dual-function chiral NCs
or NWs.

3.2.1 Bilayer Spin-Filter Heterostructures

Important initial work by Kim et al. demonstrated a CISS effect-
based spin-LED where 2D chiral (R/S-MBA)2PbI4 acted as a
spin-filter layer, injecting spin-polarized carriers into achiral
CsPb(Br1-xIx)3 QDs, which resulted in a gEL of 5.2 × 10−2 that
operates at room temperature without magnetic fields or fer-
romagnetic contacts. This laid the foundation to use layered
heterostructure for spin-LEDs, in which 2D chiral and 3D achi-
ral materials are used as a spin filter and an emissive layer,
respectively [33]. Using a similar concept, Ye et al. developed
type-II core–shell NCs with a low-dimensional chiral MHPs
shell and achiral 3D MAPbBr3 core. The shell injects spin-
polarized carriers into the core via the CISS effect, resulting in
CPL emission from the core. Notably, the transfer of valence
band electrons through the chiral MHPs shell occurs in a spin-
dependent manner, leading to a spin-polarized distribution of
holes in the valence band of the achiral core spin-LEDs fabricated
from these core–shell structures resulted in CP-EL with a gEL of
6 × 10−3 [20]. Similarly, core–shell MHPs quantum dots (PQDs)
were tested for spin-LEDs, where a 2D chiral MHPs ((R)-and(S)-
1-(2-(naphthyl)ethylamine)(R/S-NEA)) shell is deposited onto an
achiral 3D inorganic MHPs core (CsPbBr3). The 2D chiral cations
were found to passivate the halide vacancies at the surface of the
PQDs, which resulted in a higher PLQY of 78% as compared to
71% of core PQDs, and the resulting spin-LED exhibited an EQE
of 5.5%.

Importantly, in layered and core-shell spin-LED architectures,
bringing together a 2D chiral spin filter and 3D achiral emissive
layer can naturally introduce lattice mismatch and interfacial
strain due to difference in dimensionality, lattice constant,
octahedral connectivity, and organic–inorganic bonding motifs.
Slight modulation in interfacial distortion can be beneficial, as
it enhances local inversion asymmetry and Rashba-type spin
splitting, thereby improving spin selectivity at the interface [68,
84]. However, excessive mismatch might lead to dislocations,
surface defects, and trap states that can accelerate non-radiative
recombination and spin dephasing, resulting in lowering both
gEL and EQE. Furthermore, the built-in electric field associated
with strained heterointerfaces can alter band alignment between
the emissive layer and charge transport layer, as well as the local
Rashba coefficient, affecting spin injection and transport under
operating bias. Mitigating these competing effects while preserv-
ing efficient spin injection requires careful interfacial engineering
[85, 86]. Strategies such as a) inserting graded quasi-2D transition
layer where the variation in n enhances carrier mobility, and
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significantly extend spin lifetime [87], or quasi-2D transition layer
with intermediate lattice constants to reduce mismatch, b) opti-
mizing the thickness and composition of chiral layer to balance
spin filtering and carrier tunneling, c) employing surface passi-
vation or flexible organic spacers to suppress defect formation,
d) tuning interfacial dipole and band offsets to maintain effi-
cient spin-polarized carrier transfer, and e) exploring interfacial
chirality-induced growth at the heterostructure interface [88].

Moreover, apart from core-shell design, dimensionality and dop-
ing can also influence the CISS effect for efficient spin transfer, as
mentioned above [89]. For instance, Feng et al. reported enhanced
CISS effect by tuning the A-site and B-site mixed cation for
a green emissive spin-LED. The 2D chiral MHPs (PEA)x(S/R-
PRDA)2−xSn0.1Pb0.9Br4 was employed as the CISS layer, exhibiting
elevated CISS effects with stated spin polarization exceeding
80%. This material was used alongside achiral CsPbBr3 NCs and
resulted in spin-LED with an EQE of 5.7%, and gEL of 1.1 × 10−3
(Figure 6a–f) [58].

