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Abstract

The movement of charges through a chiral medium results in a spin-
polarized charge current. This phenomenon, known as the chirality-induced
spin selectivity (CISS) effect, enables control over spin populations with-
out the need for magnetic components and operates at room temperature.
CISS has been discovered in a range of chiral media and most prominently
studied in chiral organic molecular species. Chiral hybrid organic-inorganic
perovskite semiconductors combine the unique and functional aspects of in-
organic semiconductors with chiral molecules. The inorganic component
borrows the homochirality of the organic component to yield a unique fam-
ily of highly tunable chiral semiconductors, where the enantiomeric purity is
defined by the organic component. Semiconductors already form the back-
bone of modern-day technologies. Adding chirality and control over spin
through CISS provides new avenues for creative technological development.
This review is intended to be an introduction to these unique systems and
the demonstrations of CISS and spin control.

519


mailto:yifan.dong@nrel.gov
mailto:matthew.hautzinger@nrel.gov
mailto:mdazimul.haque@nrel.gov
mailto:matt.beard@nrel.gov
https://doi.org/10.1146/annurev-physchem-082423-032933
https://doi.org/10.1146/annurev-physchem-082423-032933
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.annualreviews.org/doi/full/10.1146/annurev-physchem-082423-032933

520

1. INTRODUCTION

Chirality-induced spin selectivity (CISS) refers to when the electron spin orientation is deter-
mined by the chirality of the transport medium. In 1999, David Waldeck, Ron Naaman, and
colleagues (1) observed preferential scattering of polarized electrons when they passed through
oriented chiral molecules. Since then, a variety of observations have demonstrated that the spin
orientation of electrons is intimately tied to the chirality of the molecular framework. A few
years ago, we observed that CISS can also occur in oriented hybrid organic-inorganic perovskite
semiconductors (HOIS) when the organic component, fixed within the hybrid crystal structure,
consists of small chiral ammonium cations (2, 3). These hybrid systems have beneficial properties
not found in purely chiral organic systems and are absent in purely inorganic semiconductors. The
enantiomeric purity is defined by the chiral organic cation type while the electronic properties are
defined by the inorganic components. In this article, we discuss the pertinent aspects of this new
class of chiral semiconductors that can both take advantage of the CISS effect for optoelectronic
applications and exhibit tunable aspects that can be exploited to better understand and ultimately
control the connection between structural chirality and CISS. We discuss recent measurements of
CISS in chiral hybrid organic-inorganic perovskite semiconductors (c-HOIS) and provide critical
insight and suggested areas for further understanding and exploration of CISS in chiral perovskite
semiconductors.

The family of c-HOIS that we are discussing here consists of a framework of metal halide poly-
hedra spaced by noncoordinating chiral A-site organic cations. The nonchiral version of these
semiconductors is being actively pursued for solar cell and light-emitting applications because
they exhibit extraordinary semiconducting properties, represented by the methylammonium, for-
mamidinium, and cesium lead halide perovskite semiconductors (4). These hybrid semiconductors
have a great deal of composition and structural tunability that can be harnessed for a variety of po-
tential applications. Typically, the band edges consist of extended states from the metal and halide
components with little influence from the organic subcomponents. However, the organic compo-
nent dictates the dimensionality, structure, and motif of the inorganic components through sterics
and hydrogen bonding, which determine the resulting extended electronic structure and related
properties such as charge carrier mobilities, bandgap, exciton binding energy, optical absorption,
and photoluminescence efficiency.

Defining characteristics of the HOIS are their high degree of crystallinity and, when cast as
thin films, their textured self-assembly. Because the chiral molecules that make up the extended
global crystalline structure lack a center of inversion, the resulting hybrid semiconductor also
lacks a center of inversion and can exhibit properties that are only found in non-centrosymmetric
crystal structures, such as bulk second harmonic generation (5, 6), bulk photovoltaic effect (7),
ferroelectricity (8), circular dichroism (CD) (9), and circularly polarized photoluminescence (10).
In this article, we mostly confine the discussion to the observation of CISS and the resulting
control over spin populations in c-HOIS. Similarly, we are mostly interested in the ability of these
chiral semiconductors to control spin populations/polarizations at room temperature. Combining
the attributes and tunability of semiconductors with the ability to control spin populations under
ambient conditions has been a goal for many years (11, 12). CISS in chiral hybrid semiconductors
represents a new approach to this important physical chemistry challenge.

2. STRUCTURAL CHIRALITY

Structural chirality is defined by the lack of mirror and inversion symmetry. Inorganic materials,
such as cinnabar (HgS), tellurium (Te), and x-quartz, have enantiomorphic pairs in the P3,21 or
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P3,21 space groups with a 31 (3,) screw axis inducing a helical chirality (13). This broken symmetry
leads to interesting nonlinear and chiral optoelectronic properties, yet there is currently a lack of
methods for producing homochiral inorganic materials. Organic molecules/compounds readily
host point chirality due to the connectivity of sp® carbons. Enantioselective synthesis or chiral
separations enable homochiral molecules and polymers. However, organics have limited electronic
properties that can be enhanced with their chirality. Conductive chiral polymers are an interesting
class of chiral organic semiconductors but typically lack long-range order.

