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Spin selectivity in chiral metal—halide
semiconductors

Tanglue Feng, @@ Zhiyu Wang, Zixuan Zhang, Jie Xue and Haipeng Lu & *

Controlling the spin states of freedom represents a significant challenge for the next-generation opto-
electronic and spintronic devices. Chiral metal-halide semiconductors (MHS) have recently emerged as
an important class of materials for spin-dependent photonic and electronic applications. In this
Minireview, we first discussed the chemical and structural diversity of chiral MHS, highlighting the chirality
formation mechanism. We then provided our current understanding on the spin-sensitive photophysical
and transport process with a focus on how chirality enables the spin selectivity in chiral MHS. We sum-
marized recent progress on the experimental demonstration of spin control in various photonic and spin-
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1. Introduction

In recent years, hybrid metal-halide semiconductors (MHS) have
aroused extensive interests because of their rich chemical and
structural diversity and superior optoelectronic properties includ-
ing high extinction coefficient, tunable bandgap over a wide wave-
length range, high carrier mobility, and long carrier lifetime
etc."™ MHS especially the most representative metal-halide per-
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tronic devices. Finally, we discussed ongoing challenges and opportunities associated with chiral MHS.

ovskites, in particular, have emerged as a revolutionary solution-
processable semiconductor system because of their excellent opto-
electronic properties as demonstrated in several seminal reports
since 2009“° on their photovoltaic performance. Recently,
uniting chiral organics with inorganic MHS adds new degrees of
complexity to the MHS, and presents new opportunities for chir-
optic, chiroptoelectronic and spintronic applications where con-
trolling spin state of freedom is a critical component.”*>
Chirality is an important structural property in many
materials, such as amino acid, molecular drugs, macro-
molecules (DNA, peptide), and inorganic quantum dots, which
are essential to their distinct functionality, including bio-
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specific recognition, chiroptical activity, and optical/electronic
applications.»*'"'*'7 The flexible crystal structure and
tunable composition of MHS allow chiral organics to be inter-
calated into the metal-halide frameworks, or functionalized
on their nanocrystal surface, thus expediently endowing MHS
with chirality.>*'* Compared with other chiral systems, such
as organic small molecules, biomacromolecules and inorganic
quantum dots, chiral MHS exhibit several advantages, includ-
ing solution processability, suitable bandgaps, superior optical
and electronic properties, and high spin selectivity.

Spin selectivity in chiral MHS is recently demonstrated in
various optical and transport processes.'®*?° On one hand,
chirality leads to chiroptical activity, namely circularly polar-
ized absorption and/or emission, which carries +1) angular
momentum. In semiconductors with strong spin-orbit coup-
ling (SOC), angular momentum contains both spin and orbital
angular momentum (J = L + S). As such, circular polarization
carries spin information, namely, right- and left-polarized
light, correspond to two spin states of photons in the quantum
picture.”’ Chiral MHS thus enables spin control in optical
absorption and/or emission. On the other hand, the strong
SOC, long spin coherence lifetime and tunable Rashba
splitting”'>**"*” when combined with chirality, results in highly
spin-polarized charge transport through chiral MHS. As such,
recent demonstration of spin-dependent charge transport in
chiral MHS provides a new paradigm for spin
manipulation.”®**3° Charge transport in chiral MHS is shown
to be highly spin dependent, and such process can be modu-
lated by the handedness of chiral MHS. The process is proposed
to be mediated by chiral-induced spin selectivity (CISS) effect,
which does not require cryogenic temperatures and high mag-
netic fields, thus affords new directions for spintronic appli-
cations. CISS effect'>'**'™*! has been demonstrated in various
chiral systems, such as organic small molecules,*>* %>
biomacromolecules®”***¢ and inorganic quantum dots.*” Spin
polarization mediated by CISS in chiral MHS appears to be
much higher than those of chiral organic systems. Moreover,
the structural asymmetry arising from the chiral space group
(Sohncke space group) in chiral MHS also results in interesting
non-linear optics (NLO)**° and ferroelectricity.>">* Thus far,
the family of chiral MHS have been rapidly expanded and have
been investigated for circularly polarized luminescence, NLO,
ferroelectricity, bulk photovoltaic effect, circularly polarized
light (CPL) detection and opto-spintronic applications.® ™

In this Minireview, we summarized recent advances in the
development of chiral MHS with a special focus on the spin
selectivity in both optical and electrical transport processes.
We discussed how the chirality endows spin control in this
new family of materials, and the knobs that control the optical
activity and spin selectivity, ie., the structure-property
relationships. Recent demonstrations in spin-dependent opto-
electronic and spintronic devices are then summarized. We
concluded with an outlook on future directions in chiral MHS.
We believed that our review would deepen the understanding
of chiral MHS for spin-dependent optoelectronic applications,
and provide research references for various chiral materials.
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2. Chemical and structural design of
chiral MHS

2.1. Composition and structure of chiral MHS

Based on their chemical composition and structure, MHS can
be categorized into all-inorganic and hybrid organic-inorganic
MHS. Three-dimensional (3D) MHS generally adopt the perovs-
kite structure (ABXj;), with A cations occupying voids formed
by BX¢ octahedra framework, where A sites are metal or
organic cations including Cs', CH;NH;" (MA'), HC(NH,),"
(FA"), B sites contain divalent metal ions including (Pb**, Sn**,
Ge®" etc.), X represents halide anions (Cl~, Br~ and 17).">>"°
The choice of the A-site cation for a stable 3D perovskite struc-
ture is empirically determined by the Goldschmidt tolerance
factor.">® When the size of A cation (such as, long-chain alkyl
amine or aromatic-containing structures) is larger than the
constrained void, 3D metal-halide perovskite structure will
condensate into lower dimensional structures, such as 2D, 1D
and 0D structures, where the octahedron can be shared by
corner-, edge-, face-mode, or a combination of different
modes.”””® MHS, especially 3D metal-halide perovskite, can
be prepared as bulk crystals, thin films, or nanocrystals.

The rich chemical, structural and morphological diversity
can therefore grant chirality into the metal-halide lattices by
introducing chiral organic cations/ligands. So far, chiral MHS
have been reported in the form of chiral metal-halide crystals
(where chiral organics are intercalated into metal-halide
framework), chiral metal-halide thin films, and chiral metal-
halide nanostructures. Chiral MHS are categorized into two
types: intrinsic chiral crystal structures and chiral nanocrystals
(NCs).>"* Correspondingly, there are mainly three strategies to
construct chirality in MHS, including chiral organics-induced
chirality in crystal structures, chiral surface ligands-induced
chirality in NCs, and supramolecular assembly of NCs, as pre-
sented in the following section 2.2.