3.2.2 Mixed-Phase Quasi-2D “Internal
Heterostructures”

Unlike layered heterostructures, which mostly utilize 2D chiral
MHPs with an adjacent 3D achiral emissive layer, mixed-phase or
quasi-2D systems use chiral and achiral MHPs phases that coexist
within a single film. Although fabricated as a single mixed-phase
film, these devices are “extrinsic-like” functionally because spin
selectivity is established in the chiral low-n domain, while EL
predominantly originates from the higher-n (effectively achiral)
emissive domain. Such structures enable ultrafast energy and
spin funneling across internal interfaces, and this intrinsic het-
erogeneity might be beneficial for enhancing spin injection effi-
ciency and minimizing carrier losses. For instance, Zhang et al.
designed a quasi-2D MHPs spin-LED using mixed chiral-achiral
spacers for the CISS effect rather than relying only on a chiral
cation. Specifically, they combined chiral (R/S-MBA) and achiral
tert-butylammonium (t-BA), forming a band-II heterojunction
between the chiral n = 1 QW and the achiral higher-n QW. This
resulted in hole back-transfer and interphase spin filtering via
the CISS effect. The incorporation of the achiral spacer not only
promoted the formation of higher-nQWs but also randomized the
orientation of the chiral lower-n QWs, forming a vertically uni-
form distribution that promoted spin-polarized carrier tunneling
within a single MHPs layer [90]. In another approach, R/S-MBA
and 2PEA were co-employed as dual ligands to achieve blue-
emissive quasi-2D spin-LEDs with 3.8% EQE and 93% stated spin
polarization [91]. In another report, Li et al. [92] devised a spin-
LED architecture utilizing high-quality chiral quasi-2D MHPs
that enabled spin-polarized charge recombination and CP-EL,
without requiring a heterojunction of distinct functional mate-
rials. Their design employed an ultra-thin (n = 1) bottom layer
serving as a spin-filtering interface, while a quasi-2D MHPs (n =
3) acted as the recombination and emission center. This device
achieved a gEL ≈ 1× 10−1, attributed to the emission-chiral vertical
stacking configuration of the MHPs layers. Notably, a spin carrier
lifetime of 20 ps was reported. The overall final device exhibited
an improved EQE of 15.4%. Similarly, using a chiral quasi-2D
MHPs together with different halide compositions, Yao et al.
reported spin-LEDs with emission wavelengths tunable from red
Advanced Materials, 2026



FIGURE 6 Performance of spin-LEDs. a) The energy level diagram for the spin-LEDs made of the different layers. The complete structure is
ITO(glass)/m-PEDOT:PSS/quasi-2D MHPs/TPBi/LiF/Al structure, b) Bias voltage dependent electroluminescence spectra for the R-CHP based spin-
LEDs, c) Current density–voltage–luminescence (J–V–L) characteristic curves for the R-/S-CHP based spin-LEDs, d) Measurements of EQE current
density curves for spin-LEDs with optimal performance, e) Derived dissymmetry factor (gEL) for the R-/S-CHP based spin-LEDs, f) The cross-sectional
scanning electron microscopic image for the spin-LED comprising ITO/m-PEDOT:PSS/CHP/TPBi/LiF/Al. Reproduced with permission from [58].
Copyright 2024, American Chemical Society, and g) CD and h) CPL spectra of chiral CsPbBr3 PQDs with different ligand exchanged processes. US
ultrasonic treatment. The corresponding i) gabs and gPL values of chiral CsPbBr3 PQDs with different ligand exchange processes, j) R-LED, k) S-LED, l)
Wavelength-dependent gEL of R/S-LEDs. Reproduced under the terms of the CC-BY license [34]. Copyright 2025, The Authors.
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(675 nm) to near-infrared (788 nm). The rational design of R/S-
NEA2(FA0.8MA0.2)2Pb3Br10-xIx MHPs, combined with the incor-
poration of a phosphoric acid-based additive (EDTMP), enabled
not only emission tuning but also significant defect passivation
and improved film morphology. This led to an impressive PLQY
of 86.7% and an EQE of 12.4%. Given that the g-factor of CPL is
closely related to the ratio of τspin to τrad, iodide-rich chiral MHPs,
featuring longer spin coherence times and shorter radiative
lifetimes, exhibited enhanced CP-EL responses [93]. For example,
an increase in iodide content has gEL values reaching as high as
1.48 × 10−2.

To further deepen the understanding of spin-related chiroptical
performance such as spin lifetime, magnetic transition dipole
moment and chiral-induced spin orbit coupling (CISOC) and
the impact of temperature on g-factor of circular polarization in
quasi-2D chiralMHPs, Li et al. studied the tuning ofmolar ratio of
chiral-achiral ligands on chiroptical performance. By enhancing
themolar ratio of R/S-MBABr with respect to achiral component,
lower phase formation was favored along with enhancement in
CD signal. Importantly, spin lifetime showed an inverse relation
with the carrier density, which informs on spin transport and
depolarization mechanisms at larger fluence. A green spin-LED
was demonstrated with an EQEmax of 10.4% and excellent stability
as the EL intensity at 535 nm increased constantly with applied
bias voltage from 3.5 to 6 V. Furthermore, the gEL was found to
be ≈ 5 × 10−2, and the majority of CP-EL were attributed to the
polarized holes as the lead-bromide based MHPs as known to
have p-type character [94].