HOIS benefit from the characteristics of both inorganic and organic properties. The inorganic
metal halide framework displays extraordinary defect tolerance, coupled with large carrier diffu-
sion lengths and absorption coefficients, resulting in excellent optoelectronic properties (14, 15).
A wide variety of organic ammonium cations has been incorporated with metal halides, inducing
the unique connectivity of the inorganic motifs and imparting unique properties on the resulting
compounds (16, 17). This includes the incorporation of chiral organics with metal halides where
the chiral organic component imparts chirality on to the structures (18). These hybrid compounds
can easily be made homochiral with the choice of the chiral organic dictating the enantiomorph
while maintaining the optoelectronic properties of the inorganic component.

The first c-HOIS structures reported were based on R/S-a-methylbenzylammonium (R/S-
MBA) incorporated with PbX (X = Cl, Br, and I) (19, 20). The ¢-HOIS structures largely follow
the same trends as their achiral counterparts in that they form 2D, 1D, and 0D connectivity as
previously described (16, 17) with the exception that the incorporation of chiral organics results
in a further loss of symmetry; e.g., (PEA), PbLy (PEA is phenylethylammonium) crystallizes in the
centrosymmetric P1 space group while replacing PEA with R/S-MBA results in the P2,2,2; space
group (21). The chiral organic ammoniums themselves lack inversion and mirror plane symmetry,
and incorporating them into the metal halides results in a global structure that fits into one of the
65 Sohncke space groups, that is, the class of space groups with only translational, rotational,
and rototranslational symmetry. An interesting aspect of crystal structures of chiral organics is
that an estimated 52% and 34% crystallize in the P2,2,2, and P2, space groups, respectively (22).
While a much smaller sample size, a trend of the 2D ¢-HOIS is emerging that they too commonly
fall into the P2,2;2; or P2, space groups (19, 23-32). This is reasonable as it is the chiral organic
component imparting the chirality; the space group must incorporate the symmetry of the organic
molecules that make up the global structure.

Here we discuss the symmetry and structure of 2D ¢-HOIS and the possible implications of
this structure in further detail. A 2; (n,,) screw axis is a 1/2 (m/n) unit cell translation followed by
a 180° (360°/n) rotation (Figure 14). The P2,2,2 space group has a screw axis along each crys-
tallographic direction, and the P2 space group has a screw axis only along one crystallographic
direction. A common misperception of the 2; screw axis is that the mathematical definition of this
symmetry operation is not inherently chiral in a simplified definition of chirality: an object that is
distinguishable from its mirror image. Thus, the 2; screw axis itself does not have enantiomeric
pairs. However, when atoms pack into these space groups, they must pack with a chiral asymmetric
unit; that s, the smallest collection of atoms that can be symmetry adapted to produce the full unit
cell is chiral. Without this chiral asymmetric unit, a higher-order symmetry operation can be used
to describe the symmetry, as previously clarified in References 33 and 34. The chirality of this
symmetry operation is best shown with an example: the 2D ¢-HOIS (S-NEA), PbBr4 (S-NEA is
S-napthylethylammonium), which fits in the P2, space group. When observing the lead octahedra,
with uniquely bonded bromide atoms highlighted in different colors (i.e., unique crystallographic
sites), one can see how the screw operation elicits chirality (Figure 15). There is what can be
described as a 3D screw, which cannot be superimposed with the mirror image of itself. An
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Screw axis:

a symmetry operation
written ny,, consisting
of a translation of the
distance m/n times the
lattice vector, followed
by a 360°/n rotation
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Figure 1

Selected crystal structures and parameter descriptors of 2D chiral hybrid organic-inorganic perovskite semiconductors (c-HOIS).

(@) Description of the ny, screw axes and their varying translational/rotational symmetries. (6) One of the 2; screw axes of
(S-NEA),PbBr4 along the b axis, showing that the mirror image is nonsuperimposable. The inset on the right shows an isolated
octahedron for further clarity. (¢) Perovskite structures with a (4) 2| screw axis [(S-MBA),Pbls; 180° rotations] in contrast to a

(#i) 41 screw axis [(S-HP1A), PbBr4; 90° rotations] showing the different plane twisting. (4, 7) The octahedral tilting angles

(B and B’) in different projections used to produce (i) Bour and (i7i) Biy. () Correlation of (7) AB and (i) A By, with the effective
Rashba-type spin splitting parameter a.g. Panel e adapted from Reference 35. (f) A representative (/) 1D structure of (S-(+)-
cyclohexylethylammonium)Pbl3 and (77) 0D structure of (S-MBA)4Bi;I;¢ with arrangement of the inorganic dimers along the 2; screw
axis. B is the M-X-M bond angle, where M is the metal and X is the halide; Bouc and Bj, are the projections of in-plane and out-of-plane
components of 8; AB is the bond angle disparity (difference), where A = 8 — B’; and ABy, is the projection of the in-plane bond
angle difference.

individual octahedron is highlighted with one bromide that cannot be imposed over its mirror
image. In the 2D c-HOIS structures in the P2; space group, the 2; screw axis is commonly
parallel to the inorganic plane as is the case with the aforementioned (S-NEA),PbBr4 (24, 28,
31). We point this out because the helical chirality associated with the screw axis may impart
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anisotropic optoelectronic properties onto the inorganic framework (along the screw axis or
perpendicularly). However, creative empirical results have yet to be demonstrated to probe this
potential chiral anisotropy.

