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strong nonlinear chiroptical properties†
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Chiral optical materials enable simultaneous linear and nonlinear optical properties and have emerged

as a new class of materials desirable for applications in chiroptical information technology. Herein,

we developed two pairs of hybrid lead-bromide perovskites (R-/S-APD)PbBr4 and (1R,2R-/1S,2S-

DACH)2PbBr6�2H2O, and systematically investigated their linear and nonlinear chiroptical responses.

Second-harmonic generation circular dichroism (SHG-CD) measurements reveal a high anisotropy

factor (gSHG-CD) of up to 1.58 for (1S,2S-DACH)2PbBr6�2H2O, which is the highest value among those of

the reported chiral perovskites to date. Notably, these perovskites display a high laser damage threshold

(LDT) of up to 59.36 GW cm�2. This study demonstrates that the 0D chiral hybrid lead-bromide

perovskite system can simultaneously exhibit both high LDT and gSHG-CD, thereby opening a new route

for the design of high-performance chiral nonlinear optics.

Introduction

Nonlinear optical (NLO) materials are extensively used in
various optical devices and play an indispensable role in laser
and information technologies.1–5 Second harmonic generation
(SHG) is a nonlinear process of converting two low-frequency
photons into one coherent high-frequency photon within a
nonlinear medium. Such frequency-doubling processes are
the key basis of many advanced applications, including all-
optical switching,6 biological microscopic imaging,7 optical
modulation8 and quantum technology.9 Noncentrosymmetry
in crystal structures is the fundamental prerequisite for design-
ing SHG-active materials. An effective strategy to obtain a
noncentrosymmetric crystal structure is through the introduc-
tion of chiral or asymmetric organic components.10,11

Chiral materials are intrinsically noncentrosymmetric, and
can interact differently with left- and right-handed circularly
polarized light, leading to chiroptical effects such as circular
dichroism (CD),12 circularly polarized luminescence (CPL)13,14

and SHG circular dichroism (SHG-CD).15 Recently, great inter-
est has been paid to chiral perovskites, which simultaneously
possess inherent noncentrosymmetric structures and intrinsic
chirality, and have shown attractive applications in NLO,16–18

chiroptoelectronics19–21 and spintronics.22–25 Several chiral
hybrid organic–inorganic perovskites based on different
organic components and metals have been developed for
SHG effects, including (L-ipp)PbI3,26 A2BBiX6,27 MHyPbBr3

28

(R/S-MBA)4Bi2Br10,29 (R/S-3AP)4AgBiBr12,30 MAGeBr3,10 (R/S-MBA)-
CuBr2

15 and (R/S-MBA)BiI4.1 However, chiral hybrid perovskites
with SHG-CD properties were not reported until very recently.
The first SHG-CD of hybrid perovskites was reported on
(R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowires, exhibiting an effective
second-order NLO coefficient of 0.68 pm V�1.31 Subsequently,
SHG-CD of the bulk single crystals of [(R/S)-3-aminopiperi-
dine]PbI4 showed an anisotropy factor (gSHG-CD) of 0.21.32

Higher gSHG-CD values of 0.41, 0.58 and 0.8 were achieved in
copper- and bismuth-perovskite systems.29,33,34 The first chiral
hybrid germanium iodide exhibited a gSHG-CD of 0.48.35

We proposed a new strategy to construct a chiral mixed halide
hybrid perovskite, which showed a high gSHG-CD of 1.56.36

Recently, the (R-MBACl)2PbI4 film was reported to exhibit a
high gSHG-CD value of up to 1.57.37

Over the past years, diverse metal cations, such as Pb2+,
Ge2+, In2+, Bi3+ and Cu2+, have been introduced to construct
chiral hybrid perovskites for SHG-CD investigation.29,31–36

Compared to other ions, Pb2+ ions have partially filled d-
electron orbitals, which contribute to strong electronic polariz-
ability and electronic transitions. Therefore, lead-containing
hybrid perovskites feature strong second-order susceptibility,
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showing great potential in SHG-CD materials.28,38–48 However,
only two investigations on SHG-CD of lead-bromide hybrid
perovskite systems have been performed, and hence the struc-
ture–property correlation is not fully understood.31,34 Besides,
lower dimensional perovskites, especially zero-dimensional
(0D) hybrid perovskites, generally exhibit more pronounced
nonlinear optical responses compared to their three-dimen-
sional (3D) counterparts due to confined electron motion
and strong electron–hole interaction.49 However, the SHG-CD
studies on lead-bromide perovskite systems have only been
conducted on two-dimensional (2D) crystals, while that of 0D
lead-bromide hybrid perovskites remains unexplored.