2.2. Chirality design of MHS

2.2.1. Chiral organics-induced chirality in crystal struc-
tures. The structural flexibility and diversity of MHS materials
allows to incorporate numerous types of chiral organic cations
(Fig. 1) to directly intercalate into the crystal lattices of MHS,
which results in the deformation, distortion and/or helical
arrangement of crystal structures. Thus, the molecular chirality
of organic cations can be transferred to the crystal structure of
metal-halide components, and the induced chirality is typi-
cally stronger than those in chiral QDs and metal NPs.” As
such, chiral MHS materials can obtain appealing chiroptical
properties including circular dichroism (CD) and circularly
polarized light (CPL) emission, as well as nonlinear optical
response, etc.>'° In recent years, a series of chiral MHS crystal
structures (Table 1) including Pb-halide semiconductors and
many Pb-free MHS based on various metals (such as, Sn,*®
Bi,50,59—61 Ag—Bi,sg Cu,62—66 Mn,53 Sb*° and Cd52,67,68) were syn-
thesized by introducing chiral organic cations.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 The chemical structures of chiral organic cation ligands reported
in literatures. "*" represents chiral center. MBA: methylbenzylammonium
(also called as PEA or «a-PEA); B-MPEA/MPA: p-methylphen-
ethylammonium; NEA:  1-(1-naphthyl)ethylammonium;  4F-PEA:
4-fluorophenylethylammonium; MP:  2-methylpiperidinium; CHEA:
1-cyclohexylethylammonium; DMFP: N,N-dimethyl-3-fluoropyrrolidi-
nium; DMOA: 3,7-dimethyloctylammonium; 4A-PEA: [(4-aminophenyl)
ethylamine]?*; PEDA: (1-phenylethyl)ethane-1,2-diaminium.

Most reported chiral MHS crystals display low-dimensional
connectivity, including corner-shared 2D/quasi-2D, corner/
edge/face-shared 1D, as well as edge-shared 0D octahedral
structures as shown in Fig. 2. Chiral 3D MHS that are in a 3D
perovskite structure, remain notably absent due to the small
cuboctahedra cavity of 3D perovskites for suitable chiral
organic cations. The most common chiral crystal structure is
2D perovskite structure with corner-shared metal-halide octa-
hedron. Billing et al. first reported the synthesis and crystal
structures of both 2D and 1D chiral hybrid organic-inorganic
MHS by incorporating chiral aromatic MBA cation into lead-
halide sublattice.®® The crystal structure and intermolecular
interactions, such as hydrogen bonding and n-n stacking, in
1D MBAPbX; (X = Cl, Br, I; face-shared Pb-halide octahedra),
1D (MBA)3;PbX; (X = Cl, Br; corner-shared octahedra), and 2D
(MBA),Pbl, consisting of corner-shared octahedral structures,
were systematically investigated. Lu et al. prepared chiral 2D
(R-/S-MBA),Snl, perovskites with corner-shared Snlg*~ octa-
hedron (Fig. 2a) by incorporating chiral R-/S-MBA cations. The
octahedron’s bond length was found to be highly distorted,
which stems from the hydrogen bonding between organic and
inorganic sublattice.”® The quasi-2D chiral MHS was also
reported, such as (MPA),(MA)Pb,I, perovskite®* (Fig. 2b) which
is composed of corner-shared [(MA")Pb,I,]*~ bilayers separated
by the double layers of interdigitated chiral MPA cations. In

This journal is © The Royal Society of Chemistry 2021
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addition, it was reported that the 1D MHS crystals exhibited
rich structure diversity as shown in Fig. 2c-f. Billing and co-
worker synthesized several 1D chiral MHS, including
(MBA);PbX; (corner sharing, double chains), (MBA)gPbgly,
(corner-sharing, three chains), and MBAPbX; (face-
sharing).”®®® Peng et al. reported highly distorted 1D chiral
C5H14N,PbCl,-H,0 MHS with edge-sharing [PbCle]*~ octahe-
dra by employing chiral 3-aminopiperidine cation.®® Ishii and
Miyasaka reported chiral 1D (NEA)PbI; MHS comprised of
face-sharing (Pbls)*~ octahedral chains by employing chiral R/
S-NEA" cation. They found that the large naphthalene skeleton
in NEA" strongly influence the helicity of octahedral chains,
which gives rise to intense CD signals in helical 1D (Pbl)*~
chains.”® Chiral 0D MHS were reported with Sb- and Bi-halides
in the form of A;M,X;, as shown in Fig. 2g, which contains
edge-sharing metal-halide octahedra dimer (M,X;0)*".>>% 0D
chiral (MBA),CuCl, crystals composed of single metal-halide
tetrahedron unit® were also reported. The chiral organics can
also be charge neutral, in the case of (MBA),Cu,l, (Fig. 2h),
where MBA cations coordinate to Cu center and form 0D chiral
copper-iodide clusters.®®

It is worth mentioning that chiral MHS structures can also
be fabricated in chiral environments (such as solvents, tem-
plates) or special reaction conditions (such as temperature
change), without chiral organic cations incorporated in the
final product.'>'> However, there are only few of these chiral
crystal structures reported, and it is often composition
specific.®” 7% For instance, Ohsumi et al. reported a phase tran-
sition process of CsCuCl; crystals from achiral P6;/mmc space
group to chiral enantiomorphic space groups (P6,22, P6522;
Fig. 3a) below T = 423 K due to the Jahn-Teller effect on Cu>*
ions which leads to reduced lattice symmetry.®”

2.2.2. Chiral MHS nanocrystals with chiral surface ligands.
Chiral MHS can also be prepared in the form of NCs by
surface modification with chiral organic ligands. Typically,
chiral MHS NCs can be prepared either by direct synthesis
with chiral organic ligands present in the reaction, or by a
post-synthetic ligand-exchange reaction with chiral organic
ligands. Kim et al. demonstrated that both strategies can be
used to prepare chiral FAPbBr; NCs (Fig. 3b) using chiral R-2-
octylamine or chiral MBA ligands. The resulted chiral perovs-
kites showed high CPL emission with an average dissymmetry
factor (gjum) of 6.8 x 1072.°° He et al. found that the chiroptical
activity of as-obtained chiral CsPb(I/Br); NCs prepared by post-
ligand-exchange method depends on the amount of chiral
ligands (chiral 1,2-diaminocyclohexane, DACH).”" For a small
amount of DACH, the chiroptical activity of CsPb(I/Br); NCs
mainly results from surface distortions, defects or/and elec-
tronic interaction. However, excessive amounts will result in
the aggregation of chiral DACH on the surface of NCs, and
thus the chiroptical activity of NCs is mainly contributed by
DACH rather than surface distortions. Chen et al. employed
chiral a-octylamine to modify CsPbBr; NCs, achieving two-
photon absorption-based up-conversion CPL emission.’® They
attributed their chiroptical activity of CsPbBr; NCs to the
surface lattice distortion induced by chiral capping ligands.