Unlike the 2; screw axis, higher n-value screw axes have enantiomorphs and make up the high-
est symmetry operations of the 22 chiral space groups. In higher n-value screw axes, such as 3,
(3,), the change in the translation distance invokes opposite enantiomers in the structure; i.e.,
the 1/3 versus 2/3 translation with 120° rotation produces a helix of opposite sense. A few 2D
c-HOIS have been demonstrated to have a higher-fold screw axis including (R/S-HP1A),PbBry
(HP1A is 2-hydroxy-propyl-1-ammonium) and (R/S)-(BrPEA),Pbl,, where BrPEA is R/S-1-(4-
bromophenyl)ethylammonium, which crystallize in the P4,2,2 (P4;2,2) space groups (32, 36).
The 4y (43) screw axis is a 1/4 (3/4) unit cell translation followed by a 90° rotation (Figure 1a).
In (R/S-HP1A),PbBry, the 4 screw axis is compensated across four inorganic layers (i.e., the unit
cell is four inorganic planes tall), with each inorganic layer rotated 90° relative to one another
(compared to the 180° rotation between planes in a P2;2,2; structure), as shown in Figure 1¢
(19). It is also worth noting that select c-HOIS structures adopt the P1 space group, which has no
symmetry operations besides the identity (7). This extremely low symmetry has no global screw
axis that can be identified, which may result in different properties than structures with a screw
axis. A consideration for experimentalists going forward is if a higher n-fold screw axis modifies
any measurable chirality-dependent property. It may be that properties such as the CISS effect
discussed below are not dependent on the global symmetry of the crystal structure but there is
more of a chirality-induced effect dependent only on the local symmetry.

It is interesting to evaluate the symmetry of the inorganic components by themselves out-
side of the global symmetry of the perovskite crystal structure, e.g., the symmetry of the organic
and inorganic components combined. A discussion of this has been provided by Jana et al. (35)
where they artificially removed the organic cations from the crystal structure of various 2D per-
ovskites and found only some chiral structures to have transferred chirality to the inorganic planes
using PLATON analysis on the inorganic component. For example, the global symmetry in (R/S-
MBA), Pbl is P2,2,24, but upon removal of MBA, the inorganic framework adopts the Prma space
group (which has inversion and mirror symmetry). This is observed as a relatively flat perovskite
octahedra connectivity. Furthermore, a single isolated inorganic layer of (R/S-MBA),Pbl, adopts
the Pmc2; space group, which has mirror symmetry and is thus achiral. Other structures, however,
appear to have stronger chirality transfer in the sense that upon removal of the organic cation, the
inorganic structure still lacks mirror and inversion symmetry. (S-NEA), PbBry has a global P2,
space group and maintains the P2; space group in the inorganic-only structure as well as the indi-
vidual inorganic planes. Jana et al. suggested that this is related to the hydrogen bonding within the
structure and that specific cations such as R/S-NEA host stronger coordination to the inorganic
lattice via hydrogen bonding imparting a larger degree of structural distortion away from cen-
trosymmetric structures. Sterics of the cation, including the degree of branching and subsequent
coordination distance (i.e., distances of the ammonium head from the inorganic planes) (21), are
likely components of this chirality transfer, and producing structures with the organic ammonium
molecular structure being systematically varied will be interesting going forward.

We would also like to note here that symmetry evaluations of crystallographic structures are
subject to interpretation. For example, the tolerances imposed on the atom distance (i.e., how far
an atom can be displaced to consider a symmetry operation present, which is related to error in the
measurement) during PLATON analysis can be varied, resulting in the reduction or increase of
symmetry in the determined space group (37). Thus, structures may vary over analyses by different
crystallographers.
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While space groups do a good job of capturing the existence of chirality as a binary quantity
(chiral or achiral), it is interesting to discuss how chiral a structure is in a quantitative way. Methods
of defining the degree of chirality consist of finding distances offset of the chiral structure relative
to an achiral system (38, 39). One approach, the continuous symmetry measure methodology,
provides a scale between 0 and 100, where 0 is totally symmetric, providing a quantitative value
for the degree of chirality. This and related methods have not been applied to halide perovskites
in a comprehensive way, though some isolated structures have been evaluated for temperature-
dependent chirality (40). It will be interesting to see if this can be applied in a meaningful way to
c-HOIS and correlated with chiral optoelectronic properties.

In addition to the space group, there are more localized descriptions of the symmetry breaking
related to the octahedral tilting. The M-X octahedron can be tilted in different directions depend-
ing on the organic cation, leading to different M-X-M bond angles g and ', where M is the metal
center and X is the halide. The difference between these angles, AB, can quantify the asymmetric
tilting of the octahedra within the layers (21). Figure 14 shows this in the chiral (S-NEA), PbBry
with two unique angles 8 and B’ induced by the chiral cation that makes up AB. In addition,
there is an in-plane angle projection (B;,) and out-of-plane angle projection (B,yc) providing some
nuance in the directionality of the octahedral tilting (Figure 1d). The Ag and Ag;, parameters
(Figure 1e) stood out among other structural descriptors as they correlate with a density func-
tional theory calculated effective in-plane spin splitting parameter (o) in the conduction band
(CB) of the 2D perovskite (Figure 1e) (19). These descriptors provide some relationship between
the structure and calculated spin-dependent properties, but systematic empirical results corrobo-
rating these potential structure-property relationships are yet to be demonstrated. The in-plane
spin splitting is typically associated with the Rashba type of spin-orbit interactions. These are
distinct from CISS in that Rashba spin splitting has a spin orientation that is perpendicular to
the crystal momentum while for CISS the spin orientation and spin splitting are parallel to the
momentum. This is one of the distinctions between the chiral semiconductors discussed here and
chiral organic molecules. The chiral semiconductors have both long-range electronic structure
and typically large spin-orbit interactions, and thus they can exhibit a variety of spin-orbit phe-
nomena. It is not understood how, if at all, the in-plane Rashba-type spin splitting might impact
out-of-plane CISS characteristics.