Herein, we report the synthesis of a 0D chiral lead-bromide
hybrid perovskite, (1R,2R-/1S,2S-DACH)2PbBr6�2H2O, as a high-
performance SHG-CD material. (1R,2R-/1S,2S-DACH)2PbBr6�
2H2O was synthesized by introducing chiral cations, 1R,2R-/
1S,2S-diaminocyclohexane. Meanwhile, 1D (R-/S-APD)PbBr4 (R-/
S-APD = R-/S-3-aminopiperidine) was also synthesized to inves-
tigate the influence of organic cations. The circular dichroism
(CD) spectra of these perovskites confirmed the successful
transfer of chirality from the chiral cations to the inorganic
framework. (S-APD)PbBr4 exhibited a strong SHG response
across a wide excitation wavelength range from 820 nm to
1040 nm. The effective second-order nonlinear optical coeffi-
cient (deff) is up to 0.4 pm V�1 for (S-APD)PbBr4. Notably, these
perovskites display a high LDT of up to 59.36 GW cm�2.
Furthermore, a high gSHG-CD of 1.58 was achieved in (1S,2S-
DACH)2PbBr6�2H2O, which is the largest value among those of
the reported chiral perovskites. This study demonstrates that a
0D chiral hybrid lead-bromide perovskite system can simulta-
neously exhibit both high gSHG-CD and LDT, thereby expanding
the scope of chiral SHG-active materials in the field of
chiral NLO.

Results and discussion
Synthesis

Fig. 1a illustrates the molecular structures of two pairs of chiral
organic amines (R-/S-APD and 1R,2R-/1S,2S-DACH) utilized to
synthesize chiral hybrid perovskites. Single crystals of (R-/S-
APD)PbBr4 and (1R,2R-/1S,2S-DACH)2PbBr6�2H2O were synthe-
sized according to the cooling crystallization method. Briefly,
Pb(OAc)2�3H2O or PbO and the corresponding ammonium salt
were dissolved into HBr and heated to 120 1C while stirring to
afford a faint yellow solution. Slow cooling of the solutions
to room temperature resulted in the formation of plate-like
crystals and needle-like crystals, respectively. For the large-size
crystal preparation, by employing the bottom-seeded solution
growth method under an ambient atmosphere, bulk chiral
single crystals of several millimeters in size were obtained,43

as shown in Fig. 1b. The detailed synthetic process for crystal
growth is described in the experimental section.

The powder X-ray diffraction (PXRD) patterns of (R-/S-
APD)PbBr4 and (1R,2R-/1S,2S-DACH)2PbBr6�2H2O match well
with the corresponding simulated results from the crystal
structure, confirming the high phase purity of these single
crystals (Fig. S1, ESI†). The PXRD spectra of these materials
between those as-prepared and exposed to air for 60 days show
no substantial changes, indicating their excellent ambient
stability (Fig. S2, ESI†). The thermogravimetric analysis (TGA)
curves of four chiral perovskites revealed decomposition tem-
peratures higher than 580 K (Fig. S3, ESI†), suggesting their
high thermostability is comparable to that of the chiral lead
halide perovskites.31,50,51 In Fig. S3c and d (ESI†), the first
weight loss observed in (1R,2R-/1S,2S-DACH)2PbBr6�2H2O can
be attributed to the loss of coordinated H2O in the crystals,
while the second weight loss corresponds to their decomposition.

Fig. 1 (a) Molecular structures of the R-APD, S-APD, 1R,2R-DACH and 1S,2S-DACH (R-/S-APD = R/S-3-aminopiperidine, 1R,2R-/1S,2S-DACH = 1R,2R-/
1S,2S-diaminocyclohexane). (b) The photographs of (R-/S-APD)PbBr4 and (1R,2R-/1S,2S-DACH)2PbBr6�2H2O single crystals (the scale bar is 5 mm).
(c) Crystal structures of (R-APD)PbBr4 and (S-APD)PbBr4. (d) Crystal structures of (1R,2R-DACH)2PbBr6�2H2O and (1S,2S-DACH)2PbBr6�2H2O. The
crystals were viewed along the a-axis.
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The remarkable environmental stability and thermostability of
these chiral hybrid perovskite crystals make them promising
candidates for practical applications in nonlinear optics.

