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ABSTRACT

Chiral semiconductors have been recently suggested as the basic building blocks for the design of chiral optoelectronic and electronic devices
for chiral emission and spintronics. Herein, we report that through the formation of a chiral/achiral heterostructure, one can develop a chiral
system that integrates the merits of both chiral and achiral components for developing a demanded chiral emitter. In the R-(þ)-(or S-(�)-)1-
(1-naphthyl)-ethylammonium lead bromide/CsPbBr3 heterostructure, we show that the photoluminescence of CsPbBr3 carries a degree of
circular polarization of around 1% at room temperature. It is explained that such chiral emission is enabled through the chiral self-trapped
exitonic absorption of R-(þ)- (or S-(�)-)1-(1-naphthyl)-ethylammonium lead bromide. This work may provide an alternative way to gener-
ate bright circularly polarized light from achiral materials, which has potential applications in spintronics, biosensing, and signal encryption.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0180188

Spintronic devices allow active manipulation, transfer, and detec-
tion of spin degree of freedom of electrons,1 which are featured by
high computing and storage efficiency2–6 urgently demanded for
future microelectronics and computing paradigms.7–9 Opto-
spintronics, as an emerging branch of spintronics, takes the advantage
of the spin of photons (circular polarization of light) to generate and
control spin current.10–12 Chiral materials, matters without mirror
symmetry, inversion symmetry, and roto-inversion symmetry, have
selective response to left- (r�) and right- (rþ) circularly polarized light
and can serve as an emitter and a receiver of spin-polarized pho-
tons.13–24 To achieve good performance, chiral semiconductors with
large intrinsic chiral response (e.g., circular dichroism), high quantum
yield, and suitable bandgap are particularly desirable.25–30 Low-
dimensional hybrid organic–inorganic halide perovskites have high
quantum efficiency and can be easily modified to have chirality by
selecting chiral organic cation, making them suitable candidates for
opto-spintronic devices.31–47 There are a vast number of chiral perov-
skite structures designed and discovered in recent years.38 However,
owing to the introduction of bulky organic cations, these chiral
organic-inorganic halide perovskites, featured by either Ruddleson–
Popper or Dion–Jacobson structures, usually have large bandgap,

broad photoluminescence (PL) peak (due to strong electron–phonon
coupling), and often lower quantum efficiency at a visible light
regime.33,48–51 One example is organic–inorganic chiral halide perov-
skite R-(þ)- and S-(�)-1-(1-naphthyl)-ethylammonium lead bromide
(R- and S-NPB), which not only possesses organic sublattices of chiral
P21 symmetry and helically distorted inorganic framework originating
from asymmetric hydrogen bonds but also suffers from dim white
photo emission at room temperature.52

In this work, we exploit the high brightness visible light emission
of pure inorganic halide perovskite CsPbBr3 for a potential chiral emitter
through a chiral/achiral heterostructure approach. As shown in Fig. 1, in
the heterostructure, we expect to produce an electronic structure that
has spin-polarized feature enabling chiral emission. Specifically, we har-
ness the high intrinsic chirality of R- and S-NPB to modify the photolu-
minescence of CsPbBr3. This approach makes the bright
photoluminescence of CsPbBr3 carry reasonable degree of polarization
at room temperature. This work may open an avenue for developing a
bright chiral emitter for building future chiral optoelectronics.

R- and S-NPB were grown using a solution method.52

Transparent single crystal (based on visual check) R- and S-NPB crys-
tals in a millimeter size were collected after growth (see Fig. S1 in
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supplementary material). X-ray diffraction (XRD) and nuclear mag-
netic resonance (NMR) were carried out to verify the phase and chem-
istry of the synthesized hybrid perovskites, respectively (see Figs. S2
and S3). NPB crystals with a bandgap of 2.97 eV show a weak white PL
emission, as shown in Fig. S4, which is attributed to self-trapped exci-
ton owing to strong electron–phonon coupling typically found in low-
dimensional hybrid crystals with soft and polar lattice, where lattice
anharmonicity leads to spatially localized electron–hole wave func-
tions.52–54 Time-resolved photoluminescence (TRPL) and
temperature-dependent TRPL show (Fig. S5) that the charge carrier
lifetimes in NPBs increase with decreasing temperature, from 4ns
(room temperature) to 16 ns (liquid nitrogen temperature) observed at
the detection wavelength of 500 nm.