Another method of inducing further symmetry breaking is the recent demonstration of chiral
cation mixing/doping. The chiral cation MBA-Br has been added in large amounts to achiral
2D HOIS (with linear alkylammonium) to break symmetry adopting the P2; space group (29).
Furthermore, mixing chiral cations, in low concentrations referred to as chiral doping, can further
break symmetries. The incorporation of (S-2-MeBA) (3.9 wt%) into (S-BrMBA),Pbl, broke the
symmetry from the C2 space group (pure structure; 0.0 wt%) to P1 (doped), leading to changes
in the octahedral tilting. The mixing of these cations results in changes in CD spectra and may be
an effective strategy for enhancing chirality-dependent properties.

It should be noted that there is also exploration of what we refer to as chiral non-perovskite hy-
brid metal halide structures: the 1D linear chain-like structures and 0D cluster-type structures that
form when sterically restricted ammonium cations are incorporated that often contain screw axes.
The structure R/S-(—/+)-(cyclohexylethylammonium)Pbl; (P2,) has a 2; screw axis that prop-
agates along the linear chains of face-sharing Pb-I octahedra (8). The 0D structures are closer
to crystals of molecular metal halide structures in behavior but do have some interesting packing
that occurs in the structures. For example, in the (R/S-MBA)4B,X; (B = Sb, Bi; X = Br, I) com-
pounds (41), there is an asymmetric distortion between the B-X dimers as well as a helical packing
of the dimers (along a 2, screw axis) (Figure 1f). These structures have wider bandgaps and are
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less conductive, making them less promising for electronic applications but they could be useful
in chiroptical applications.

3. CHIROPTICAL PROPERTIES
3.1. Circular Dichroism

The differential absorption of left-handed circular polarization (LHCP) and right-handed cir-
cular polarization (RHCP) by a chiral medium is termed CD. For the absorption of circularly
polarized light, the polarized light must couple to helical excitation or the helical motion of the
electrons along the light propagation (41). CD is one of the simplest and most common methods
for probing chirality. In a chiral medium, LHCP and RHCP are absorbed in different amounts;
thus the propagation of linear polarized light results in an elliptical polarization (Figure 24,b).
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(a,b) Unequal absorption of the left (E1,)- and right (Er)-hand polarized light leads to ellipticity. (c) Absorption and circular dichroism
(CD) spectra of (R-MBA), Pbl, and (S-MBA), Pbly hybrid organic-inorganic perovskite semiconductors (HOIS) showing opposite
signs. The shaded region in green shows the Cotton effect at the band edge, and the blue shaded region indicates the CD signatures of
the chiral organic cation. Panel ¢ adapted with permission from Reference 2 (CC BY-NC 4.0). (4—f) Spin-dependent optical transitions
in HOIS. (d) Decoupled CD spectra from the genuine CD and linear dichroism/linear birefringence (LD/LB) contribution. Panel 4
adapted with permission from Reference 46. (¢) Schematic band diagram depicting the valence band (VB), conduction band (CB), heavy
electron band (HE), and light electron band (LE) in HOIS under Rashba-type band splitting. Pink arrows represent the transitions
under circularly polarized light following optical selection rules. Circles with crosses and dots inside indicate spin polarization along the
z axis (along the paper). In the notation |/, 72;), J is the total angular momentum vector and 7z is the total angular momentum
quantum number. (f) Time-resolved Faraday rotation characterizing spin lifetimes in (R-MBA), Pbl4, (S-MBA), Pbly4, and
phenylethylammonium lead iodide (PEPI) thin films.
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Generally, CD is represented by a dissymmetry factor (gcp) that considers the optical absorption
of the chiral film, enabling comparisons between different chiral materials:

gcp = CD (mdeg) / (32,980 x A),

where A is the absorption.

In CD spectroscopy, typically the degree ellipticity (in millidegrees) induced to a propagat-
ing beam is reported (Figure 2b), and the factor of 32,980 converts from millidegrees (mdeg)
to AOD (OD~ — ODY). Depending on the HOIS composition, a wide range of gcp values
has been reported. Typically, for the 2D ¢-HOIS, the gcp values range from 10 to 107 (9,
42). In contrast, 1D and 0D c-HOIS have shown exceptional gcp values of 1072 to 107! (43,
44). These high gcp values in the case of 1D and 0D HOIS need further investigation to fully
understand the relationship between chiral structure and the resulting chiroptical activity. The
low-energy features in the CD spectra are typically assigned to optical transitions of the metal
halide framework, while the high-energy features originate from the chiral A-site cation molecules
(Figure 2c). Derivative-like features (Cotton effect) can be observed at the band edge and may
indicate lifting of the spin energy degeneracy by the addition of R/S-MBA chiral molecules (2).
CD can also arise from dipole-dipole coupling (45). While CD has been a convenient technique
for detecting chiroptical activity, the textured nature of c-HOIS films gives rise to phenomena
that complicate the interpretation of CD. In particular, the presence of linear birefringence (LB)
and linear dichroism (LD) can contribute to the CD signal and should be considered as some high
observed gcp values might originate from LB/LD effects (Figure 2d) rather than intrinsic chi-
ral optical activity (46). c-HOIS might be suitable candidates for investigating the longstanding
question of whether chiroptical activity, such as CD, can be strongly correlated with the CISS ef-
fect, owing to the tunable symmetry breaking of HOIS. Two approaches can be considered in this
regard: (#) HOIS compositions with different chiral A-sites (resulting in different degrees of gcp)
can be compared in terms of their CISS effect to determine if any correlation exists. (b) A single
HOIS composition can have its gcp value tuned by chiral A-site doping or chiral amplification,
and then its CISS efficiency can be compared.