Nanoscale, 2021, 13,18925-18940 | 18927
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Table 1 The compositions, structures and properties of chiral MHS crystals prepared from chiral organics
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Metal
cation chiral organic cation Dimensionality Composition Property ge/Zum/Gres/giph - Ref.
Pb** MBA* 2D-corner (MBA),Pbl(;_Bry, CD — 69
NEA" (NEA),Pbly(;_y)Bry,
MBA" 2D-corner (MBA),Pbl, CD, spin-polarized charge — 20
transport
MBA* 2D-corner (MBA),Pbl, CD, CPL emission, CPL Gium = 0.352 70
detection
(X-MBA)" 2D-corner (X-MBA),Pbl, CD, CPL emission — 71
(X =F, CL Br, I) (X=F, CL Br, I)
PEA" 2D-corner (PEA),PbI, CD, CPL emission, CPL Gum = 0.274, 72
detection Gres = 0.23
PEA" 2D-corner (PEA),PbI, Linear/circular polarization Gres = 0.15 73
light detection
4-Br-PEA" 2D-corner (4-Br-PEA),Pbl, CD, CPL detection gep = 0.003, 74
. ) o 8iph = 0.13
-MPEA 2D-corner (B-MPEA),PbBr, CD, white CPL emission — 75
PEDA>" 2D-corner (PEDA)PDbI, Vibrational CD, — 51
ferroelectricity, ferroelasticity
4A-PEA** 2D-corner (4A-PEA)PDI, CD, CPL emission, heat/ Zgcp = 0.0001, 76
pressure-dependent PL Zlum = 0.075
MBA* 2D-corner (MBA),Pbl, CD, CPL emission, NLO — 77
1D-face MBAPbX; (X = Br, I)
NEA" 2D-corner (NEA),PbI, CD, CPL detection gcp = 0.04, 78
Zres = 1.85
1D-face (NEA)PbI;
MBA* 1D-corner (MBA)gPbgl,, — — 79
1D-face MBAPDBr;
MBA" 1D-corner (MBA);PbX; (X = Cl, Br) — — 80
PEA" 1D-face PEAPDI; CD, CPL detection Zgep = 0.02, 81
8res = 0.1
MP* 1D-face (MP)PbX; (X = Br, I) NLO, dielectric switching — 82
CHEA" 1D-face (CHEA)PbI; Ferroelectric and pyroelectric — 54
properties
[3-Aminopiperidine]**  1D-edge (single chain) (3-Aminopiperidine),Pbl, NLO gsug-cp = 0.21 48
B-MPEA" 1D-edge (single chain) (B-MPEA), sPbBr; 5(DMSO), 5 NLO — 49
[3-Aminopiperidine]**  1D-edge (double (CsH14N,)PbCl,-H,O CD, CPL emission, NLO — 83
chain)
B-MPEA", MA® Quasi 2D-corner (B-MPEA),MAPb,1, Spin photovoltaic effect — 84
B-MPEA', MA" Quasi 2D-corner (B-MPEA),MAPD,I, CD, CPL detection Ziph = 0.2 85
MBA", MA" Quasi 2D-corner n=2 CD, CPL emission gop = ~0.001, 19
Slum = 0.06
Pb*", Cs" NEA" Quasi 2D-corner n=2 CD, CPL emission Zium = 0.002 86
Pb*, MBA" 2D-corner (MBA),Pb;_,Sn,1, CD, spin-polarized charge — 28
Sn** transport
(MBA),Snl,
Pb**/ B-MPEA" 2D-corner (B-MPEA),CuX, Dielectric phase transition — 66
cu™* DMOA"* (DMOA),CuX,
(DMOA),PbX,
(X = Cl, Br)
cu** MPA" 2D-corner (MPA),CuCl, Ferromagnetism — 62
[3-Aminoquinuclidine]** 1D-Corner (C;H46N,)CuX, (X =Cl, Br)  NLO, temperature phase — 63
(hexahedron) transitions
MBA* 0D cluster (MBA),CuCl, CD, CPL emission gep = ~0.1, 64
(tetrahedron) Gres = 0.21
MBA" 0D cluster (MBA),Cuyl, CD, CPL emission Gium = 0.01 65
(tetrahedron)
Bi** MBA* 0D-edge (MBA),Bi,Bry, CD, NLO — 60
MBA" 1D-edge (single chain) (MBA)Bil, CD, NLO — 61
Bi**/Sb®* 4F-PEA* 0D-edge (4F-PEA),Bi, X1, NLO — 50
(4F-PEA),Sb,X 1,
(X=cl, Br, 1)
Bi**, Ag" p-MPEA" 2D-corner (B-MPA),AgBilg CD, CPL detection Zep = 0.0014, 59
8iph = 0.22
cd* MPPA" 0D-edge [MPPA],CdCl, CD, NLO, ferroelectricity — 67
1D-corner [MPPA],CdCl,
3-Fluoropyrrolidinium  1D-face 3-(Fluoropyrrolidine)CdCl;  Vibrational CD, — 52
ferroelectricity
DMFP" 1D-face (DMFP)CdCl; Vibrational CD, dielectric — 68

18928 | Nanoscale, 2021, 13, 18925-18940
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Table 1 (Contd.)