Crystal structures

The crystal structures of (R-/S-APD)PbBr4 and (1R,2R-/1S,2S-
DACH)2PbBr6�2H2O were analyzed using single-crystal X-ray
diffraction. The crystal data and structure refinement are
provided in Tables S1–S4 (ESI†).

Fig. 1c illustrates the crystal structures of (R-APD)PbBr4 and
(S-APD)PbBr4, which feature one-dimensional (1D) structures.
This 1D structure that combines edge-sharing chains resulted
from the use of the R-/S-APD cation in (R-/S-APD)PbBr4, which is
similar to that found in (2,6-dmpz)3Pb2Br10.52,53 (R-APD)PbBr4

and (S-APD)PbBr4 adopt the noncentrosymmetric orthorhombic
space group of P212121 with unit cell parameters a = 8.7802 Å,
b = 10.8321 Å, c = 13.9609 Å and a = 8.7810 Å, b = 10.8005 Å,
c = 13.7783 Å, respectively. The crystal structure consists of
[PbBr6]N

4� chains sitting in the columnar cages composed of
(R-/S-APD)2+ cations. The ammonium moieties hydrogen bond
to bromide ions (Fig. S4, ESI†) with N� � �Br distances ranging
from 2.613 to 2.820 Å. The inorganic chain is based on edge-
shared octahedral [PbBr6]4� moieties (Fig. S5a and b, ESI†),
which are different from the typical corner-sharing octahedral
units found in 2D and 3D hybrid perovskites.27,54 The inorganic
chain is then separated and charge-balanced by (R-/S-APD)2+

cations, as shown in Fig. S5c and d (ESI†). Then, inorganic
chains and organic components are arranged alternately to form the
1D crystal structure. This structure can be considered as the bulk
assembly of 1D core–shell quantum wires, in which the insulating
organic shells surround the core copper chloride wires.55

An exotic type of 0D structure that contains isolated
[PbBr6]4� octahedron resulted from the use of the 1R,2R-/
1S,2S-DACH cation in (1R,2R-/1S,2S-DACH)2PbBr6�2H2O. Fig. 1d
shows the crystal structures of (1R,2R-DACH)2PbBr6�2H2O and
(1S,2S-DACH)2PbBr6�2H2O, which exhibit a mirror image relation-
ship with each other. The orthorhombic space group P212121

governs the (1R,2R-DACH)2PbBr6�2H2O and (1S,2S-DACH)2PbBr6�
2H2O crystallization, with unit cell parameters of a = 9.8774 Å,
b = 10.8539 Å, c = 24.3071 Å and a = 9.9329 Å, b = 10.9337 Å,
c = 24.3960 Å, respectively. The adjacent [PbBr6]4� octahedrons
are spatially separated by organic amines and H2O molecules,
resulting in a typical 0D organic–inorganic hybrid structure. Each
asymmetry unit of (1R,2R-DACH)2PbBr6�2H2O and (1S,2S-
DACH)2PbBr6�2H2O contains an inorganic octahedron [PbBr6]4�,
two organic amine cations (1R,2R-/1S,2S-DACH)2+ and two H2O
molecules (Fig. S6a and b, ESI†). The 0D inorganic framework is
primarily supported by N–H� � �Br hydrogen bonds and O–H� � �Br
hydrogen bonds (Fig. S7, ESI†) between the organic cations,
inorganic octahedrons and H2O molecules. These hydrogen
bonds formed by the introduction of chiral amine cations
(1R,2R-/1S,2S-DACH)2+ could affect the distortion level of in-
organic [PbBr6]4� octahedron (as discussed below).56

Structural distortion is commonly present in the perovskite
structure, as for these two pairs of compounds, which is
evaluated by the level of distortion of the [PbBr6]4� octahedron.