3.2. Circularly Polarized Luminescence

Circularly polarized luminescence (CPL) is a complementary technique to the CD of probing
chirality in the excited state by measuring the differential emission of LHCP and RHCP. Similar
to gcp, CPL is quantified by the luminescence dissymmetry factor gy, with a theoretical limit of
2, with gjum = 2 (I, — Ir)/(I1, + Ig), where I}, and I represent left and right CPL, respectively. In
contrast to achiral HOIS where the optical transition strengths are equal for LHCP and RHCP
light, c-HOIS has unequal optical transition strength leading to CPL. 2D ¢-HOIS typically have
low gium in the range of 107 to 107. However, c-HOIS in the form of nanocrystals (NCs) have
shown higher gj,m values of 107 (47). The gj,m not only reflects the inverse of CD but also is depen-
dent on the excited-state dynamics. For example, if the CPL reflects the spin configuration, then
Zium Will also encode the excited-state spin lifetime. Alternatively, high gi,m values approaching
the theoretical limit have also been achieved by forming composites of achiral HOIS with a chiral
host (48). However, such a host-guest configuration may reflect a light filtering effect rather than a
chiroptical property originating from structural distortion. In the context of CISS, CPL can play
an important role in understanding selective spin-polarized charge transfer. The spin-selective
transport of c-HOIS has been employed in concert with 2D transition metal dichalcogenides
(TMDC:s) to realize valley polarization in TMDCs (49, 50). Furthermore, c-HOIS coupled with
ferromagnetic (FM) layers can shed light on spin mixing and Rashba splitting. Enhancement in
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CPL emissions under a magnetic field in c-HOIS/FM bilayers has been reported to generate chi-
ral interfaces owing to coupling between the HOIS and ferromagnet, manifesting CISS (51). We
anticipate CISS-based single-photon CPL in c-HOIS in the near future offering the transduction
of chiral information into photonic devices (52).

3.3. Spin Lifetimes

The large spin-orbit coupling that can result in phenomena such as Rashba spin splitting, CISS,
and large optically oriented spin polarization in HOIS makes them promising for spin optoelec-
tronic applications. To fully realize the potential of spin-dependent characteristics in HOIS, it
is important to measure and control their spin lifetimes. The unique electronic band structure
in HOIS allows the optical excitation and detection of spin-polarized carriers. Figure 2e shows
the schematic band diagram for HOIS under in-plane Rashba-type band splitting where the va-
lence band (VB) and CB have |J, ;) states of |1/2, +1/2). While the VB is filled with equal
amounts of spin-up and spin-down states in the ground state, LHCP or RHCP (¢ /o) carry-
ing an angular momentum of +1 allows the selective optical excitation of spin-polarized carriers
in accordance with angular momentum conservation (Amz; = +1). To date, a few time-resolved
pump-probe spectroscopy tools have been applied to measure spin lifetimes in HOIS, including
circularly polarized transient absorption (CPTA) or reflection (53-57) and time-resolved Faraday
(or Kerr) rotation (TRFR) (58). Varying the time delay between the pump and probe can map out
the relaxation dynamics of spin-polarized carriers as functions of energy and time. Spin relaxation
is typically described by the spin relaxation time 7; and spin dephasing time 75*, where CPTA
and TRFR can elucidate the spin relaxation time 77, while 75* can be measured by applying a
longitudinal magnetic field since optical orientation produces a spin orientation along the beam
propagation direction (59).

3D HOIS have been reported to have spin lifetimes of a few picoseconds at room tempera-
ture and beyond nanoseconds at cryogenic temperatures (54, 58). The spin lifetime of 2D HOIS
was found to increase with decreasing exciton binding energy and increasing layer thickness
(55, 56). We have measured spin lifetimes in (R-MBA),Pbly, (S-MBA),Pbl,, and phenylethylam-
monium lead iodide (PEPI) thin films using TRFR. As shown in Figure 2f, optically oriented
spin-polarized carriers in PEPI decay with a lifetime of 5.2 ps, whereas (R-MBA),Pbl; and
(S-MBA),Pbl, exhibit a much longer spin lifetime of ~20 ps. Recently, Liu et al. (30) reported a
microsecond spin polarization lifetime in a 2D ¢-HOIS 3BrMBA,Pbl4 and also exhibited a high
degree of CPL of up to 52%.

