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Chiral organic-inorganic hybrids combining chirality of organic molecules and semiconducting properties
of inorganic frameworks generate chiral excitons without external spin injection, creating the potential
for chiroptoelectronics. However, the relationship between molecular chirality and exciton chirality is still
unclear. Here we show the strain-amplified exciton chirality in one-dimensional chiral metal halides. Utilizing
chirality-induced spin-orbital coupling theory, we quantitatively demonstrate the impact of the strain-
engineered molecular assembly of chiral cations on exciton chirality, offering a feasible way to amplify

exciton chirality by molecular manipulation.
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Chirality is a fundamental trait that permeates nature
from spins to spiral galaxies [1,2], reflected in excited states
of semiconductors as spin-polarized excitons with spin
quantum number of £1, widely applied in asymmetric
photocatalysis [3], biomedicine [4], information encryption
[5], and quantum communication [6]. In achiral semi-
conductors, the production of chiral excitons requires
external optical or electrical spin injection [7-9]. But for
chiral semiconductors, chiral excitons can be directly
generated due to spin-splitting subbands caused by spatial
symmetry breaking and spin-orbital coupling (SOC)
[10,11]. To evaluate the exciton chirality of chiral semi-
conductors, the normalized dissymmetry factor (gcp)
ranges from —2 to 2 calculated from preferential absorption
of circularly polarized light, independent of spin-selective
transport and spin relaxation processes. Natural chiral
semiconductors, such as some chiral organic small mole-
cules, exhibit feeble exciton chirality (gcp of 1073) due
to size mismatch with electromagnetic [12]. All organic
chiral polymers or supramolecules are designed to
amplify exciton chirality (gcp of 1072 ~ 10°) by exciton
coupling [13-15], but challenges arise from the poor
carrier and exciton transport caused by disordered molecu-
lar orientation [16].

Recently, chiral organic-inorganic hybrid metal halides
(CMHs) exhibited adjustable bandgap [17], long spin
relaxation time [18], and highly oriented crystallization
[19], and have been integrated into many spin- and
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polarization-selective  optoelectronic  devices, ranging
from polarization-selective photodetectors to spin LEDs
[20-23]. However, there is a fundamental challenge of
insufficient exciton chirality, which arises from chirality
transfer from chiral organic molecules to metal halide
frameworks. This transfer process is heavily influenced
by organic-inorganic interactions, dependent on factors
like composition and relative positioning of chiral organic
molecules and metal halide frameworks [11,24]. Therefore,
most of the experimental attempts enhanced exciton chi-
rality by compositional and structural modifications, such
as chiral molecules engineering [25-28], halide mixing
[17], metal alloying [29], and manipulation of structural
dimensions [30,31]. Among them, the structure and
arrangement of chiral organic molecules have the most
remarkable impact on exciton chirality [26,27]. However,
these experimental attempts mostly demonstrated limited
improvement of exciton chirality, the gcp of reported
CMHs typically within the range of 107 to 1072, due
to the lack of understanding of the connection between
molecular chirality and exciton chirality.

Herein, we unveil the relationship between the spatially
helical-arranged chiral organic molecules and exciton
chirality in strain-engineered one-dimensional (1D) R — 1-
(1-naphthyl)ethylammonium lead iodide (R-NEAPbDI;)
films. Leveraging density functional theory (DFT) calcu-
lations, we show that the promotion of chiral transfer is
realized by controlling molecular assembly when applying
tensile strain along the in-plane direction of 1D CMH. To
experimentally induce strain distribution, we introduce
excess Pbl, to 1D CMH films for introducing interfacial
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interactions. With tensile strain increasing from 0.45% to
1.50% to films, the intrinsic chiroptical response improves
about 5 times, with circular dichroism (CD) and gcp
reaching 5400 mdeg and 0.20 respectively. We further
quantitatively demonstrate the impact of helix radius and
spacing of molecular assembly on exciton chirality through
chirality-induced SOC theory. Based on the agreement
between experimental data and theory, the maximum
exciton chirality with CD of 9850 mdeg and gcp of
0.35 is predictable in our case. Our study contributes to
optimizing the assembly of chiral organic molecules in
hybrid semiconductors toward maximum exciton chirality
for chiroptoelectronic applications.