3.2.3 Ligand-Engineered Nanocrystals (Chiral Shell /
Achiral Core)

Ligand-engineered chiral MHP NCs offer an extrinsic route in
which spin selectivity is introduced at the NCs surface by chiral
ligands, while EL predominantly originates from the nominally
achiral perovskite core. Given the rich surface chemistry of
MHPs NCs, ligand engineering plays a pivotal role in optimizing
their optoelectronic performance. Controlling ligand density and
coverage is crucial for preserving chirality-induced spin filtering
while simultaneously minimizing trap states that lead to non-
radiative recombination. To this end, ultrasonic-assisted ligand
exchange has been reported as an effective strategy for obtaining
chiral colloidal MHPs NCs. This technique facilitates better
passivation of surface defects, resulting in enhanced PLQY to
94% as compared to 86% (without ultrasonication), reinforcing
the structural stability of the MHPs lattice while preserving spin
coherence for efficient CPL emission. Using this approach, He
et al. demonstrated that chiral MHPs NCs can concurrently act as
spin filters and light emitters, achieving a higher gEL of 2.85 × 10−1
and EQE of 16.8%, as shown in Figure 6g–l. The ligand-exchange
resulted in an enhanced reported Pspin to 86–89% as compared to
pristine (Pspin of 27–36%) [34].

3.3 Analysis of Performance Data for Current
Spin-LEDs

Data gathered from the studies discussed above are collected in
Table 2 and key performance correlations are graphically depicted
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in Figures 7a,b. The compiled dissymmetry factors reveal a
clear gap between chiroptical performance frommaterials versus
devices. Devices exhibiting high gEL often show modest EQE,
and vice versa, which has remained an established challenge
in spin-LEDs for a range of materials [13]. For example, early
spin-LEDs based on chiral methylbenzylammonium in 2D/3D
heterostructures reached an EQE of 10.5% with gEL ≈ 5 × 10−2,
whereas more recent NC-based devices employing lightly chiral-
doped MHPs emitters achieved an EQE ≈ 15.4% but with gEL on
the order of 10−3 [21]. It would seem that structures that minimize
transport losses to maximize EQE can dilute spin polarization,
whereas strongly chiral architectures enhance gEL at the cost of
carrier mobility and additional interfaces. However, this trend is
not uniform across all materials. For intrinsically chiral quasi-
2D emitters such as R/S-NEA2(FA0.85Cs0.15)2Pb3Br10, gEL (7.8 ×
10−2) closely follows gPL (8.6 × 10−2), and the near-unity PLQY
(∼91%) enables an EQE of 13.5% [74]. This deviation is expected
when spin selectivity and light emission are co-localized within
the same quasi-2D emissive framework, minimizing interfacial
spin depolarization during carrier transport. In such intrinsically
chiral emitters, gEL therefore approaches gPL indicating that CP-
EL is governed primarily by chiral radiative transitions rather
than spin-pumping across a separate transport layer. Ultimately,
advancing high-performance spin-LEDs requires device designs
that concurrently optimize charge transport, spin coherence,
and interfacial coupling to deliver both strong CPL and high
efficiency.

Spin-LEDs that rely on CISS-driven spin injection from low-
dimensional chiral layers tend to show reduced CP-EL under
ambient conditions because spin information is partially lost
during transport and at interfaces. Ideally, chiral ligands act as
spin filters and, at the same time, passivate interfacial defects,
aligning carrier spins before recombination so that gEL can
substantially exceed the gPL. The embedding chiral organic com-
ponents throughout the bulk (fully 2D chiral MHPs) generally
increases gPL and gEL, potentially due to enhanced lattice distor-
tion and exciton confinement; however, this usually lowers EQE
because of the insulating nature of the bulky spacers. A thin 2D
chiral MHPs placed beneath a CsPbI3 QD emitter can circumvent
the insulation problem, yet the limited QD thickness required
to match the short spin-coherence time at room temperature
restricts both luminescence and spin selectivity.

In contrast, architectures that use mostly achiral MHPs with
only a small amount of chirality (surface ligands or low-fraction
chiral dopants) tend to preserve high EQE but yield very small
g values. It is therefore desirable to engineer structures in which
chiral sub-domains efficiently transfer their spin polarization to
high-efficiency emissive domains. Core–shell MHPs QDs with an
achiral core and a chiral shell are one such example. To date,
2D or quasi-2D chiral MHPs have been mainly used as shells;
however, quasi-2D MHPs such as PEA-based CISS layers exhibit
weak spin selectivity and gEL (10−3) because penetration of the
chiral cations into the core partially depolarizes the emission
[20]. These points toward designing bulkier organic cations that
suppress penetration. NEA-based chiral cations, for instance,
yield much stronger spin polarization, gEL ≈ 10−1 and higher
PLQY than PEA [89], consistent with a larger magnetic-dipole
transition moment and more effective defect passivation [96].
Exploring larger aromatic chiral cations could further enhance
Advanced Materials, 2026
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FIGURE 7 a) A summary of gEL for different materials, b) g(CP-EL), c) EQE (%) of spin-LED devices based onMHPsNCs and quasi-2D chiral MHPs,
and d) Impact of spin dephasing on CP-EL.