The distortion level (Dd) of inorganic [PbBr6]4� octahedron can
be quantitatively calculated based on the length of Pb–Br using
the following eqn (1),57,58

Dd ¼ 1

6

X6
i¼1

di � d

d

� �2
(1)

where d is the average bond length of the Pb–Br bond and di is
the bond length of the six individual Pb–Br bonds. The Pb–Br
bond length is marked in Fig. S8 (ESI†) and the Dd values are
summarized in Table S5 (ESI†). The results suggest that the
[PbBr6]4� octahedron is significantly distorted with Pb atoms
deviating from the balanced sites. For (R-APD)PbBr4 and
(S-APD)PbBr4, the Dd is calculated to be 2.05 � 10�3 and
1.86 � 10�3, respectively. This Dd is smaller than that of pre-
viously reported chiral 1D hybrid perovskite, which indicates
smaller octahedral distortion.59,60 The values of Dd are calculated
to be 1.4� 10�4 for (1R,2R-DACH)2PbBr6�2H2O and 1.34� 10�4 for
(1S,2S-DACH)2PbBr6�2H2O, respectively, indicating that there is no
substantial difference in structural distortion between these two
enantiomers. In comparison, the (R-/S-APD)PbBr4 octahedrons have
higher Dd values than (1R,2R-/1S,2S-DACH)2PbBr6�2H2O, which
illustrates the formation of greater distortion in the octahedrons.

Electronic properties

To investigate the linear optical and chiroptical properties of
(R-/S-APD)PbBr4 and (1R,2R-/1S,2S-DACH)2PbBr6�2H2O crystals,
the crystals were thoroughly ground with KBr and pressed into
pellets. The UV-vis-NIR absorption and CD spectra of chiral
hybrid perovskites are shown in Fig. 2, with peak positions
mainly distributed in the ultraviolet region. The solid UV-vis-
NIR optical absorption spectra of (R-APD)PbBr4 and (S-APD)PbBr4

are presented in Fig. 2a, displaying a similar profile with
absorption peaks at 324 nm. The absorption of 1D Pb–Br hybrid
perovskite is mainly in the UV region, previously shown in
other 1D Pb–Br systems such as C4N2H14PbBr4

61 and [(H2O)-
(C6H8N3)2Pb2Br10].62 For (1R,2R-DACH)2PbBr6�2H2O and (1S,2S-
DACH)2PbBr6�2H2O, the absorption peaks were observed at
315 nm, as shown in Fig. 2b. The absorption peak observed
at 315 nm was attributed to the ligand-to-metal charge transfer
band of [PbBr6]4�. The bandgaps were estimated by extrapolat-
ing the high-energy slope to the imaginary axis parallel to the
x-axis, where the absorption edge is interrupted by the exciton
peak.63 The corresponding optical bandgap energies are 3.33 eV,
3.33 eV, 3.61 eV and 3.61 eV for (R-APD)PbBr4, (S-APD)PbBr4,
(1R,2R-DACH)2PbBr6�2H2O and (1S,2S-DACH)2PbBr6�2H2O, respec-
tively (Fig. S9, ESI†).

CD signals of (R-APD)PbBr4 and (S-APD)PbBr4 appear at the
same wavelengths of 287 nm and 347 nm but with opposite
signs. The enantiomeric perovskites of (1R,2R-DACH)2PbBr6�2H2O
and (1S,2S-DACH)2PbBr6�2H2O also exhibit similar positions but
oppositely signed CD patterns at 267 nm and 324 nm. The CD
signals of organic ammonium salts R-/S-APD�2HCl and 1R,2R-/
1S,2S-DACH�2HCl appear at approximately 261 nm and 264 nm
(Fig. S10, ESI†), respectively. The CD signals for these chiral
organic ammonium salts are mainly located lower than 300 nm.
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However, when they are incorporated into the chiral perovskites,
the resulting perovskites exhibit opposite CD values in the visible
region higher than 300 nm. These observations indicate that
chirality is successfully transferred from the chiral organic cations
to the perovskites.33 The CD spectra of the (R-APD)PbBr4 and
(S-APD)PbBr4 exhibit absorption peaks mainly centered in two
regions: one is from 250 nm to 300 nm, and the other is from
300 nm to 380 nm. Similarly, (1R,2R-DACH)2PbBr6�2H2O and
(1S,2S-DACH)2PbBr6�2H2O also exhibit two CD signal regions,
ranging from 250 nm to 290 nm and from 290 nm to 350 nm,
respectively. In each region, bisignate CD signals can be observed
from one configuration with two peaks, which is attributed to the
splitting of the energy state with the opposite spin states of
electrons.64,65 Such bisignate CD signals correspond to one absorp-
tion peak in the related absorption spectra and is usually interpreted
as the Cotton effect, meaning that the chiral perovskites exhibit
characteristic CD signals at the highest absorption wavelengths
since they have different absorption coefficients to left-handed
circularly polarized (LCP) and right-handed circularly polarized
(RCP) lights.66,67 In addition, the gCD spectra of these chiral perovs-
kites can be calculated by using the following equation68

gCD ¼
CD mdegð Þ

32 980�Absorbance
(2)