We focus on 1D R-NEAPbI; [32], whose soft lattice
accommodates larger lattice strain than two-dimensional
(2D) CMHs. This 1D CMH comprises interwoven inorganic
chains ([Pbl;]™) intertwined with interchain chiral ammo-
nium cations (R-NEA™). These interchain molecules adopt a
helical arrangement that runs vertically to the inorganic
frameworks with 2, -fold helical symmetry. R-NEA™ play an
important role in organic-inorganic interactions and their
band structures. The positive charges accumulate in ammo-
nium of R-NEA™, and the negative charges accumulate in I
atom of [Pbl;]~ chains [Fig. 1(a)], indicating the strong
electrostatic interaction between R-NEA™ and inorganic
frameworks. The indirect bandgap of 1D CMH is shown
in Fig. 1(b), its valence band maximum is completely
comprised of inorganic-derived states (Pb and I atoms),
whereas the conduction band minimum is mainly derived
from the organic component (C atoms).

We further study the impact of molecular assembly
on chiral transfer by utilizing DFT structure optimization
under different strains (see the Supplemental Material [33]
for details). The efficacy of chiral transfer is measured by
the variation of hydrogen-bonding interactions and defor-
mation of 1D chains [27]. There are four distinguishable
hydrogen bonds surrounding an individual octahedron
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FIG. 1. Crystalline structure and band structure of 1D CMH.
(a) Charge density difference image. The yellow and cyan regions
represent negative charge (electron-withdrawing) and positive
charge (electron-donating) respectively. (b) Band structure and
density of states (DOS). There is total DOS (TDOS) and partial
DOS of Pb, I, and C atoms. (c) The asymmetry of hydrogen
bonding interactions (HBp., — HByop; and HBp; — HBpor0)
and intraoctahedron distortions (Ad and o) as functions of in-
plane tensile strain.

[Pbl,]>~. The difference in length of hydrogen bonds
on both sides (HB,, —HBop.; and HByo — HBpoi)
is used to assess the asymmetry of hydrogen bonding
interactions (Fig. S1 [33]), which induces the chiral
deformation of inorganic frameworks [11]. The deforma-
tion of 1D chains is evaluated by intraoctahedron distor-
tions, including bond length and bond angle distortion
(Ad and 6?) [46]. As shown in Fig. 1(c), we find that
HB,,2 —HByop1, HBpo g —HBpop, Ad, and o all
increase when applying in-plane [a-b plane in Fig. 1(a)]
tensile strain. This means that in-plane tensile strain aug-
ments the asymmetry of hydrogen bonding interactions and
promotes the transfer of chirality to the inorganic frame-
works in 1D CMH.

Based on DFT results, we employ a multiphase inter-
facial interaction strategy to induce tensile strain, utilizing
lattice defect, lattice misfit, and thermal expansion mis-
match between two phases [47—49]. The multiphase films
composed of 1D CMH and excess Pbl, phases are
produced by varying the stoichiometric composition of
precursor solutions. X-ray diffraction (XRD) patterns con-
firm the fabricated series of films are composed of a 1D
CMH phase and excess Pbl, phase [Fig. 2(a)]. The (001)
plane of the Pbl, phase appears at 12.7°, and the content
of Pbl, is tailored from 0% to 47.7% across different
preparation conditions (Fig. S2 and Table S1 [33]).
Scanning electron microscope studies show that the pres-
ence of an excess Pbl, phase results in the formation
of Pbl, nanoparticles (NPs) on both the film’s surface
[Figs. 2(b) and 2(c)] and within its bulk (Fig. S3 [33]).
Employing grazing incident XRD and the classical
20 — sin?p method, we unveil the distribution of residual
strain in films [Fig. 2(d); details shown in Supplemental
Material and Table S2 [33]]. This result confirms the
existence of tensile strain in 1D CMH film due to the
thermal expansion mismatch between 1D CMH and glass
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FIG. 2. Morphology and strain distribution of films. (a) XRD
patterns of films with 0%, 7.9%, 27.8%, 40.7%, and 47.7% Pbl,.
(b), (¢) Surface morphology of 1D CMH film and multiphase film
with 40.7% Pbl,. (d) Linear fitting the peak position 26 and sin’¢p
obtains residual strain distribution. (e) The calculated tensile
strain as the function of Pbl, content.
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substrate [50]. The interfacial interactions between the 1D
CMH and the Pbl, phase enhance the tensile strain in
multiphase films. As such, multiphase interfacial inter-
actions allow us to precisely tune the tensile strain from
0.45% to 1.50% by varying Pbl, content from 0% to 40.7%
[Fig. 2(e) and Fig. S4 [33] ]. However, when Pbl, content
is higher than 40.7%, the agglomeration of Pbl, NPs
results in a smaller contact interface and thus reduces
tensile strain (Fig. S5 [33]).