FIGURE 8 Current limiting factors for chiral MHPs-based spin-LED include lower dissymmetry, recombination losses, spin dynamics, and
materials stability.
dissymmetry via stronger chiral electronic coupling, but may also
introduce additional lattice strain and hinder charge transport,
which motivates the use of chiral MHPs NCs as an alternative
platform with improved mobility and film quality.

4 Overcoming Material and Device Challenges
in Spin-LEDs

Even though significant strides have beenmade for both intrinsic
and extrinsic device designs, creating robust, high-performance
spin-LEDs still presents a number of interconnected challenges
related to materials, interfaces, and device engineering. As
highlighted in Figure 8, some of the main hurdles include
limited dissymmetry, losses from non-radiative recombination,
14 of 23
spin dephasing, and issues with environmental stability. The
shift from achiral to chiral MHPs brings exciting new spin-
selective functionalities, but it also adds layers of structural and
interfacial complexity that can disrupt charge-spin coherence.
This is clearly illustrated by the noticeable gap between the
reported spin polarization and CP-EL values (Figure 7d). In this
section, we discuss the key structural and optical limitations,
along with potential strategies to overcome them for realizing
efficient spin-LEDs.

4.1 Dissymmetry Factor

Many of the current studies report small dissymmetry values
(10−2 to 10−3). It is important to note that such values must be
Advanced Materials, 2026



measuredwith care, since there aremany potential artefacts, such
as birefringence, fluorescence anisotropy and optical outcoupling
[97]. As we have seen a large variation in g-factors reported,
adoption of standardized CPL and CP-EL characterization proto-
cols becomes essential to reliably distinguish intrinsic chiroptical
responses from experimental artefacts across different material
systems and device architectures. Furthermore, to realize the
potential of spin-LEDs in technological applications, the gPL and
gEL values should be as high as possible and ideally >10−1. For
materials used as intrinsic chiral emitters, the product of PLQY
and gPL may be used as a key parameter to conveniently evaluate
performance [98].

Recent work indicates that achieving this regime does not
simply depend on enhancing molecular chirality, but rather on
amplifying chirality transfer and intrinsic spin splitting within
the inorganic perovskite. For instance, nano-confined growth
strategies have been shown to impose controlled micro-strain
that strengthens asymmetric H-bonding between chiral spacers
and the inorganic framework, leading to pronounced increase
in absorption dissymmetry (gCD) and gPL at room temperature
[99]. On the other hand,magneto-optical studies have established
a direct correlation between the intrinsic exciton spin splitting
energy (ΔEZ) and the g-factor, showing that strong chiroptical
activity is primarily dictated by the magnitude of spin splitting,
rather than by molecular dipole contributions alone. In this
context, structural features such as in-plane octahedral tilting
and out-of-plane halide displacement play a central role in
determining ΔEZ, and thus set the upper limit for the achievable
g-factor [63].

Apart from engineering the chiral molecules directly, integration
of MHPs with chiral liquid crystals (CLC) can act as a promising
route to enhance the gPL. CLCs provide a long-range ordered self-
organized chiral superstructure and can guide the assembly of
nanosized luminescent building blocks into highly ordered chiral
nanomaterials over larger scales [100, 101]. Several other reports
based on different emitter systems, such as chiral fluorescent
dyes mixed with liquid crystals, have resulted in enhanced gPL
[102]. So, integrating MHPs with the CLC system might be an
interesting approach toward formulating a spin-LED. However,
it should be noted that the use of CLCs can significantly reduce
the luminescence efficiency due to the selective reflection of light
by CLCs. While there are several potential methods to combine
MHPs with CLCs, one option is chemically cross-link the mate-
rials. For instance, Zhang et al. designed liquid crystal-templated
chiral system by integrating photo-polymerizable CsPbX3 PQDs
into a structurally colored elastic polymer network through cross-
linking. This structural integration exhibited excellent chiroptical
properties and CPL with a maximum gPL of 1.5 under UV
light [103]. On the other hand, Liu et al. demonstrated MHPs
and CLC layer-based soft helix resulting in bilayer architecture,
where the introduction of polyacrylonitrile (PAN) in the bilayer
improved the luminescent efficiency and stability of MHPs while
conserving CLC characteristics. Overall, the bilayer resulted in
full-color CPL with a high gPL of 1.9 and stability over 6 months at
room temperature [104]. Recently, Xu et al. also reported a high
gPL of 1.73 based on polymethyl methacrylate (PMMA) or PAN-
based CsPbX3 matrix separately stacked with CLC, where the
stacking method impacted the handedness of the CPL [105]. To
date, however, these LC-templated and polymer-embedded chiral
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MHPs have not yet been tested at the device level. Exploring how
their exceptional chiroptical responses translate under electrical
excitation remains an open and promising direction, and will
be essential for assessing their potential as active layers in
spin-LEDs.