Metal
cation chiral organic cation Dimensionality Composition Property Zep/glum/Eres/gipn - Ref.
Mn>* 3-Fluoropyrrolidinium  1D-face 3-(Fluoropyrrolidine)MnBr;  Vibrational CD, CPL Zium = 0.006 53

emission, ferroelectricity

MPPA": [1-methyl-3-phenylpropylamine]’; gop: anisotropy factor of CD, gop = CD (mdeg)/(32 980 X Ajinear); gium: dissymmetry factor of CPL emis-
sion (1), gum = 2 * (I, — Ir)/(IL * Ir); gres: anisotropy factor of photoresponsivity (R), gres = 2 % (Ry — Rg)/(Ry + Rg), in which R = I,4/P; gsng-cp: an-
isotropy factor of second harmonic generation signal (Isug), gstc-cp = 2 X (Ii-siic — Iresuc)/(Ii-suc + Ir-suc); gipn: dissymmetry factor of photo-
current (1), gipn = 2 X (I — Ig)/(IL + Iy). Subscripted L and R represent the left and right-handed circularly polarized lights, respectively. The

biggeSt values of SBlum) Zres) ngh and 8snG-cp are 2.0.

¢ O O O
1 D-face

(h)

4 O

Fig. 2 Schematic illustration of crystal structures of chiral MHS pre-
pared by chiral organics-induced method.

2.2.3. Supramolecular assembly of nanocrystals. MHS can
also obtain chiroptical activities by supramolecular assembly
with chiral mediators, such as chiral gelators,”® liquid
crystals,”"®> or helical polymer.®® For instance, Shi et al. mixed
achiral all-inorganic CsPbX; NCs (X = Cl, Br, I) with the chiral
organic gelator of N,N'-bis(octadecyl)--glutamic diamide
(LGAm) or its enantiomer (DGAm) in nonpolar solvents to fab-
ricate cogels (Fig. 3c), endowing NCs with the CPL-emission
property.”® The chirality transfer was ascribed to well-ordered
organization of CsPbX; NCs along the chiral assemblies. Yang
et al. combined CsPbBr; NCs with chiral liquid crystal and up-
nanoparticles, obtaining assembled chiral
CsPbBr;-based hybrids with up-conversion CPL emission.’® It

conversion

This journal is © The Royal Society of Chemistry 2021

should be noted that the MHS-NCs can also be endowed with
chiroptical activity through helical arrangement. Liu et al.
employed dried inorganic silica nanohelices film as templates
to arrange helically CsPbBr; NCs (Fig. 3d), inducing chiroptical
properties with a large CD and CPL-emission signals (a dis-
symmetric factor of up to 6 x 107%).”

3. Spin selectivity in optical process
of chiral MHS

In semiconductor spintronics, CPL is often used as a means
for spin injection or spin readout. When excited by circularly
polarized photon, electron-hole pairs or an exciton are created
in semiconductors, which process follows optical
selection rules while preserving angular momenta. For
instance, in traditional GaAs semiconductor, the angular
momentum is conserved in the optical transition in the way
that a circularly polarized photon with angular momentum —1
(+1) for 6~ (¢") polarization, creates an electron with spin +
(—3) and a heavy hole (HH) with total angular momentum of
+3/2 (=3/2). Similarly, 6~ (¢') polarization can also generate
spin -1 (+}) electron and a light hole (LH) with angular
momentum of + (—1) (Fig. 4a). As such, with circularly
polarized photon excitation, spin-polarized carriers can be
selectively generated, and semiconductors provide a
platform for photon polarization and spin orientation
interconversion.

In Pb-halide based MHS, the electronic structure forms a
simpler two-level system. The large SOC yields a doubly degen-
erate J. = 1 level for electrons and J, = 1 for holes. In this scen-
ario, CPL excites optical transitions with Am; = 1 (¢7) or —1
(¢"), namely |67) = |- ® [+ and [67) = [+))e ® |-D)p
(Fig. 4b). It can be seen that in MHS, CPL leads to 100% spin
polarization. However, in achiral MHS, the optical transition
strengths for ¢~ and ¢' transitions are exactly the same, and
there is no spin selectivity in achiral MHS. In chiral MHS,
however, the induced chirality results in optical activity in in-
organic frameworks, namely the optical excitonic transition
strengths for ¢~ and 6" are now different (Fig. 4c) and circu-
larly polarized absorption and/or emission can be observed
and measured as CD and/or CPL emission. These processes
thus become spin-dependent in chiral MHS.

Nanoscale, 2021,13,18925-18940 | 18929
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Fig. 3 (a) Schematic illustration of enantiomorphic crystal structures of CsCuCls. This figure has been adapted/reproduced from ref. 87 with per-
mission from Wiley-VCH, Copyright 2013. (b) The post-treatment induced chirality in perovskite NCs by ligand exchange with chiral organic mole-
cules. This figure has been adapted/reproduced from ref. 90 with permission from American Chemical Society, Copyright 2020. (c) Schematic illus-
tration of assembly-induced chirality in perovskite NCs by chiral gels. This figure has been adapted/reproduced from ref. 93 with permission from
Wiley-VCH, Copyright 2018. (d) Schematic illustration of the synthesis of chiral helical CsPbBr; NCs arranged on inorganic silica nanohelices. This

figure has been adapted/reproduced from ref. 97 with permission from American Chemical Society, Copyright 2020.
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Fig. 4 Spin-dependent optical transitions in GaAs, achiral MHS and chiral MHS.

3.1. Spin-polarized absorption (circular dichroism, CD)

Left-handed circularly polarized (LCP) and right-handed circu-
larly polarized (RCP) lights represent two different spin states
of angular momentum. Typically, incident CPL can induce an
electric transition dipole moment (ETDM, p) because of the
displacement of electrical charge along with rotation direction.
When the LCP/RCP lights interact with the chiral photonic
materials, the electrons are excited by specific excitonic tran-
sitions, thus preferentially absorbing LCP or RCP light based
on the redistribution of helical electron clouds, which are
accompanied with a circulation of charge and therefore the
formation of a magnetic dipole transition moment (MTDM,

18930 | Nanoscale, 2021, 13,18925-18940

m).° This differential absorption for LCP and RCP lights is
called as CD or Cotton effect. It has been demonstrated that
chiral MHS can displays spin-polarized absorption which can
be measured by electronic CD (ECD) spectroscopy.