In addition to time-resolved pump-probe measurements, steady-state measurements such as
the optical Hanle effect have also been used to extract spin lifetimes (60). Typically, the optical
Hanle effect employs measuring the degree of CPL under continuous excitation while applying
a magnetic field transverse to the spin orientation. The degree of CPL reflects the spin polar-
ization of carriers. Magneto-optical measurements, including magneto CPL, magneto circularly
polarized electroluminescence, and magneto photoconductivity, are another class of optical tools
to assess the spin relaxation and lifetime. For example, using magneto CPL measurements and a
microscopic model incorporating natural optical activity and spin transport for c-HOIS, the spin
lifetime for (R/S-MBA),Pbly was found to be 20 ps at 4 K (61, 62). Moving forward, the ran-
dom orientation of crystallites in polycrystalline c-HOIS thin films needs to be considered when
comparing spin lifetimes. Whether the spin lifetime has any impact on the charge-to-spin current
conversion efficiency under CISS remains an open question. There are two important distinctions
to consider when comparing the measured spin lifetimes to CISS: (2) In the CISS configuration,
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only one type of carrier is present, electrons or holes, while for optical measurements both types
are typically present. The strong exchange interaction inherent in quantum confined systems can
dominate spin relaxation even at room temperature (55). Thus, optical measurements may not rep-
resent the isolated electron or hole spin relaxation phenomena. (5) In CISS, the spin that matches
the chirality is the majority spin, and when under an applied bias any spin scattering must also
result in a change in momentum.

4. MEASURING CHIRALITY-INDUCED SPIN SELECTIVITY
4.1. Magnetic Conductive Probe Atomic Force Microscopy

The original observation of CISS involved using photoelectron emission spectroscopy where po-
larized electrons ejected from Au substrates scatter differently depending on the chirality of an
organic monolayer (1). Since then, many experimental methods have been developed for ob-
serving and investigating the CISS effect. Particularly common is magnetic conductive probe
atomic force microscopy (mecp-AFM) where current is passed through a chiral layer with one
of the contacts [either an atomic force microscopy (AFM) tip or conductive substrate] being
FM (63). Based on the magnetization of the FM contact, spin-up or spin-down carriers are de-
tected (Figure 34). The CISS effect produces the polarization of spin-up (-down) carriers, and
the preferential transmission into the FM layer results in distinct current-voltage (I-V) curves
(Figure 3b,c) depending on the magnetization and chirality type. The spin polarization is defined
as P = (I" — IY)/(I" +I'), where I'/* refers to the current measured when the ferromagnet is
polarized up or down. Various structures of c-HOIS have been measured with this technique;
however, trends in the spin selectivity have yet to emerge (2, 25, 32, 64-66). In c-HOIS, || has
been reported to be as high as 94% and as low as 50%, which are undoubtedly large for a nonmag-
netic material, but there is no clear mechanism for the measured differences and no clear design
rules about what structural factors are important (25, 32).

Here, we aim to clarify the technique for mep-AFM of c-HOIS and suggest some best practices.
First, the two-terminal measurement involves a metallic FM in contact with the semiconducting
c-HOIS. During the measurement, there is band bending at the interface to match the metal’s
work function and semiconductor Fermi level (i.e., a Schottky junction). It is not clear what ef-
fect, if any, this Schottky junction has on the detection of spin-polarized carriers. Often, multiple
points are selected for data collection, and a large number of I-V curves are independently av-
eraged for I' and then for I¥ as individual I-V curves can be fairly noisy; P, is determined from
these averaged curves. Thus, I" and I' measurements do not typically probe the same location
on the film, and variations in crystal grain structures, film thicknesses, defects, etc. are averaged
out. We recommend that maps or line scans should be done systematically on samples to produce
more reliable I-V curve statistics, which avoids bias in point sampling. Furthermore, the choice
of FM contact may have some impact, particularly using the AFM tip as the ferromagnet draws
into question the time that the polarization is held as well as the spin orientation. Experiments
employing ferromagnet substrates under an applied magnetic field are seemingly more reliable as
there is no loss in polarization during the measurement. Furthermore, cross-checking the mcp-
AFM experiments with magnetoresistance (MR) (discussed below) can be extremely valuable, as
there are differences in the magnitude of the observed CISS effect.