4.2 Spin Dynamics in Spin-LEDs

Spin dynamics play a critical role in spin-LED performance.
In practice, CP-EL is retained only when spin information
survives over the timescale relevant to radiative emission, so
the key requirement is not merely a long spin lifetime but a
favorable timescalematching between spin coherence and recom-
bination. Specifically, radiative recombination should proceed
on a timescale comparable to or faster than spin relaxation
(τr ≤ τs); otherwise, rapid spin randomization suppresses spin
polarization and reduces CP-EL. This constraint is particularly
stringent at non-cryogenic temperatures, where many inorganic
semiconductors exhibit short τs. [106, 107] In MHPs, τs and
τr are additionally sensitive to defect density, crystallinity,
operating temperature, and spin–phonon coupling [108, 109].
Table 3 compiles representative τs and τr values reported for
perovskite systems used in spin-LEDs and shows that τr (often
obtained from PL/TRPL decays) is frequently much longer
than τs (typically extracted from time-resolved spin/polarization
measurements). This apparent disparity does not necessarily
contradict the observation of CP-EL, because PL/TRPL lifetimes
commonly represent ensemble-averaged decays that include
slow components such as trapping, delayed emission, and other
nonradiative pathways, whereas CP-EL can be set by early-time
emissive channels or by specific states/domains in which spin
information is preferentially retained [109, 110]. In this perspec-
tive, we try to address an apparent inconsistency on how chiral
NC-based devices can exhibit CP-EL despite picosecond-scale τs,
while quasi-2D emitters achieve comparatively large dissymme-
try without requiring exceptionally long τs. The key lies in the
balance between spin relaxation and radiative recombination.
For instance, in quasi-2D emitter, where energy/spin funneling
and the relevant emissive pathways can be ultrafast, may reach
comparatively large dissymmetry without requiring long τs [93].
However, direct comparison highlights a key methodological
limitation, as τs and τr are often measured under different
excitation conditions, probe different carrier/exciton populations,
and are reported with non-uniform definitions. Moving for-
ward, more directly comparable datasets, such as co-measuring
spin polarization dynamics and emissive recombination under
matched excitation/operando conditions with consistent fitting
metrics, will be important for establishing clearer design rules for
CP-EL retention.

In colloidal MHP NCs, chirality is often introduced extrinsically
through chiral surface ligands rather than the inorganic NC
core itself, as seen in previous sections [48]. Because spin
relaxation in these systems can be dominated by surface scat-
tering and exciton-phonon coupling (e.g., via the Elliott–Yafet
(EY) mechanism) [111, 112], chiral ligands may indirectly prolong
spin coherence/lifetime by breaking local symmetry, passivating
surface traps, and mitigating phonon-assisted scattering, thereby
preserving spin polarization up to radiative recombination and
strengthening CPL/CP-EL [11].
15 of 23



TABLE 3 Representative spin lifetime/coherence (τs) and recombination timescales (τr) in perovskite systems used for spin-LEDs, spanning
including intrinsically chiral quasi-2D and 3D emitters, and extrinsic achiral 3D NCs emitters.

Dimensionality Mechanism Emission (nm) τs (ps) τr (ns) Refs.

Quasi-2D Intrinsic 675 22.0 207.5 [93]
Quasi-2D Intrinsic 728 87.8 54.8 [93]
Quasi-2D Intrinsic 782 119.6 55.8 [93]
Quasi-2D
(mixed phase)

Intrinsic
(internal-heterostructure)

726 27.59 15.44 [76]

Quasi-2D Intrinsic 491 10.4 16.5 [77]
Quasi-2D
(mixed phase)

Intrinsic 528–530 — 1.726 [74]

3D (control) Intrinsic 528–530 3.0 157.7 [74]
3D NCs Extrinsic 678 14.2 1.34 [33]
3D NCs Extrinsic 780 3.86 1.08 [33]
3D NCs Intrinsic 520 5.9 — [21]
As seen, 3D MHPs have shown much lower spin lifetime in
picosecond range at room temperature as compared to nanosec-
ond range at cryogenic temperature [113, 114]. As a result,
strategies such as π-conjugated chiral ligands, stronger binding
to NCs surfaces, and rational organic cation engineering can help
reduce non-radiative decay and improve spin-polarized charge
dynamics [115]. Apart from chiral molecule design, the thickness
of the 2DMHPs system plays a vital role in spin relaxation process
[116, 117]. It is notable that most of the spin-LEDs reported to date
state a CISS-based Pspin ≥ 80% whereas, the highest PCP-EL is ≈

15% (gEL = 3 × 10−1) (Figure 7d), which suggests significant spin
dephasing issues. While the details underpinning this disconnect
are still being determined, relevant mechanisms to consider
include a) EY, b) D’yakonov-Perel (DP), and c) Bir-Aronov-Pikus
(BAP) [118].