The CD character of metal-halide perovskites was firstly
reported in 2017. Ahn et al. investigated the chiroptical pro-
perties of 2D (R-/S-MBA),Pbl, (Fig. 5a) and (rac-MBA),Pbl, (rac:
racemic mixture) thin films with different thicknesses and
morphologies.'® As shown in Fig. 5b, distinct CD signals were
observed in (R-/S-MBA),Pbl,, with the same peak locations but
opposite signals, while (rac-MBA),Pbl, perovskite exhibited no
CD signals. The CD signals of (R-/S-MBA),Pbl, were also
obviously different from those of R-/S-MBA (Fig. 5¢), suggesting

This journal is © The Royal Society of Chemistry 2021
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Copyright 2017.

that the chiroptical properties were transferred into perovskite
from chiral organic cations. In addition, CD signal of chiral
(MBA),Pbl, perovskite films can be altered by changing the
crystalline orientation and thickness of perovskite film. The
anisotropy factor of CD that is calculated by the equation: gcp
= CD (mdeg)/(32 980 X Ajinear), can be employed to evaluate the
CD strength. Currently, researchers have achieved decent gcp
values in some chiral MHS, such as, 0.02 for MBAPbI;,*' 0.04
for NEAPbI;,”® and 0.1 for (MBA),CuCl,.**

The CD signals of chiral MHS can also be manipulated by
composition and electronic structure engineering. It was
reported that the intensity of CD signal can be tuned by changing
their crystalline structure’”” and amounts of chiral organic mole-
cule in MHS thin films,”" and engineering organic cation (such
as, 4-F/CI/Br/I-MBA).”* Dang et al. found that the CD signals of
S-/R-MBAPDBEr; single crystals are stronger and exhibited obvious
red-shifting compared to those of their powders.”” Furthermore,
the composition engineering was demonstrated to be an effective
strategy to endow MHS with tunable CD over a wide wavelength
range. Ahn et al. found that the changes of the mixing ratio of
bromide to iodide anions in (S-/R-MBA),Pbly;_Bry, and (S-/
R-NEA),Pbl,(;_yBry, thin films can modulate the excitonic band
structures of chiral perovskites, with the CD signals varying from
495 to 375 nm.*® Lu et al. achieved the modulation of bandgap
and chiroptical activity by alloying Sn with Pb in the series of 2D
(MBA),Pb;_,Sn,I, perovskites.”® Recently, researchers reported
many chiral low-dimensional MHS materials from various metal
cations and organic cations as shown in Table 1, which exhibited
distinct CD activity. Additionally, perovskite NCs®*°> modified by
chiral ligands were also demonstrated to exhibit CD character.
However, the design principles that relate the structure, compo-
sition, and dimensionality to the optical activity of chiral MHS
remains unsolved.

3.2. Spin-polarized circularly polarized light emission

The excited state of chiral MHS upon circularly polarized light
photoexcitation will undergo radiative recombination to

This journal is © The Royal Society of Chemistry 2021

ground state while preserving angular momenta (if the radia-
tive recombination occurs prior to spin flip), generating CPL
emission. The CPL emission and CD properties are two oppo-
site optical phenomena, reflecting the electronic properties of
the excited state and ground states, respectively. The CPL emis-
sion can be quantified by the dissymmetry (gi.m) factor as
defined in equation: giym = 2 X (fiese — Iright)/(Tiefe + Iright), in
which Iier and g represent the intensity of left- and right-
handed CPL emission, respectively.

Chiral low-dimensional MHS crystals or thin films have
been demonstrated to exhibit distinct CPL emission due to the
induced chirality from embedded chiral organic cations. Long
et al. first observed CD and CPL emission in chiral quasi-2D
perovskites. A 3% CPL emission was observed without an
applied external magnetic field."® Ma et al. reported CPL emis-
sion property in chiral 2D (R-/S-MBA),Pbl, perovskites as
shown in Fig. 6.”° The (R-MBA),Pbl, and (S-MBA),Pbl, perovs-
kites exhibited an average g, of 0.192 and 0.202 at 77 K,
respectively, and the gj,,, showed a sharp decrease with the
increase of temperature owing to spin relaxation. CPL emis-
sion properties were also revealed in other types of chiral MHS
crystal structures, such as 2D (4A-PEA)PbI,,”® quasi-2D perovs-
kite thin films prepared from R-/S-NEABr cations and CsBr and
PbBr,,%® 1D MBAPbBr;,”” 1D [3-(fluoropyrrolidinium)]MnBr;,>?
and 0D (MBA),Cuyl,.®® Moreover, white CPL emission was also
reported in some chiral MHS systems, such as chiral 1D
C,N,H,,Pbl,,”> 1D  CsH;4;N,PbCl,;-H,0,* and 2D
(B-MPEA),PbBr,,”> whose broad emissions were attributed to
the coexistence of free excitons and self-trapped excitons. In
addition, the up-conversion CPL emission were obtained in
chiral CsPbBr; NCs.?>> For example. Yang et al. reported the
intriguing phenomenon in the assembled chiral CsPbBr; NC
hybrids based on a radiative energy transfer mechanism by
incorporating up-conversion nanoparticles and achiral
nematic liquid crystal with a dopant of chiral molecule.®® The
dissymmetry factor (gj,m) of their up-conversion CPL emission
can be amplified to 1.1.
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Fig. 6 (a—c) The circularly polarized PL spectra of (R-MBA),Pbly,
(S-MBA),Pbl, and (rac-MBA),Pbl,, respectively under excitation of
473 nm laser at 77 K. (d) Statistical histogram of the degree of CPL emis-
sion (P) for (R-/S-MBA),Pbl,. This figure has been adapted/reproduced
from ref. 70 with permission from American Chemical Society,
Copyright 2019.

4. Spin selectivity in electron
transport of chiral MHS

Apart from the spin-selective optical process, recent experi-
mental results also demonstrated that charge transport
through chiral MHS is also spin-dependent, which process is
proposed to be mediated by the so-called chiral-induced spin
selectivity (CISS) mechanism.