Intrinsic chirality of R- and S-NPB was characterized using a cus-
tomized setup which extracts circularly polarized luminescence
(CPL).55–57 The CPL experiment setup is shown in Fig. S6. A fixed first
polarizer and a rotatable first quarter wave plate (QWP) are used to
control polarization of the incident laser. The PL of the device under
test is collected by objective lenses and then sent to a charge-coupled
device (CCD) after going through a second QWP and a second polar-
izer. The circular part of PL light was first transformed into linear
polarized light by the second rotatable QWP and then modulated by
the second fixed polarizer. Specifically, r� part of PL will be trans-
formed by the second QWP to a linear polarized light with its polariza-
tion 45� away from the fast axis of the second QWP, while rþ part of
PL will be converted to a linear polarized light with its polarization
–45� away from the fast axis. During the rotation of the second QWP,
the angle between its fast axis and the polarization direction of the sec-
ond polarizer keeps changing. When this angle reaches special values
like 45� (or 135�), the second polarizer completely blocks the r� (rþ)
part of PL, and hence the counts read on CCDwill only reflect the con-
tributions from rþ (r�) part of PL. Before experiments, the system is
carefully aligned and calibrated using both standard optical mirrors

and racemic-NPB (rac-NPB) to quantify the effects of the micro-
scopic components on light modulation (Fig. S7). The polarization
direction of the second polarizer and the fast axis of the second
QWP are aligned along the same direction prior to tests. During
experiments, the rotation angle of QWP is, thus, the angle between
the fast axis of the second QWP and polarization direction of the
second polarizer.

Figures 2(a)–2(f) show the CPL results of R- and S-NPB with lin-
early polarized excitation at 405 nm. In Figs. 2(a) and 2(b), CCD read-
ings vs the rotation angle of the second QWP at two different PL
wavelengths (442 and 488nm, respectively) for two periods (360�) are
shown. As discussed above, when the rotation angle of the second
QWP reaches 45� or 225�, CCD readings represent rþ part of PL;
when QWP reaches 135� or 315�, CCD counts represent r� part of
PL. It is clear that at both 442 nm [Fig. 2(a)] and 488 nm [Fig. 2(b)],
the PL intensity corresponding to the r� part in R-NPB is higher than
rþ, while this is opposite to S-NPB. This is typically seen in chiral
materials, as chiral symmetry allows magnetic and electrical dipole
moment operators follow same irreducible representation and hence
enables selective absorption/emission to photons with different
spin.58,59 In Figs. 2(c) and 2(d), continuously measured results from
nine consecutive periods are shown. Here, data are only collected
when the rotation angle of the second QWP is equal to 45 plus multi-
ples of 90�. These data show that when the PL is collected at both
527 nm [Fig. 2(c)] and 558 nm [Fig. 2(d)], PL of R-NPB has more r�

component and PL of S-NPB has more rþ part. It is noted that a linear
background is intentionally removed in Figs. 2(c) and 2(d) as it may
come from graduate laser damage of the sample. Normalized CPL
intensity (IR�IL)/(IR�IL)Max (here, IL is the intensity of left circularly
polarized PL and IR is the intensity of right circularly polarized PL) is
drawn in Fig. 2(e). R- and S-NPB show opposite CPL values, and we
can conclude that R- and S-NPB have evident opposite chirality arising
from the chirality of their enantiomorphic organic cations. The degree

FIG. 1. Schematic of a chiral–achiral heterostructure. Van der Waals chiral halide perovskites often have large bandgap and broad PL emission, due to the use of bulky chiral
organic cation. 3D perovskites have narrow PL emission and high quantum efficiency but usually possess high symmetry (e.g., no chirality). By building a heterostructure con-
sisting of both chiral van der Waals layer and achiral 3D perovskite, we expect to achieve a narrow and bright PL emission with chirality.
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FIG. 2. CPL of R-/S-NPB with linear polarized excitation. (a) and (b) CPL response of R-/S-NPB at 442 and 488 nm, respectively. The arrows indicate the corresponding y
axes. At both wavelengths, R-NPB has more r� component (light intensity at 135� is larger than that at 45�), while S-NPB has more rþ. (c) and (d) Nine consecutive mea-
surement results of R-/S-NPB at 527 and 558 nm, respectively. (e) and (f) Wavelength dependent normalized CPL intensity and gpl, respectively. R- and S-NPB show opposite
responses, which is reasonable as they are a pair of enantiomers.