To expand the range of possible chiral MHPs using materials
that are commercially available, a promising avenue is to explore
achiral-chiral cation combinations, given the higher availability
of achiral components. As described above [42, 43], the interplay
between chiral and achiral cations, such as non-covalent aryl-
perfluoroaryl interaction and C-H π interaction, impacts the
chiroptical activity and spin dynamics. [42, 119, 120] For instance,
Sun et al. [56] explored the incorporation of achiral guanidinium
(GA+) and chiral R/S-methylbenzylammonium in the MHPs
inorganic framework. The inclusion of GA+ led to the formation
of an H-bonded network, which induced a highly ordered zigzag
chain arrangement with layered stacking. Overall, there was
a significant enhancement in the spin-related properties, such
as longer spin lifetime (≈7 ns) and higher CISS effect with
maximum spin polarization degrees of 92% and -94%. On the
other hand, as chiral organic cations have been proven to reduce
the PLQY of layered 2D MHPs up to a certain extent due to
strong losses from non-radiative recombination, engineering the
organic cation structure have shown enhanced PLQY values and
chiroptical characteristics in chiral 2D MHPs [30]. Liu et al.
[121] tuned the position of halide (Br) atom from para- to
meta-position in the (R/S)-3BrMBA2PbI4 aromatic ring resulted
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in enhanced PLQY (39%) and CPL of 52%, resulting in gPL
of 1 due to higher degree of distortion at room temperature.
Interestingly, relaxation dynamics studies via TA spectroscopy
revealed that TA decay in the ground state bleach (GSB) of R-
3BrMBA2PbI4 is faster than that of R-4BrMBA2PbI4 which might
be attributed to suppressed population of nonradiative decay
routes in R-3BrMBA2PbI4. Along with reduced non-radiative
population, the spin polarization lifetime was found to be in
the microsecond(µs) range, which is much longer than usually
found in chiral MHPs (ps to ns). This shows the effective-
ness of cation engineering on reducing the population of dark
states, resulting in faster radiative emission, maintaining circular
polarization.

4.3 Stability of Chiral MHPsMaterials

MHPs stability is another crucial factor in determining the
long-term performance, operational lifetime, and practical appli-
cability of chiral MHPs LEDs. Due to their potential use in
spin-photon interfaces, quantum information technologies, and
for high-efficiency CP emission, ensuring the structural and
optoelectronic stability of these materials is essential. Among the
factors governing stability, the intrinsic structural integrity of the
chiral MHPs lattice plays a defining role. In case of chiral NCs,
the weak ligand-NC interactions often lead to the detachment
of ligands, resulting in a reduction or complete loss of CPL.
However, chiral-spin LEDs often show enhanced stability, as
compared to traditional MHPs-based LEDs due to the structural
modification. For example, organic cations in 2D MHPs, which
are effective materials in spin LEDs, serve as hydrophobic
barriers and can cap the grain boundaries by forming a 3D
network that inhibits ion migration and defect growth [122].
Similarly, the layered (R-MBA)2PbBr4 structure is less prone
to halide migration at operating biases because the 2D layers
block ion movement, leading to more stable EL. Despite these
observations, designing chiralMHPs systemswith higher stability
as well as optoelectronic performance is needed. Some recent
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approaches include the introduction of the block copolymer
micellar nanoreactor strategy to achieve simultaneous chirality
transfer and enhanced stability in MHPs NCs. Unlike traditional
ligand-based methods, which suffer from ligand detachment
and environmental degradation, the polystyrene-block-poly (2-
vinyl pyridine) (PS-B-P2VP) polymer micelle framework forms
a supramolecular chiral environment, ensuring robust CPL
retention and long-term structural stability [38]. Another study
improved the stability of chiral MHPs by leveraging structural
isomer-derived H-bonding interactions. By employing naph-
thyl ethylamine (NEA) cations with different functional group
positions (1-NEA vs. 2-NEA), the authors demonstrated that
2-NEA-based chiral MHPs exhibits stronger asymmetric H-
bonding, leading to greater lattice distortion, enhanced spin
polarization, and superior environmental stability under harsh
conditions such as 75◦C and 75% relative humidity or 1 week.
More attention is needed in the engineering of chiral molecules
to minimize the interfacial energy losses in LED devices by
passivating defects and aligning interfacial energy band simul-
taneously [123]. Furthermore, to enhance the stability against
moisture and humidity, the introduction of hydrophobic groups
like isobutyl and benzene-ring-based chiral molecules may be
useful. [124]

4.4 Optical and Scalability Challenges for
spin-LED Display Application

As display technologies transition towards micro-/nano-LEDs
architectures [125–129], chiral MHPs are emerging as potential
materials due to their ability to generate CPL directly at the
source level. Their capacity to emit circularly polarized light
directly from the emissive layer offers an attractive possibility
for simplifying optical stacks and improving efficiency. Viewing
angle uniformity is a crucial for spin-LEDs, as it directly affects
brightness, contrast ratio, the effective g-factor of polarized
light emission under practical operating conditions, and strongly
depends on structural and optical factors [130–133]. However, the
field is still in its early stages, and several fundamental challenges
related to optical design, scalable fabrication, environmental
stability must be resolved before practical display integration
becomes realistic [134, 135].