4.1. The concept and generation of CISS effect

For chiral molecules, the electron spin is intensively coupled
with the molecular frame, and the transfer/transport of spin-

View Article Online
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polarized electron through chiral molecules depends on the
enantiomeric handedness of molecule and the spin direction
of electron, which is described as the CISS
effects.!?33436:39:40.98 C[gg effect is generated by the coupling
between the linear momentum of an electron and its spin in a
chiral material.*"** A simple physical model can be described
as follows. When electrons move through a chiral medium, the
electron current generates an effective magnetic field, B, that
acts on the electrons’ intrinsic magnetic moment:

in which v is the velocity of the moving electron, ¢ is the speed
of light, and Echiral is the electric field that acts on the electron
while it moves through the chiral molecule (Fig. 7a).*° As such,
electrons with one specific spin direction are more easily to
traverse/transport than ones with the opposite spin direction
in chiral materials as shown in Fig. 7b, and the preferred spin
polarization will change with the handedness of chiral
materials and the direction of the electrons’ linear
momentum.28’31734’99’100

CISS effect was first demonstrated by electron transmission
experiments in self-assembled monolayers (SAM) of chiral
molecules by Naaman’s group.*’ They found that the trans-
mission of photoelectrons through chiral Langmuir-Blodgett
(LB) thin films composed of either 1- or p-stearoyl lysine was
spin-dependent, with the chiral molecules acting as a spin
filter. Subsequently, spin-dependent electron transmission or
electron transport properties were observed in many other
chiral systems, such as, ds-DNA,*” bacteriorhodopsin
embedded in purple membrane,*® oligopeptides,'®" cysteine-
capped QDs,*” bacterial cell surface,"* conductive polymer,"*
metal-organic phenylalanine,'®® etc. Naaman and co-workers,
in particular, carried out many pioneering works relevant to
CISS effects,7:38:43:99,101,1047107 1) addition, CISS effects on the
charge transfer processes were also demonstrated in some

Fig. 7 Schematic illustration of the CISS process. The figure (a) has been adapted/reproduced from ref. 39 with permission from American

Chemical Society, Copyright 2012.
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41,45,106,107

photoinduced/electrochemical systems as well as

chemical reaction.%®

4.2. CISS effect in chiral MHS

The generally available organic molecules are with small spin-
orbit coupling (SOC) interaction, and the electron spin is
weakly coupled with the molecule frame even when an external
magnetic field is applied to orient them.?™** Thus, the spin
control on chiral organic molecules is relatively difficult to
generate considerable spin selectivity.*> However, in chiral
MHS, the induced chirality can be coupled with strong SOC
and large Rashba splitting, obtaining unique chirality-depen-
dent optoelectronic properties by CISS effects.

4.2.1. Spin-dependent charge transport. In 2019, Lu et al.
demonstrated CISS effect on charge transport within 2D-layerd
chiral Pb-T perovskite systems (R-/S-MBA),Pbl,. They measured
a spin-dependent charge transport in chiral (R-/S-MBA),Pbl,
thin films by conductive-probe atomic force microscopy
(mCP-AFM) with an ferromagnetic (FM) tip (Co-Cr coated) as
shown in Fig. 8a. The FM tip was aforehand magnetized with
permanent magnet, which can lead to different magnetization
directions (up or down relative to the substrate of FTO).*
When an electric bias potential was applied, the electrical
current reflected electron transport from the substrate to FM
tip through chiral perovskite films. According to the current-
voltage (I-V) curves (Fig. 8b-d) for different chiral 2D perovs-
kite films under different FM tip magnetization directions, it
was suggested that the magnetization of probe tip and the
handedness of chiral perovskites can influence the charge
transport through chiral perovskite films. They defined a spin
polarization of P= (I — I)/(I" + ") x 100%, in which I" and I

View Article Online
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represent the currents at specific potential under FM tip with
up- and down-magnetization directions, respectively. Their
measured spin-polarization degree (P) is up to 86%, which is
higher than that of reported chiral self-assembled monolayer
(SAM) systems (30-50%). The spin-dependent charge transport
was also further validated in perovskite-based spin-valve
devices. Furthermore, Lu et al. also demonstrated CISS effect
in chiral 2D layered tin iodide perovskites, (R-/S-MBA),SnlI,.>®
The oriented tin-iodide perovskite films exhibited a highly
spin-dependent vertical charge transport, achieving a spin-
polarization degree of 94% for current enhancement in
(R-MBA),Snl,, which was ascribed to the effect of the spin-fil-
tering from the oriented chiral organic molecules.
Subsequently, Yang and co-workers also demonstrated similar
spin-dependent charge transport in 1D chiral (R-/S-MBA)PbBr;
with a spin-polarization efficiency of 90%.>°

4.2.2. Spin-dependent magneto-optic Kerr effect. In
addition to the electron transport measurements, CISS in MHS
can also be measure by Sagnac magneto-optic Kerr effect
(MOKE) experiment (Fig. 9a), in which a Sagnac interferometer
with a laser beam is employed to probe the magnetization.'
Under illumination of laser for ITO/chiral-MHS/ferromagnetic
NiFe and an applied external magnetic field, a changed Kerr
signals namely spin-polarized photocurrent can be observed.
Specifically, the Kerr signals can be switched by changing the
enantiomeric forms of chiral MHS or the magnetic field direc-
tions, as shown in Fig. 9b-d. The photoinduced change in the
Kerr angle exhibit a linear dependence on the magnetic field
with the slope determined by the chirality of MHS. These
results suggested the existence of CISS effect on the interfacial
magnetization of MHS-NiFe heterostructures, which provided
a platform to precisely measure the strength of CISS.
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Fig. 8 (a) Schematic illustration of mCP—AFM measurement setup, and
(b—d) chirality-dependent out-of-plane charge transport based on 2D
hybrid perovskite thin films of (R-MBA),Pbl,, (S-MBA),Pbl,, and achiral
(PEA),Pbl,, respectively. This figure has been adapted/reproduced from
ref. 20 with permission from Science, Copyright 2019.
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Fig. 9 (a) Schematic illustration of Sagnac MOKE experiment for the
light-driven CISS effects-induced interfacial magnetization. (b—d) The
measured Kerr signals upon laser illumination for (b) R-MBA,Pbl,/NiFe,
(c) S-MBA,Pbl4/NiFe and (d) achiral MBA,Pbl,/NiFe under positive/nega-
tive external magnetic field. This figure has been adapted/reproduced
from ref. 109 with permission from American Chemical Society,
Copyright 2020.
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5. Spin-related optoelectronic
devices based on chiral MHS
5.1. Spin-dependent photodetectors

The chiroptical properties of chiral MHS enable them as prom-
ising candidates for spin-dependent photonics devices, such
as CPL detectors. Traditional photodetectors were often
coupled with optical polarizers, limiting their sensitivity and
resolution of CPL detection. Direct CPL detection can be
achieved in chiral systems that exhibit large intrinsic CD. In
CPL detectors, direct CPL detection requires to effectively
convert the CD characteristic into adequately large electrical
signals and amplify the discrimination (anisotropy factor)
between left- and right-handed CPLs. Therefore, high-perform-
ance CPL photodetectors based on chiral materials require
high photocurrent (I,,) amplitude, large photoresponsivity (R)
and anisotropy factor of responsivity (gy.s), as well as low oper-
ating voltages. The R and g can be calculated by R = I,,/P
and gres = 2 X (R, — Rp)/(Ry + Rg), in which P is the incident
light power, and Ry and R;, represent the responsivities under
right and left-handed CPLs.