The maximum gCD are �1.27 � 10�4 and 1.34 � 10�4 at
350 nm for (R-APD)PbBr4 and (S-APD)PbBr4, and 6.55 � 10�4

and �6.75 � 10�4 at 362 nm for (1R,2R-DACH)2PbBr6�2H2O and
(1S,2S-DACH)2PbBr6�2H2O (Fig. S11, ESI†), which are compar-
able to other lead-based perovskites.69,70

To further understand the electronic band structures and
density of states (DOS) of the chiral hybrid perovskites, first-
principles calculations based on density functional theory
(DFT) were performed. The bandgaps of (S-APD)PbBr4 and (1S,2S-
DACH)2PbBr6�2H2O were determined to be 3.35 eV and 3.65 eV,
respectively, as shown in Fig. 3a and b. For (R-APD)PbBr4

and (1R,2R-DACH)2PbBr6�2H2O, the bandgaps were 3.39 eV
and 3.68 eV, as shown in Fig. S12a and S12b (ESI†), respectively.
The calculated bandgap is consistent with the observed optical
bandgap taken from the absorption spectra (Fig. S9, ESI†).
According to the partial DOS of (R-/S-APD)PbBr4 and (1R,2R-/
1S,2S-DACH)2PbBr6�2H2O, the conduction band minimum
(CBM) is derived mainly from the Br and Pb orbitals, whereas
the valence band maximum (VBM) comprises Br orbitals, as
shown in Fig. 3c and d. The calculated energy band structure
reveals that the CBM is localized at the G point, while the
VBM is localized at the S point, indicating an indirect band
gap for (S-APD)PbBr4. Moreover, both the CBM and VBM are
located at G points, indicating a direct band gap of (1S,2S-
DACH)2PbBr6�2H2O.

SHG properties

The introduction of chiral organic cations to an inorganic
framework disrupts the centrosymmetric structures of the
perovskites that endow the perovskites with SHG properties.
The wavelength- and powder-dependent SHG measurements
were conducted and the influence of different chiral organic
amines on the SHG effect was also analyzed. For the SHG
measurements, we utilized a homemade microscope equipped
with a femtosecond pulsed laser as the pump source. Fig. 4a
illustrates the schematic diagram of the SHG measurements,
where l/2 and l/4 plates are employed to adjust the linearly
polarized and circularly polarized angles, respectively. Fig. S13a
(ESI†) shows the intensity of SHG mapping for (S-APD)PbBr4,
obtained at 520 nm when pumped at 1040 nm. For (1S,2S-
DACH)2PbBr6�2H2O, the mapping detects the SHG signal
at 440 nm when pumped at 880 nm (Fig. S13b, ESI†). The
mapping image demonstrates the crystal morphology and
SHG activity of the single crystal. Fig. 4b and c present the
wavelength-dependent SHG spectra collected from the (S-APD)-
PbBr4 and (1S,2S-DACH)2PbBr6�2H2O crystals, respectively,

Fig. 2 UV-vis-NIR absorption spectra and circular dichroism (CD) spectra of (a) (R-APD)PbBr4 and (S-APD)PbBr4, and (b) (1R,2R-DACH)2PbBr6�2H2O and
(1S,2S-DACH)2PbBr6�2H2O.
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when pumped at various wavelengths with the same excitation
power at 50 mW. The (S-APD)PbBr4 crystals exhibit SHG responses
across a wide range of wavelengths and exhibit the highest SHG
intensity when pumped at 940 nm. The wavelength-dependent
SHG spectra of (1S,2S-DACH)2PbBr6�2H2O exhibit distinct SHG
signals when the excitation wavelength is tuned between 940 nm
and 1040 nm in 20 nm steps. Notably, when pump light is set at
1020 nm, the (1S,2S-DACH)2PbBr6�2H2O single crystal exhibits the
strongest SHG signal collected at 510 nm.