Recently, a study demonstrated the development of large-
scale one-step, scalable synthesis of producing up to 500 mL
of R/S-CsPbBr3 NCs ink. When incorporated with polymeric
matrices such as ethyl cellulose (EC) which acted as both
a passivation agent and structural scaffold, these inks exhib-
ited enhanced PLQY and improved environmental stability
(≈80% PL intensity after 100 days in air and ≈60% after 30
days in water) and mechanical integrity. Finally, they demon-
strated large-area CPL film over centimeter scale using coating
techniques, exhibiting consistent glum across multiple spatial
locations [136].

5 Summary and Outlook

MHPs have recently emerged as a class of materials where
chiroptics, optoelectronics, and spintronics meet, providing a
versatile way of producing circularly polarized light through
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intrinsic chirality or the CISS effect. With further developments,
the resultant devices are good candidates for future display,
quantum photonics, and secure communications. While chiral
organic electronics have achieved strong chiroptical properties
through molecular and photonic designs, their device perfor-
mance is often constrained by trade-offs between chirality and
charge transport, as well as challenges in controlling molecular
orientation and helical stacking. Moreover, under operating
conditions (e.g., doping and electric fields), the formation of
polaronic/bipolaronic charge states can modify spin-magnetic
polarization and charge-transfer pathways, making spin-selective
behavior difficult to control reproducibly [137]. In contrast,
chiral perovskite spin-LEDs integrate chirality within the hybrid
perovskite lattice (via chiral organic cations), such that spin selec-
tivity can be governed largely by band-structure and interfacial
spin-filtering effects (e.g., Rashba-type spin splitting and CISS),
rather than by the specific molecular packing motifs required in
organic semiconductors, often providing improved morphologi-
cal robustness and comparatively defect-tolerant optoelectronic
behavior. As described in this perspective, spin-LEDs based on
chiral MHPs can be prepared by two complementary pathways:
a) intrinsic chiral emitters, in which the MHPs chiral structure
gives rise to CPL, and b) extrinsic spin-pumping, where spin-
polarized carriers are generated by the chiral layer, via CISS, and
injected into an achiral emissive layer. These two strategies offer
a powerful foundation for designing suitable spin LEDmaterials;
however, they also highlight the delicate interplay between circu-
lar polarization, spin coherence, and structural stability. They also
demonstrate other challenges related to broader optoelectronic
performance, such as lattice distortion, creating trap states that
increase non-radiative recombination and degrade efficiency and
stability.

To further increase the g factor beyond the typical (10−2–10−3)
range, chiral metasurface-assisted approaches present a promis-
ing route [138]. By engineering the resonant photonic modes with
strong CD, metasurfaces can amplify light-matter interactions
asymmetrically for σ+ and σ− photons, effectively enhancing
the emission without modulating the intrinsic material chirality.
Moreover, the concentration of the chiral ligands and their spatial
distributionneeds further optimization, as reduced concentration
of chiral ligands tends to decrease the optical dissymmetry factor
[139]. Beyond surface chemistry, ion doping such asMn2+, or Co2+
has emerged as another effective route to elevated chiral activity
and dissymmetry factor [140, 141]. Overall photonic structuring,
optical resonance such as plasmonic effects and Mie resonances,
metasurfaces with bound states in the continuum (BICs), optical
field manipulation, ligand optimization, and dopant engineering
offers a promising pathway to achieve higher dissymmetry.

Low-dimensional chiral MHPs NCs and NPLs stand out as
promising classes of materials for overcoming such key limita-
tions. Quantum and dielectric confinement within these NCs
increase the exciton binding energy and accelerates radiative
recombination, reducing spin relaxation and enabling stable
EL dissymmetry at room temperature. Within extrinsic spin-
filtering architectures, building on the anisotropic NPL systems
introduced in Section 3.1.2, anisotropic MHPs NPL films (e.g.,
APbX3 NPLs) interfaced in a parallel, planar geometry with 2D
chiral MHPs offer a distinct and still largely unexplored design
space for spin–photon devices. By adjusting NPL thickness, band
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alignment, and in-plane orientation, such heterostructures could,
in principle, enable polarization-programmable Spin-LEDs with
simultaneous control over brightness and the balance between
linear and circular polarization–capabilities that are difficult to
realize with isotropic NCs or conventional quasi-2D systems.