Chiral low-dimensional MHS with strong chiroptical activity
were recently demonstrated to construct CPL photodetectors,
including 2D R-o-(PEA),Pbl,,”* 2D (R-Br-PEA),Pbl,,”* 1D (R-/S-
o-PEA)PbI;,*" and 1D (S-NEA)PbI;.”® Chen et al. synthesized
1D chiral (R-/S-a-PEA)PbI; single crystals with CD properties.

(@ (b)
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Their chiral MHS was used to construct CPL photodetectors
(Fig. 10a-c) which show relatively inferior responsivity of
120 mA W', and a maximum g of 0.1.%" Ishli developed
helical 1D (S-NEA)PbIs;-based photodiodes for direct CPL
detection (Fig. 10d and e), with a high responsivity of 0.28 and
Zres Of 1.85 achieved.”® Peng et al. realized Vis-NIR dual-modal
CPL detection with chiral 2D (R-BPEA),Pbl, perovskite single
crystals based on a two-photon absorption process.”* These
low-dimensional chiral MHS-based photodetectors tend to
require high working voltages with relatively low output
current generated because of poor or negligible conductivity.
Design of heterostructures composing of high-mobility semi-
conductors to promote the charge transport properties was an
effective strategy to improve the performance of CPL detectors.
For example, Ma et al. constructed CPL photodetector on the
basis of the hBN/(R-/S-MBA),Pb,1,/MoS, heterostructure, and
the photoresponsivity and specific detectivity can reach to
450 mA W' and 2.2 x 10" Jones, respectively.”® Other metal-
based chiral MHS such as 0D (MBA),CuCl, were also reported
to fabricate CPL photodetectors in a heterostructure consisted
of (MBA),CuCl, and SWCNT.** Excited electrons in chiral 0D
(MBA),CuCl, by left/right-handed CPL can be rapidly trans-
ferred to SWCNT layer as show in Fig. 10f, thus providing
superior polarization-dependent photoresponsivity. The result-
ing CPL photodetector exhibited high photoresponsivity of 452
A W', large g.s as high as 0.21, microampere level photo-
current response, and low operating voltage of 0.01 V.
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Fig. 10 (a) Schematic of the device structures of photodetectors. (b) The responsivity and photoconductor gain of (R-/S-a-PEA)Pblz-based devices
for CPL at different wavelengths, and (c) the dependence of g,.s on the CPL wavelength. This figure has been adapted/reproduced from ref. 81 with
permission from Nature Springer, Copyright 2019. (d) The device structures of photodiodes for the direct CPL detection based on the helical 1D
(S-NEA)Pbl; perovskite, and corresponding (e) J-V curves under dark and CPLs (395 nm, 1.0 mW cm™2). This figure has been adapted/reproduced
from ref. 78 with permission from Science, Copyright 2020. (f) Schematic illustration of the photoexcited electron transfer at chiral (MBA),CuCl,/
SWCNT heterostructures interface in CPL photodetectors. This figure has been adapted/reproduced from ref. 64 with permission from American

Chemical Society, Copyright 2021.
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It is worth noting that crystal engineering is shown to be
important to increase the CD strength of chiral MHS and thus
the performances of CPL photodetectors. Reported strategies
include crystalline composition control for the synthesis of
lead-free 2D (R-B-MPA),AgBil; double perovskites,” crystalliza-
tion dynamics modulation to obtain parallel-oriented chiral
quasi-2D (R-B-MPA),MAPb,I, perovskite film,* as well as con-
trollable crystal assembly/array of 2D perovskite nanowires
arrays for arbitrary light detection.”® For example, Zhao et al.
developed highly sensitive photodetectors for linearly/circu-
larly polarized light detection based on the solution-processed
chiral 2D (R-a-PEA),Pbl, perovskite nanowire arrays.”> The
incorporation of chiral-a-phenylethylammonium cations first
transfers its chirality into the inorganic metal-halide layer,
guaranteeing the optical activity in inorganic sublattice.
Meanwhile, because of single crystallinity and strict crystallo-
graphic orientation in nanowires, the resulted CPL photo-
detectors exhibited a superhigh responsivity of 47.1 AW ™" and
specific detectivity of 1.24 x 10" Jones, and the maximum an-
isotropy factor of responsivity was 0.15 for CPL emission,
respectively. Interestingly, the strictly aligned nanowires even
show large polarization ratio of 1.6 to linearly polarized light
owing to the anisotropic dielectric function.

5.2. Spintronic devices

Endowing spin control in chiral MHS-based optoelectronic
device can fabricate spin-dependent electronic devices, or
spintronic devices. Recently, the CISS effect were demonstrated
in various spintronic applications based on chiral MHS.

5.2.1. Spin-photovoltaic devices. Spin-dependent electrical
properties in chiral 2D-MHS was demonstrated in a working
photovoltaic device.**''° vardeny and co-workers reported the
spin-dependent photovoltaic devices based on chiral 2D (R-/
S-MBA),Pbl, (Fig. 11). They observed ca. 10% difference of
photocurrent (AI/I) in photovoltaic devices under illumination
of right and left-handed CPL, which was attributed to CISS
effect."'” In contrast, the light-helicity-dependent photovoltaic
response was not observed in achiral (rac-MBA),Pbl,-based
photovoltaic device. In addition, photogalvanic measurements
indicate a chirality-induced circular photogalvanic effect
(CPGE) that originates from the Rashba splitting that occurs in
the electronic bands of these compounds.**°

5.2.2. Spin-valve devices. Traditional spin-valve devices
typically require two ferromagnetic electrodes. In 2019, Lu
et al. constructed modified spin-valve devices with one ferro-
magnetic electrode (NiFe) and a chiral 2D hybrid perovskite
layer. The opposite magnetoresistance (MR) responses were
found in (R-MBA),Pbl, and (S-MBA),Pbl,-based devices, which
resulted from CISS (Fig. 12).%° Furthermore, chiral (MBA),Pbl,-
based device exhibits weak thickness-dependence of MR
response, different from traditional spin-valve devices, which
stems from two competing processes between spin selectivity
through each chiral layer and spin relaxation through each in-
organic layer with strong SOC. However, the relative MR%
change is relatively small in their spin-valve devices.