4.2. Half-Spin Valves

A spin valve is a microelectronic device in which high- and low-resistance states are realized by
using both the charge and spin of carriers. In traditional spin valves, two FM electrodes with
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different coercivities sandwich a nonmagnetic conductor. As the external magnetic field is
varied, the magnetic polarization of the two FM electrodes will be either parallel (coaligned) or
antiparallel; when the two FM are coaligned the device exhibits a low resistance state, and when
antiparallel it is in a high resistance state (67). Incorporating a chiral layer that exhibits CISS
removes the need for one of the FM and thus is a half-spin valve, with the other electrode being
a nonmagnetic contact to the CISS material. The resistance state depends on whether the FM is
aligned up or down and on the chirality of the chiral layer (Figure 3d). In principle, the half-spin
valve is functionally the same as the mep-AFM experiment with the FM being either the AFM tip
or the substrate. However, in the spin-valve experiment, the resistance is measured as a function
of the applied magnetic field. In such c-HOIS half-spin valves, the MR response follows the
hysteresis loop of the FM electrode (2). Spin-polarized carriers from an FM electrode experience
CISS while passing through the c-HOIS layer, leading to an opposite MR response for left- and
right-handed HOIS (Figure 3e,f). The highest CISS-based MR response reported for c-HOIS is
around 0.9% with the HOIS crystal structure exhibiting fourfold symmetry (68). Such a low MR
for c-HOIS is perplexing as the spin polarization measured by mep-AFM can be as high as 94%
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(25). Such a discrepancy can be due to several reasons such as a low-quality interface leading to
inefficient spin injection, conductivity mismatch between the FM and semiconducting HOIS (69),
an overestimation of spin polarization in mcp-AFM measurements, and the electronic instability
of HOIS arising from ion migration. The FM electrode—-HOIS interface plays a critical role in
determining the spin valve efficacy, and it is possible that traditionally used metallic FM layers
may not be the best candidates for HOIS spin valves. Typically, there is a conductivity mismatch
between the FM electrode and HOIS that is rectified by adding a tunneling barrier between the
two layers. This tunneling barrier is crucial in determining the spin injection efficiency from
the FM electrode to HOIS. The tunneling barrier thickness and material selection need to be
considered while designing HOIS spin valves, which has not received any attention so far. Other
FM electrodes such as dilute magnetic semiconductors (DMS) can be explored for improved spin
interfaces (70). CISS-based HOIS spin valves are still in their infancy, and we envision future
advances in the direction of more stable c-HOIS compositions, better spin valve interfaces and
architectures, and advanced MR measurement techniques considering HOIS electronic stability.

4.3. Spin Light-Emitting Diodes

Spin light-emitting diodes (LEDs) are circularly polarized LEDs based on the injection of spin-
polarized currents into a semiconducting emitter layer. The original spin LEDs were based on
an FM/tunnel oxide/semiconductor or dilute magnetic semiconductors (DMS)/semiconductor
heterointerface (71-73). The FM or DMS, when magnetically polarized, injects spin-polarized
carriers into the semiconductor where light is emitted via electron-hole pair recombination. Due
to the optical selection rules, Amz; = %1, the electron and hole must have the same spin to re-
combine, and when there is spin accumulation of either the electron or hole, the emission will
also be circularly polarized since the angular momentum is transferred to the photon. In fact,
the degree of circular polarization of the electroluminescence is directly related to the degree
of spin accumulation in the emitter layer. The degree of circular polarization P, is defined as
Py = (I, — R)/(I, + Ir), where I, (Ir) is the intensity of left (right)-handed circular polarized
light emitted. P, can be related to three parameters, P, = « - F - B, where « is determined by
the optical selection rules ranging from 0.5 to 1, F' is the fraction of spin-polarized carriers that
emit prior to spin relaxation, F = m, where 7 is the total carrier lifetime and t, is the spin
lifetime, and B,,; is the spin injection efficiency into the emitter (74, 75).

The CISS effect has been utilized to produce a spin LED without the need for FM or DMS
that operates at room temperature with no applied magnetic field. In the first CISS-based demon-
stration, (R/S-MBA), Pbl; was used as a spin injector coupled with CsPb(Br;I); emitter NCs (3).
The completed LED emitted circularly polarized light by spin injection from (R/S-MBA),Pbl,4
into the CsPb(Bryly); NCs, which were in direct contact with one another, and no buffer layer
was intentionally added to the structure. The LED shows P, of 2.6% and is mainly limited by the
shortspin lifetime (r; ~ 14 ps) of the nonchiral emitting NCs. This work, combining c-HOIS with
other halide perovskite emitters as spin LEDs, has been expanded upon by multiple researchers
(76-80). There have been some interesting demonstrations for polarized light emission, such as
core/shell NCs where the core is an achiral emitter and the shell is a chiral component (77) or
the example of a spin funneling mechanism where the spin polarization is transferred from chiral
components to achiral components prior to light emission (76).

Recently, a spin LED (Figure 44) based on the integration of c-HOIS with a conventional
MI-V AlGalnP multiquantum well (MQW) LED was demonstrated that exhibited large Py,
(Figure 4b) (75). A key experimental demonstration was the optical Hanle effect where an
applied magnetic field produces spin depolarization and subsequent reduction of the observable
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P, clearly indicating that the circularly polarized emission is the result of spin injection and spin
accumulation in the achiral III-V emitter layer. In the ¢-HOIS/III-V spin LED, spin-polarized
holes are injected from the c-HOIS into the MQW III-V emitter layer through a 200-nm
cladding layer. P; was determined to be between ~25% and 50%, which contains both the
contribution from CISS and any spin scattering in the cladding layer during transport. This
suggests there is no fundamental limitation to spin injection across the interface of c-HOIS
and III-V or other conventional semiconductors (Figure 4¢ shows a transmission electron mi-
croscopy image of this interface). This result demonstrates that incorporating the c-HOIS layer
into standard semiconductor structures can enable spin control in traditional optoelectronics.
More broadly, spin LEDs provide an excellent method of observing spin polarization result-
ing from CISS that does not rely on metallic FM/semiconductor contacts. As more platforms of
CISS-based spin LEDs are developed, this may be a key method for the evaluation of the CISS
effect. The semiconductor/semiconductor interface and nonmagnetic detection allow for better
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probing of the CISS effect, avoiding the aforementioned conductivity mismatch (69) between FM
and semiconductors lending a simpler interface to the model. In addition, spin LEDs have the po-
tential for high-throughput device fabrication, with the goal of testing various parameters that
impact the CISS effect such as alternating current, voltage, structural chemistry, the thickness of
the spin injector, and semiconductor band offset. Specifically, solution-processed spin LEDs are
possible (akin to quantum dot LEDs), where a significant number of devices can be made, allowing
researchers to probe the operating properties in better detail.