Power-dependence SHG intensities of (S-APD)PbBr4 and
(1S,2S-DACH)2PbBr6�2H2O are presented in Fig. 4d and e. The
intensity of the SHG signals scales quadratically with the power
of the pump, which is consistent with previous literature
reports.15,29,51 This observation further confirms the two-
photon nature of the second-order NLO response. Remarkably,
the synthesized chiral perovskites exhibit a large LDT, and the
SHG intensity remains in line with the fitted linear relationship
until the pump power reaches approximately 1392 mW for
(S-APD)PbBr4 and 1362 mW for (1S,2S-DACH)2PbBr6�2H2O.
This power can be considered as the LDT of chiral perovskites,
which corresponds to the excitation power of (S-APD)PbBr4 at
59.36 GW cm�2 and (1S,2S-DACH)2PbBr6�2H2O at 54.22 GW cm�2.
The pulse width, repetition rate and laser spot are B100 fs,
B80 MHz and B20 mm in diameter, respectively.36,71 Notably,
these LDT values are larger than those of most previously reported
chiral metal perovskites (Fig. S14 and Table S6, ESI†). This observa-
tion indicates that the synthesized chiral perovskites possess high
laser stability, and thus show great promise for investigating the
nonlinear chiroptical devices.

The SHG intensity I2o can be calculated according to eqn (3):72,73

I2o ¼
2o2

c3no2n2oe0

sinðDkL=2Þ2
ðDkL=2Þ2 Io

2 deffLð Þ2 (3)

where L is the microplate thickness, Dk is the wave-vector
difference, deff is the second-order NLO coefficient, no and n2o

indicate the refractive index of waves, and Io and I2o are the laser
irradiance at o and 2o, respectively. To evaluate the second-
order NLO coefficient (deff) of chiral hybrid perovskites, we
utilized a commercial Y-cut quartz with a deff of 0.3 pm V�1 as
the reference. The NLO coefficient is estimated according to
eqn (4)33,35,74

deff Sð Þ
deff refð Þ

� LS

Lref

Pin refð Þ
Pin Sð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Iout Sð Þ
Iout refð Þ

s
(4)

where the superscripts ‘‘S’’ and ‘‘ref’’ refer to the S-samples and
Y-cut quartz, L is the effective crystal thickness, Pin represents the
incident light intensity, and Iout represents the output intensity
of SHG. During the SHG measurement, both the S-samples and
Y-cut quartz were characterized under the same laser conditions.
Based on the test data, the SHG intensity of (S-APD)PbBr4 and
(1S,2S-DACH)2PbBr6�2H2O is 1.8 times and 0.2 times that of
Y-cut quartz when pumped at 1000 nm, as shown in Fig. 4f. The
SHG intensities of (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O
are 2 times and 0.22 times that of Y-cut quartz (Fig. S15, ESI†),
respectively, when pumped at 1020 nm, which are similar with
that pumped at 1000 nm. Then, we determined the absolute
deff of the (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O to be
0.4 pm V�1 and 0.13 pm V�1, respectively. Compared with
(1S,2S-DACH)2PbBr6�2H2O, (S-APD)PbBr4 has a larger deff. This
increase in SHG intensity could also be attributed to the greater
octahedral distortion in (S-APD)PbBr4 crystals than in (1S,2S-
DACH)2PbBr6�2H2O.36

Polarization-dependent SHG responses of (S-APD)PbBr4 and
(1S,2S-DACH)2PbBr6�2H2O collected at 450 nm and 520 nm are
shown in Fig. 5a and b. The plots exhibit a dipolar profile that

Fig. 3 (a) and (b) Calculated electronic band structures of (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O. (c) and (d) Calculated partial DOS of
(S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O.
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fits well to a cos4y function. The corresponding polarization
ratio r can be calculated by using the following eqn (5):

r ¼ Imax � Imin

Imax þ Imin
(5)

where Imax and Imin are the maximum and minimum values of
SHG intensity.51 The calculated polarization ratio r was deter-
mined to be 94.23% and 85.63% for (S-APD)PbBr4 and (1S,2S-
DACH)2PbBr6�2H2O, respectively. The polarization-dependent
SHG response of (S-APD)PbBr4 was also tested at 1040 nm and
the corresponding polarization ratio r was 90.4% (Fig. S16,
ESI†). This result indicates a significant difference in the SHG
response between different polarization states for these chiral
perovskites. Subsequently, we further studied the NLO chirop-
tical effects of chiral perovskites by measuring the SHG-CD,
which is defined as the normalized difference between SHG
intensities obtained with left-handed circularly polarized (LCP)

and right-handed circularly polarized (RCP) light excitations. By
replacing the l/2 plate with a l/4 plate (Fig. 4a), we tuned the
fundamental laser pump from linearly polarized to LCP or RCP.
As depicted in Fig. 5c and d, the SHG intensity was changed
following the rotation of the l/4 plate. In particular, the SHG
intensity of (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O was
stronger under RCP excitation compared to LCP excitation.
In contrast, the SHG intensity of (R-APD)PbBr4 and (1R,2R-
DACH)2PbBr6�2H2O under a left-handed circularly polarized
laser was stronger than that under a right-handed circularly
polarized laser (Fig. S17, ESI†). These observations demonstrate
the presence of SHG-CD in the chiral perovskites, indicating a
strong coupling between the chiral organic cations and the
inorganic framework, leading to the emergence of chiroptical
properties.