FIG. 3. CPL of R-/S-NPB with circularly polarized excitation. (a)–(d) CPL measurement results of R-/S-NPB with r�/rþ incident light with signals collected at 442, 458, 473,
and 488 nm, respectively. Solid lines represent tests with r� excitation; dashed lines represent rþ; green curves represent R-NPB; and red curves represent S-NPB. The
arrows indicate the corresponding y axes. (e) and (f) Wavelength dependent gpl factor and CPL intensity of R-NPB. See Fig. S8 for S-NPB.
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of circular polarization (or luminescence dissymmetry factor) gpl of R-
and S- NPB is defined as60–63

gpl ¼ 2� IR � IL
IR þ IL

: (1)

Figure 2(f) shows gpl vs PL wavelength for both R- and S-NPB. In
Fig. 2(f), results from different locations of one sample and different sam-
ples are represented in light color, while averaged results are shown in the
dark color. With linear illumination at 405nm, gpl of S- NPB can reach
around 6% and R-NPB can reach around�4% both located at�450nm.

FIG. 4. CPL of CsPbBr3 and R- and S-NPB/CsPbBr3/PDMS heterostructures. (a) CsPbBr3 shows no degree of circular polarization with linear excitation. (b) With r�/rþ excita-
tion, CsPbBr3 shows around �0.4%/0.2% gpl. (c) Schematics of two different heterostructures: Left: R- and S-NPB/CsPbBr3/PDMS. Right: R- and S-NPB/h-BN/CsPbBr3/
PDMS, where h-BN serves as an insulating layer. (d) PL spectra of our heterostructure and R-NPB perovskite. R-NPB shows a broad weak PL due to its strong electron–pho-
non coupling. CsPbBr3 possesses strong and sharp green PL owing to its high quantum yield. The heterostructure is dominated by the emission of CsPbBr3. Inset: optical
image of R-NPB/CsPbBr3/PDMS heterostructure under excitation. (e) CPL of R- and S-NPB/CsPbBr3/PDMS heterostructure with linearly polarized light as the excitation. The
arrows indicate the corresponding y axes. (f) Nine consecutive measurements of CPL. (g) Wavelength dependent CPL intensity. See Fig. S9 for gpl vs wavelength data. (h) gpl
of R-NPB/CsPbBr3/PDMS heterostructure at room temperature and liquid nitrogen temperature.
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Figures 3(a)–3(f) present the CPL results of R- and S-NPB crys-
tals with circularly polarized excitations at 405nm. Circularly polarized
excitations are achieved by rotating the first QWP so that its fast axis
is645� away from the polarization direction of the first polarizer. In
this setup, the gpl is dependent on not only material chirality but also
the chirality of incident light, when the spin lifetime of charge carriers
is long.64,65 Under rþ or r� excitations, CCD counts vs the rotation
angle of the second QWP are plotted in Figs. 3(a)–3(d), where solid
lines represent results with r� excitation, dashed lines represent results
with rþ excitation, green curves for R-NPB, and red curves for S-NPB.
Figures 3(a)–3(d) show measurement results when the PL is at 442,
458, 473, and 488 nm, respectively. It is shown that the gpl is strongly
dependent on whether the excitation is rþ or r�, while chirality of the
material makes not much difference. Figs. 3(e) and 3(f) present the cal-
culated gpl and CPL intensity (IR-IL) when excitations are rþ and r�,
respectively. With r� illumination, gpl of R- and S-NPB can reach
around –15%, while with rþ illumination, gpl can reach around 11%.
These results show that the spin lifetime of both R- and S-NPBmay be
long enough so that the spin states of some excited carriers could
reserve through electron–hole recombination.

CsPbBr3 sheets are prepared by a chemical vapor deposition
method.66 After growth, epitaxial rectangle flakes of CsPbBr3 were found
on muscovite mica (Fig. S1). As shown in Fig. 4(a), for pure CsPbBr3,
with linear excitation, no degree of circular polarization is observed,
which is reasonable as CsPbBr3 does not have structural chirality. With
r�/rþ excitation, CsPbBr3 shows a gpl of around �0.4%/0.2%, respec-
tively [Fig. 4(b)], indicating a small portion of excited carriers persevere
their original spin states during electron–hole recombination.

R- and S-NPB/CsPbBr3 heterostructures are prepared using a dry
transfer method.67 CsPbBr3 and R- and S-NPB are exfoliated using a

Scotch tape and then transferred using polydimethylsiloxane (PDMS).
As shown in Fig. 4(c), two different types of devices are prepared: R-
and S-NPB/CsPbBr3/PDMS and R- and S-NPB/h-BN/CsPbBr3/
PDMS, where h-BN serves as a charge-blocking layer68,69 (whose pur-
pose will be discussed later). The relevant optical microscopy imagines
of these two types of devices are shown in Fig. S10. Although CsPbBr3
has no structural chirality, it has superior quantum efficiency: even
with a layer of R-/S-NPB and h-BN on top, its PL intensity is still
orders of magnitude larger than that of R-/S-NPB, as shown in
Fig. 4(d). Also, PL of CsPbBr3 is a direct emission originating from
band-to-band transition, in contrast to the broad self-trapped excitonic
PL peak of NPB. By NPB/CsPbBr3 heterostructure, we expect a bright
non-chiral emission of CsPbBr3 to be modified by the chirality of
NPB.