Figure 3(a) shows the absorption spectra of these films,
where all exhibit an exciton absorption peak of 1D CMH
at 375 nm. For multiphase films, an additional shoulder
peak emerges in the absorption spectra at around 410 nm,
which is attributed to the quantum confinement effect of
Pbl, NPs [40]. The contributions of 1D CMH and Pbl, NPs
to spectra are effectively separated by multipeak fitting,
demonstrating the basic unchanged exciton absorption
peak of 1D CMH at 375 nm (Fig. S6 [33]). From the
CD spectra [Fig. 3(b)], we observe a classical opposite
bisignal CD response near the exciton absorption of 1D
CMH, whose peak intensity increases from 1050 mdeg to
5350 mdeg with Pbl, content from 0% to 40.7% and then
decreases beyond 40.7% Pbl,. When the Pbl, content
further increases to 67.5%, the peak intensity of CD
decreases to 200 mdeg with gcp of 2.0 x 1073 (Fig. S7
[33]). After eliminating the effects caused by the absorption
overlap of Pbl, NPs and macroscopic anisotropy of films,
we calculate the true dissymmetry factor (gcp.tr) Spectra to
assess intrinsic exciton chirality [Fig. 3(c); details are
shown in Supplemental Material and Figs. S8-9 [33] ] [42].
The gcp.tr has arise of 5 times from 0% at 40.7% Pbl,, and
is also consistent with strain changes from 0.45% to 1.5%.
We fail to observe any photoluminescence or circularly
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FIG. 3. The chiroptical activity of films. (a)-(c) Absorption,

CD, and gcp.r spectrum of 1D CMH film and multiphase films
with 0%, 7.9%, 27.8%, 40.7%, and 47.7% Pbl,.

polarized photoluminescence emission from all samples
under excitation at 375 nm, which may be due to non-
radiative loss channels caused by excess lattice defects, or
exciton-phonon coupling caused by large lattice deforma-
tion in 1D CMH [51,52]. We further investigate the exciton
dynamic and polarization dynamics by transient absorption
(TA) and circularly polarized TA (CTA) spectroscopy
(Figs. S10-11 [33]). 1D CMH under 1.5% strain exhibits
a shorter exciton lifetime (~50 ps) than 1D CMH under
0.45% strain (> 5,000 ps), possibly due to strong exciton-
phonon coupling caused by strain-induced lattice deforma-
tion, thereby aggravating the recombination of excitons
[53]. Moreover, 1D CMH under 1.5% strain has the higher
CTA polarization degree (~60%) than ~20% of 1D CMH
under 0.45% strain, indicating the higher circular polari-
zation degree of excitons of 1D CMH under 1.5% strain.
But thermalization of excitons caused by exciton-exciton
and/or exciton-phonon scattering leads to faster spin
relaxation (~5 ps) of 1D CMH under 1.5% strain than
~500 ps of 1D CMH under 0.45% strain [54].

To elaborate on the relationship between molecular
assembly and exciton chirality, we develop the chirality-
induced SOC model for 1D CMH based on chirality-
induced SOC theory [44]. This theory considers that the
helical arrangement of chiral organic molecules impacts the
interchain electron coupling for generating the chirality-
induced SOC, which induces spin-splitting subbands
and thus results in intrinsic exciton chirality. We deduce a
quantitative relationship between the geometric arrangement
of chiral organic molecules and the chiroptical response of
CMHEs, as follows (Supplemental Material [33]):

: nLgsiny
A /&'ba)()l)2 % Sin |:4n2(Ld sin y+L,cos?y) (1)
9cp ~
hl'c L2cos?y ’