4.4. Circularly Polarized Photodetectors

In circularly polarized photodetectors (CPPs), spin-polarized carriers are generated upon excita-
tion with circularly polarized light due to optical selection rules (Figure 4d). CPPs have attracted
significant interest in recent years owing to their emerging applications in machine vision, remote
sensing, and quantum optics. Significant progress has been made in c-HOIS-based CPPs cover-
ing ultraviolet to near-infrared regimes (81-83). It is interesting to note that CPPs based on 1D
c-HOIS exhibit high performance consistent with their high CD (Figure 4e,). Spin-polarized
carriers generated under circularly polarized light experience different transport drift depending
on the chirality of the HOIS layer based on the CISS effect. The architecture of CPPs does not
consist of any FM electrode nor do they need a magnetic field to operate, making them a simple
and convenient platform for investigating the CISS effect. However, a major drawback of CPPs
is the lack of metrics to quantify CISS. Nonetheless, the performance of CPPs can be quantified
using the established performance metrics such as responsivity. For conventional photodetectors,
responsivity (R) is a key metric and is expressed as R = AI/(P - S), where Al is the difference
between the photocurrent and the dark current, P is the incident power density, and S is the ef-
fective illuminated area. For CPPs, considering the unequal absorption of LHCP and RHCP, an
anisotropic responsivity can be defined as gres = (R — Rr)/(RL + Rgr), where Ry, and Ry are the
responsivities under LHCP and RHCP, respectively. Conventional metrics used for HOIS pho-
todetectors such as the on/off ratio, responsivity, photo gain, external quantum efficiency, and
detectivity have yet to be systematically applied to c-HOIS CPPs.

4.5. Spin Seebeck Effect

Magnetic materials exhibit the spin Seebeck effect where a thermal gradient generates a spin cur-
rent from the hot to the cold side (84). Recently, Kim et al. (5) suggested that the propagation of
chiral phonons in the absence of magnetization can lead to spin injection from the c-HOIS to a
proximal nonmagnetic metal layer, known as the chiral-phonon-activated spin Seebeck (CPASS)
effect. Chiral phonons are a collective vibrational pattern arising from the circular orbital motions
of atoms around their equilibrium lattice positions (85-87). In CPASS measurements, a tempera-
ture gradient is applied to a heterostructure involving a c-HOIS layer and a metal layer to drive
the propagation of chiral phonons, as shown in Figure 5. A nonequilibrium spin current is gen-
erated in the metal layer with the spin orientation aligning parallel to the direction of the thermal
gradient. Kim et al. suggested that the coupling between magnons and phonons allows the trans-
fer of spin angular momentum to the metal layer given the conservation of angular momentum.
Time-resoled Kerr rotation measurements show that the spin polarization in the metal layer is de-
pendent on the chirality of the HOIS layer, where the phase of the time-resolved magneto-optical
Kerr effect changes sign as the chirality changes from R to S (Figure 5b,c). The spin Seebeck is
not only useful for the spin caloritronic but is also valuable for addressing the role and presence
of chiral phonons in c-HOIS.
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from Reference 5. Abbreviations: HOIS, hybrid organic-inorganic perovskite semiconductors; TRKR, time-resolved Kerr rotation.

5. OUTLOOK

Chirality as a general topic has been explored and investigated for over 100 years in both the
chemistry and physics communities. Chemists understand chirality in terms of molecular and
supramolecular structure, while physicists understand how the lack of parity (lack of inversion
symmetry in three dimensions) impacts fundamental physical behavior. CISS joins these two com-
munities through the realization that structural chirality can impact the electron spin. A stationary
electron is not chiral; however, a moving electron traces out a helical path whose chirality depends
on the spin orientation. While currently there is no general theoretical consensus that can accu-
rately describe all the CISS-based phenomena, c-HOIS offer a unique platform for the testing of
various hypotheses. c-HOIS also provide a unique hybrid chiral semiconducting platform for re-
alizing the benefits of CISS in optoelectronic applications. However, there is no consensus on the
specific design rules or guidelines for CISS in c-HOIS. For example, how thick should the c-HOIS
layer be? Does the CISS spin polarization efficiency scale with gcp or gium? How does the spin
lifetime within the c-HOIS layer impact spin transport or spin polarization efficiency? What im-
pact, if any, does in-plane Rashba-type spin splitting play? Is the orientation of the chiral organic
cations or the global crystal chirality more important? Is a 2; or 4, screw axis better for CISS?

In this review we attempted to provide a primer on the different potential knobs that c-HOIS
offer for varying structural chirality. We provided an overview of the various CISS demonstra-
tions, devices, and measurements in c-HOIS. It is our perspective that as more researchers develop
new ways of interrogating CISS, creating innovative chiral hybrid systems, and incorporating
them into various device structures, our understanding of CISS will also increase. Chiral hybrid
organic-inorganic semiconductors represent a novel class of chiral systems for CISS and spin po-
larization. The juxtaposition of the organic and inorganic components provides unique flexibility
and functionality for testing hypotheses and driving novel concepts.
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