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 CISS effects in photovoltaic devices. (a) Schematic illustration of
the structures of spin photovoltaic device. |-V responses of spin devices
for dark and left/right-handed circular polarized lights (20 mW cm™)
based on (b) (rac-MBA),Pblg, (c) (R-MBA),Pbl,, and (d) (S-MBA),Pbl,, and
the insets are corresponding magnified view around 0 V. This figure has
been adapted/reproduced from ref. 110 with permission from American
Chemical Society, Copyright 2021.

5.2.3. Spin-LED devices. Spin-polarized light-emitting
diodes (i.e., spin LED) that emit CPL can be realized when the
spin-polarized carrier pairs are injected into the emitting layer
in LED devices. Traditional spin-LED requires external mag-
netic field or ferromagnetic contacts and extreme temperatures
to generate spin polarized carriers at the interface. Several pre-
vious reports also demonstrated that 3D MHS can be employed
in spin-LED devices by applying external magnetic field"""
or coupling traditional LED device with magnetic tunnel junc-
tions.""? Recently, Kim et al. demonstrated a new concept,
where spin-polarized carriers can be generated by chiral
MHS through the CISS effect and achieved circularly-polar-
ized electroluminescence in a spin-LED at room temperature
(Fig. 13a and b).'™ Their spin-LED consists of a layer of
chiral (R-/S-MBA),Pbl, as the spin-polarization layer and a
layer of colloidal CsPbl; NCs as the emitting layer, and
most importantly, it does not require magnetic field or
ferromagnetic contacts. They observe a >80% spin-polarized
holes at the interface, where the spin-polarization can be
tuned by the handedness of chiral MHS. Spin-polarized
holes are then recombined with electrons at the emitting
layer, generating a spin polarization degree of circularly-
polarized electroluminescence of +2.6% (Fig. 13c and d) at
room temperature, which is comparable to the state-of-the-
art spin-LED based on traditional GaAs semiconductors
under magnetic fields. The spin-LEDs exhibited a turn-on
voltage of only 2.4 V, and external quantum efficiencies of
10.05%, 10.53%, and 11.05% for R-, S-, and rac-(MBA),Pbl,
CISS layer-based LEDs, respectively, which are among the
highest EQE values in reported pure CsPbI; NCs-based
LEDs.
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Fig. 13 (a) Schematic illustration of spin-polarized charge injection and
CP-EL emission in spin-LED. (b) The structures of chiral R-/S-MBA
molecules and 2D (R-/S-MBA),Pbl, perovskites. (c) The CP-EL spectra
and (d) EL polarization degree (Pcp_g|) of spin-LED based on CISS layer/
CsPbls NCs heterostructures. This figure has been adapted/reproduced
from ref. 113 with permission from Science, Copyright 2021.

6. Conclusions and perspectives

In this Minireview, we summarized recent advances in using
chiral MHS for spin control in various photonic and electronic
processes. We discussed strategies that endow chirality in
MHS based on different compositions and morphologies. The
imprinted chirality in MHS enables spin selectivity in absorp-
tion (CD), emission (CPL emission), and electron transport
processes mediated by CISS. We presented recent progresses
in demonstrating these spin-selective processes in various
optoelectronic and spintronic devices. Many progresses have

18936 | Nanoscale, 2021, 13, 18925-18940

been achieved in recent years in the development and utiliz-
ation of these chiral MHS; however, there are still several chal-
lenges to be addressed in order to make them truly practical
for the next-generation opto-electronic devices where spin
control is a critical component.

6.1. Overcome synthetic limitations

We lack synthesis methods for a large library of homochiral
hybrid semiconductors. Existing synthesis methods are based
on the incorporation of enantiopure starting materials, which
could be challenging to obtain. Many chiral MHS are still not
accessible by traditional solution methods. For instance, chiral
2D metal-halide perovskites with inorganic layer thickness
larger than 2 (i.e., n > 2) are still not isolated in pure phase,
let alone the “hypothetical” chiral 3D MHS. These synthetic
difficulties have largely limited the materials discovery of
chiral MHS. Synthesis of these challenging chiral MHS might
be the key to address their poor conductivity and photo-
luminescence quantum yields, which will excel their appli-
cations beyond current optoelectronic devices.

6.2. Understand the chirality origin and structure—
chiroptical-activity relationships

The precise relationship between structure chirality, compo-
sition, dimensionality, and chiroptical activity remains
unclear. Although many chiral MHS are reported in literature,
there is no unambiguous understanding of the chirality origin
or the chirality transfer mechanism in this family of materials.
The design rules of obtaining chiral MHS with higher dissym-
metry factor beyond current limits remains unresolved. Along
these lines, the work of Mitzi and co-workers''***> and Chiu”*
should have interesting implications on uncovering the origin
of chirality in these materials. Theoretical efforts should also
be integrated to unveil the structure—chirality relationships.

This journal is © The Royal Society of Chemistry 2021
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6.3. Understand the chirality-spin-selectivity relationship

There lacks quantitative understanding of the relationship
between chirality and spin-selectivity in these optical and elec-
trical-transport processes. The precise model of CISS remains
unclear in these chiral MHS, which requires more efforts to
quantitatively measure and model the CISS effect both experi-
mentally and theoretically. Previous reports have shown a posi-
tive correlation between chiroptical activity and spin selectivity
in chiral small molecules and NCs,"'® but the relationship
remains unknown in these chiral MHS systems. These experi-
mental investigations should be corroborated with recent
theoretical efforts that model CISS based on geometrical
helicity,>>""” spin-orbital couplings,"*®'"* electron-phonon
couplings,"””®'?*" and electric field models.'** The combined
effort from experiment and theory would help to unveil the
mystery of the CISS effect.

6.4. Explore spin-selective process beyond current
optoelectronic devices

In addition to spin-dependent optoelectronic devices, the CISS
effect of chiral MHS should also be explored in other spin-sen-
sitive processes, such as chemical transformations, spin-
enhanced electrochemistry, and enantiospecific separation,
which have been demonstrated with chiral small molecules.
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