Figures 4(e)–4(h) show the experimentally received circular
polarizations of the PL of R- and S-NPB/CsPbBr3/PDMS heterostruc-
ture. Linear polarized excitation at 405 nm is used for these tests. As
demonstrated in Fig. 4(e), PL of CsPbBr3 in R- and S-NPB/CsPbBr3/
PDMS heterostructures shows certain gpl: PL of R-NPB/CsPbBr3/
PDMS heterostructure is enriched by r�component, and PL of
S-NPB/CsPbBr3/PDMS heterostructure is more populated by rþ com-
ponent. The signs of gpl are consistent with what have been observed
in R- and S-NPB. Figure 4(f) displays the measurement results of nine
consecutive periods reflecting the consistency of the degree of circular
polarization over different cycles. Wavelength dependent CPL inten-
sity is presented in Fig. 4(g). By forming R-NPB/CsPbBr3/PDMS het-
erostructure, around �1% gpl is established in PL of CsPbBr3, while
around 0.6% gpl is generated by creating S-NPB/CsPbBr3/PDMS heter-
ostructure. At liquid nitrogen temperature, the PL degree of circular
polarization increases slightly, as shown in Fig. 4(h).

FIG. 5. CPL of R- and S-NPB/h-BN/CsPbBr3/PDMS heterostructures. (a), Schematics of two possible mechanisms that may contribute to the chiral emission of our heterostruc-
ture. Left: due to material chirality, chiral materials generate spin polarized electron-hole pairs with linearly polarized excitation. Excited electrons and holes diffuse to the achiral
layer, and then recombine and emit chiral PL. Right: the chiral layer has different absorption coefficients toward light with different chirality. Hence, it may serve as a “chiral filter”
to both incident laser and outcoming PL emission. (b) CPL of R- and S-NPB/h-BN/CsPbBr3/PDMS. Arrows indicate corresponding y axes. (c) CPL of nine consecutive periods.
(d) Wavelength dependent gpl.
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Figure 5(a) shows two possible mechanisms leading to chiral
emission from CsPbBr3: first, with linear illumination, chiral materials
generate spin polarized electron–hole pairs and then those excited elec-
trons and holes diffuse to a non-chiral layer and further recombine to
emit chiral PL;70,71 second, the chiral layer serves as a “chiral filter” to
both incident laser and outcoming emission, owing to its different
absorption to r� and rþ light.72,73 Hence, a linearly polarized PL
beam from the achiral part can be converted to an elliptically polarized
light after some circular components are absorbed by the chiral
component.

To check whether the first mechanism is possible or not, we
insert a layer of h-BN between R-/S-NPB and CsPbBr3 to prevent
electron/hole transfer. As shown in Fig. 5(b), even with this layer of
h-BN, the PL of CsPbBr3 still shows substantial gpl. It is shown that the
PL of R-NPB/h-BN/CsPbBr3/PDMS heterostructure at 510 nm has
more r� component, and S-NPB/h-BN/CsPbBr3/PDMS heterostruc-
ture has more rþ component, which is consistent with the results of R-
and S-NPB and the heterostructures without h-BN. Figure 5(c) show
the CPL results for many cycles. The gpl is around –0.6% (0.4%) for R-
NPB/h-BN/CsPbBr3/PDMS (S-NPB/h-BN/CsPbBr3/PDMS) hetero-
structures, which is similar to that of the heterostructures without h-BN
[Fig. 5(d)]. These results show that in our heterostructure the mecha-
nism of chiral emissionmay be dominated by the second one.

In summary, we have demonstrated that by forming a chiral/
achiral heterostructure, bright and narrow circularly polarized PL can
be obtained. Specifically, the intrinsically high quantum efficiency achi-
ral emission of CsPbBr3 can be tuned to be circularly polarized with gpl
at �1% at room temperature. We show that this chiral emission
mainly comes from the “chiral filtering” effect of the van der Waals
chiral perovskite layer. This work opens a door to generate bright chi-
ral emission that could be harnessed for developing future opto-
spintronic and quantum computing devices.74,75

See the supplementary material synthesis, structural and
chemical characterizations, optical measurements, fabrication of
heterostructure.
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