Then, to quantify the SHG-CD effect of these chiral hybrid
lead-bromide perovskites, the gSHG-CD was calculated based on

Fig. 4 (a) Schematic diagram of the SHG measurements. The l/2 and l/4 plates are used for tuning linearly polarized and circularly polarized angles,
respectively. (b) and (c) NLO spectra of the (S-APD)PbBr4 crystals and (1S,2S-DACH)2PbBr6�2H2O crystals pumped at various wavelengths. (d) The
logarithmic plot of SHG intensity as a function of the incident power of (S-APD)PbBr4 crystals pumped at 860 nm. The solid line is a linear fitting with a
slope of 1.94. (e) The logarithmic plot of SHG intensity as a function of the incident power of (1S,2S-DACH)2PbBr6�2H2O crystals pumped at 900 nm. The
solid line is a linear fitting with a slope of 2.10. (f) A comparison of the SHG signal intensities of (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O crystals and
Y-cut quartz at 1000 nm under the same test conditions.
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eqn (6):29,33,75

gSHG-CD ¼
2jILCP � IRCPj
ILCP þ IRCP

(6)

where ILCP and IRCP denote the SHG intensities excited by left-
and right-handed circularly polarized lasers, respectively. The
gSHG-CD values of the chiral hybrid perovskites are summarized
in Table S7 (ESI†), and the (1S,2S-DACH)2PbBr6�2H2O possesses
a gSHG-CD value of 1.58, which is higher than that of
(S-APD)PbBr4 with a gSHG-CD value of 0.6. Combining the CD
and SHG-CD measurements, both the gCD and gSHG-CD values
indicate a consistent trend, that the (1S,2S-DACH)2PbBr6�2H2O
exhibit much higher chiral effects than (S-APD)PbBr4 in either
linear or nonlinear optical responses. Fig. 5e illustrates the
recent progress in representative chiral perovskite materials
and their gSHG-CD values. Notably, (1S,2S-DACH)2PbBr6�2H2O
exhibits the highest gSHG-CD among reported chiral hybrid
perovskites. This high gSHG-CD-featured chiral hybrid perovskite
shows promise for application in circularly polarized light
detection.

The different values of gSHG-CD for (S-APD)PbBr4 and (1S,2S-
DACH)2PbBr6�2H2O indicate that the SHG-CD properties of
chiral organic–inorganic hybrid perovskite materials are modu-
lated by the organic cations. In the study of nonlinear optics in
a hybrid perovskite system, the dimensionality of the crystal is
one important factor in determining the intensity of SHG-CD
responses.59 For chiral hybrid perovskites, the large cation radii
of chiral organic molecules render them devoid of connectivity
between the metal-halide octahedra, thus lowering their struc-
tural dimensionality.1 Having two or more chiral centers
in one chiral molecule could have a strong impact on many
chiral properties, including tunable signal reversal of circular

dichroism,76 enhanced interactions with polarized light77 and
dynamic light multiplexing.78 In this work, by utilizing large
volume double chiral center amines 1R,2R-/1S,2S-DACH, 0D
structures of chiral perovskites (1R,2R-/1S,2S-DACH)2PbBr6�
2H2O were obtained.79,80 1D structures of (R-/S-APD)PbBr4 were
synthesized by employing R-/S-APD. Using double chiral center
amines, low-dimensional hybrid perovskites can be obtained.
These lower-dimensional perovskites often exhibit stronger
SHG-CD effects because of the larger spatial separation between
organic and inorganic components, leading to a pronounced
dipole moment. Also, such a low-dimensional structure in
(1S,2S-DACH)2PbBr6�2H2O gives rise to strong electron–phonon
coupling, which enables the possible realization of the enhance-
ment of the SHG-CD effect.1 To evaluate the electron–phonon
coupling of (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O, we
calculated the temperature dependence of the band gap renor-
malization (Fig. S19–S23, ESI†).81 (S-APD)PbBr4 and (1S,2S-
DACH)2PbBr6�2H2O exhibit phonon-induced zero-point renorma-
lizations reaching 77 meV and 144 meV, respectively. These
results indicate (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O have
strong electron–phonon coupling.82 Additionally, the band gap
renormalization is significantly influenced by temperature
(Fig. S19–S23, ESI†). Notably, (1S,2S-DACH)2PbBr6�2H2O demon-
strates stronger electron–phonon coupling, as evidenced by the
higher zero-point renormalization and more pronounced tem-
perature dependence of the band gap renormalization.