where &, f, ¢, I', @y, and D are the background dielectric
constant, reduced Planck constant, light speed, exciton
broadening, exciton resonance frequency, and exciton dipole
respectively. In the latter item, molecular assembly is
measured by molecular inclination (y) along the ¢ axis,
molecular dislocation (L4) along the a axis, and constant
molecular size (L,) (Fig. S12 [33]). The quantitive relation-
ship demonstrates that L4 and y contribute to higher CD and
gcp Wwhen other parameters are constant [Fig. 4(a)].
The molecular assembly along the ¢ axis with 2; helical
symmetry is regarded as a mathematically continuous
helix when considering the molecular shape [55]. The helix
radius (R) and spacing (H) of the molecular assembly
are associated with Ly and y by relationships of R =
2y/L4L,siny and H =~ L, cosy/n. Therefore, the enlarged
radius and reduced spacing of the helix contribute to higher
CD and gcp, indicating that the spatially helical assembly
of chiral organic molecules determines the chiral transfer
process and controls the magnitude of exciton chirality.
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FIG. 4. The strain-amplified exciton chirality. (a) Variation of
CD and gcp with Ly and y; CD and gcp are normalized.
(b) Variation of Ly and y with tensile strain. (c) The exper-
imental gcp and CD (blue and red solid points) as the function
of tensile strain, well fitting with theoretical gcp and CD (blue
and red curves); the coefficient of determination (R?) is 0.95
and 0.83 for gcp and CD respectively. (d) Our experimental and
predictable CD and gcp are compared with reported CQDs,
CMOSs, and CMHs.

For R-NEAPbI;, a great increase in Ly and slight
increase in y with strain ranging from 0% to 2% [Fig. 4(b)].
The primary increase of Ly within 1%-2% strain indicates
that the tensile strain effectively pulls molecules apart along
the in-plane direction to enhance dislocation. Ly and y
decrease at higher strain due to the onset of tensile fracture
at around 2% due to partial Pb-I bond breakage and
octahedral instability. With the variation of Ly and y under
different tensile strains, we well fit experimental CD and
gep according to Eq. (1) [Fig. 4(c)]. It allows us to predict a
maximal CD of 9850 mdeg and gcp of 0.35, at a fracture
strain of about 2%. The trend of strain with exciton chirality
is consistent with the results of previous studies on the
electronic interactions in 2D CMHs [27]. However, differ-
ent from previous studies, we clearly elucidate the impact
of molecular chirality on exciton chirality, which assists
us in quantitatively regulating exciton chirality through
molecular manipulation. Moreover, the tunability of gcp
from 0.20 to 2.0 x 1072 is higher than the reported chiral
regulation strategies of CMHs (see Table S3 [33]).

In Fig. 4(d), we summarize the reported CD and gcp
values in three categories of chiral hybrid semiconductors,
including chiral organic ligands coordinating quantum dots
(CQDs), chiral metal-organic frameworks (CMOSs), and
CMHs. In our work, we amplified the exciton chirality of
1D R-NEAPDbI; and achieved a recorded CD of 5350 mdeg

and recorded gcp of 0.20 among all chiral hybrid semi-
conductors. The highest CD and gcp of 9850 mdeg and
0.35 in 1D R-NEAPbI; are predicted before the fracture
strain, which are even comparable to chiral perovskite
metasurfaces (CD = 6,350 mdeg, gcp = 0.49) [56]. The
high CD and gcp are due to the tensile strain exerted by
Pbl, increasing the helical dislocation, thus greatly enhanc-
ing the chirality-induced SOC for amplifying exciton
chirality to a recorded level.

In summary, we deduced a physical model that quanti-
tatively describes the relationship between molecular chi-
rality and exciton chirality. This model indicates that the
spiral arrangement of chiral organic molecules with larger
helix radius and smaller helix spacing results in stronger
exciton chirality. The tensile strain exerted by Pbl, greatly
increased the helical dislocation of R-NEA™ in 1D CMH,
thus amplifying the exciton chirality to the recorded level in
chiral hybrid semiconductors. The phase-mixing strategy
modulates the strain of 1D CMH by utilizing lattice
mismatch and thermal mismatch between two phases, which
has been a classic method employed in perovskite films for
strain engineering [57,58]. Therefore, similar strategies are
transferable for other CMHs for amplifying exciton chirality
by selecting the suitable mixed phase and carefully control-
ling its morphology. For instance, for 2D or quasi-2D CMHs
with better optoelectronic properties, whose chiral organic
molecules are helically arranged between inorganic frame-
works, it is desirable to adjust molecular assembly to achieve
higher exciton chirality. Our work offers a feasible way to
quantitatively regulate exciton chirality by molecular
manipulation, fostering the advancement of chiral hybrid
semiconductors, with implications across a spectrum of
exciting applications in chiral light sources and detectors,
chiral sensing, and asymmetric photocatalysis.
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