Furthermore, the use of chiral ligands needs to be carefully
studied to further improve chiral properties while simultaneously
passivating surface defects. For instance, π-conjugated chiral
ligands have shown some promising results in this direction
[142], which upon further optimization may help mitigate the
usual trade-off between spin polarization and efficiency. Higher
gPL may be attained through both intrinsic and extrinsic routes.
Intrinsic chirality can be introduced by incorporating chiral
organic cations into the MHP framework, whereas extrinsically
induced chirality can be achieved by layering chiral ligands onto
the surface of NCs, and through superstructure growth of chiral
MHPs [30, 143, 144].

Beyond the optimization of chiral MHP materials for spin-LEDs,
there is still significant scope for further device design and opti-
mization. For example, itmay be possible to integrate the emissive
layer with optical cavities, although reflection within the design
would need to be carefully considered [145]. For downstream
applications, it will be important to address the narrow spectral
range that currently limit MHP spin-LEDs [116–118]. Although
conventional MHP LEDs have already achieved full-color emis-
sion spanning from the NIR to blue, chiral MHPs spin-LEDs
still face difficulties in achieving the same spectral coverage
[146]. Controlling the bandgap, spin coherence, and chiroptical
response all at once across various halide compositions is the
main challenge. Cl-based systems that emit blue light have short
spin lifetimes and weak spin–orbit coupling, whereas red I-rich
MHPs are unstable due to defect formation and halide migration.
In order resolve these limitations, broadly applicable chiral
ligand frameworks that create strong lattice asymmetry without
impeding carrier transportmust be combinedwith compositional
and dimensional engineering. New approaches might include
multi-emissive heterostructures that take advantage of energy
and spin funneling across layered domains, and tandem chiral
spin-LED architectures, which stack individual red, green, and
blue sub-cells to produce tunable color, broadband CPL emission.
Exploring lead-free double MHPs, quantum-well superlattices,
and data-driven chirality design may further advance stable,
efficient, and color-consistent spin-LED technologies.

Lead-free MHPs also represent an important direction for
translating spin-LED concepts toward more technically relevant
platforms, yet their promise must be considered in terms of
both spin physics and operational stability. Replacing Pb can
modify SOCand band-edge symmetry, which in turnmay reshape
Rashba-type spin splitting and the efficiency of CISS-enabled
spin filtering. A critical long-term research direction is the
development of lead-free chiral MHP-inspired materials that
preserve sufficiently strong SOC, direct-allowed optical transition
while maintaining high radiative efficiency. At the same time,
stability requirements are likely to become more stringent under
electrical bias where the compositions must resist oxidation,
defect formation, and ion/vacancy migration, and any chiral
functionality must remain robust against ligand desorption.
Among potential materials, Sn-based perovskites can provide
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comparable band structures but remain limited by Sn2+ oxidation
and instability, while double perovskites and related Bi/Sb-based
halides [147] offer improved chemical robustness yet typically
suffer from indirect bandgaps and lower radiative efficiency. At
present, no lead-free chiral perovskite matches the combined
SOC strength, photoluminescence efficiency, and operational
stability of Pb-based systems. Importantly progress would benefit
from reporting spin-relevant figures of merit alongside standard
optoelectronic metrics, for example, the spin polarization and
spin-coherence lifetime relative to the radiative recombination
timescale, together with continuous-operation lifetime to help
understand lead-free compositions application as intrinsic chiral
emitters, spin-selective interlayers, or as hybrid architectures in
which spin selection and emission are co-localized.

Stability remains one of the central challenges for lead-based
chiral perovskites, particularly under ambient conditions where
moisture can disrupt structural chirality and accelerate material
degradation. As a result, advanced encapsulation strategies are
necessary to ensure long-term stability. Importantly, the chi-
ral crystalline framework needs further optimization in terms
of defect passivation and hydrophobic coating. Compositional
engineering focusing on partial substitution of halide or metal
cations (Pb/Sn) might be helpful in reducing lattice strain and
suppressing phase instability.

Looking ahead towards the micro-spin-LED future, the integra-
tion of defect-engineered chiral MHPs single crystals-based color
conversion layer with scalable micro-patterning and optimized
optical stacks, and polarization-selective optical elements can
offer an attractive pathway for high-resolution spin-LED displays
with a control over CPL at pixel level without sacrificing spin
coherence or emission efficiency.

At last, a critical bottleneck and limiting factor in the progress
of chiral MHPs based spin LEDs is the absence of standardized
and reproducible methods for measuring CPL and CP-EL, which
makes direct comparison of the key metrics, especially g-factors
difficult across different experimental conditions. Advancing
the field therefore require consistent characterization protocols,
transparent reporting of the CPL spectra, and experimental
conditions [97].
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