Furthermore, from the crystal cell structure of (1S,2S-
DACH)2PbBr6�2H2O, there are 8 chiral cations. However, only
4 chiral cations are contained in (S-APD)PbBr4 (Fig. S24, ESI†).
As the noncentrosymmetric crystal structure is obtained by
the introduction of chiral cations, more chiral amines lead
to stronger asymmetry in (1S,2S-DACH)2PbBr6�2H2O than

Fig. 5 (a) and (b) Polarization dependence of the SHG intensity of (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O crystals as a function of the linear
polarization angle pumped at 900 nm and 1040 nm, respectively. The purple and green line is the nonlinear fitting of data points. (c) and (d) SHG intensity
of (S-APD)PbBr4 and (1S,2S-DACH)2PbBr6�2H2O crystals at various elliptic polarized angles under 1040 nm laser. The laser is left-handed circularly
polarized when the rotation angles are 45 and 2251, while it is right-handed circularly polarized at 135 and 3151, as indicated by the blue arrows.
(e) Comparison of gSHG-CD in the literature and in this work.
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(S-APD)PbBr4. Therefore, such a high value of gSHG-CD in (1S,2S-
DACH)2PbBr6�2H2O primarily originates from the lower dimen-
sional (0D) structure of the Pb-based chiral perovskites, where
the chiral ligands per volume will be significantly more than in
the 1D counterparts.83 Overall, low-dimensional structures and
stronger asymmetry lead to improved SHG-CD performance
and thus a higher gSHG-CD value. This property–structure rela-
tionship analysis provides new insights for designing low
dimensional and fine-tuning of the SHG-CD properties in chiral
hybrid perovskite materials.

Recent investigations have shown that the gCD of organic–
inorganic hybrid perovskites is highly sensitive to the material’s
dimensionality.84,85 In 1D hybrid perovskites, the structure is
confined along one dimension. The increased confinement and
reduced dimensionality promote stronger interactions between
the chiral organic cations and excitons, leading to a significant
enhancement in the circular dichroism response.86–88 However,
in 0D perovskites, the excitons are completely confined, leading
to discrete energy levels. As a consequence, the anisotropy
factor in the CD spectra is generally enhanced as the dimen-
sionality is reduced from 1D to 0D.89 For the SHG-CD effect,
compared to 1D hybrid perovskites, 0D crystals have stronger
confinement effects that can enhance the electric dipole inter-
actions, and increase the anisotropy. Additionally, stronger
quantum confinement in 0D structures can also lead to
an enhanced SHG-CD effect, because of altered electronic
band structures and increased light–matter interaction at the
interface.90

Conclusions

In summary, we have successfully designed and synthesized
two pairs of chiral hybrid perovskites, (R-/S-APD)PbBr4 and
(1R,2R-/1S,2S-DACH)2PbBr6�2H2O. Furthermore, (1S,2S-DACH)2-
PbBr6�2H2O exhibits a remarkable gSHG-CD of 1.58, which is the
highest value among the reported chiral hybrid perovskites. This
high gSHG-CD can be attributed to the material’s unique 0D crystal
structure, which enhances the asymmetry of (1S,2S-DACH)2PbBr6�
2H2O. Additionally, these chiral hybrid lead bromide perovskites
exhibited strong nonlinear chiroptical effects, with the effective
second-order NLO coefficient reaching up to 0.4 pm V�1 for
(S-APD)PbBr4 and 0.13 pm V�1 for (1S,2S-DACH)2PbBr6�2H2O.
The LDT is as high as 59.36 GW cm�2 for (S-APD)PbBr4, which
is one of the largest values among the chiral hybrid perovskites.
Our work demonstrates that the 0D chiral hybrid lead-bromide
perovskite system can achieve both high gSHG-CD and LDT,
expanding the range of chiral SHG-active materials towards chiral
nonlinear optical application.
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