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ABSTRACT: Hybrid organic/inorganic lead halide perov-
skites (LHPs) have recently emerged as extremely promising
photonic materials. However, the exploration of their optical
nonlinearities has been mainly focused on the third- and
higher-order nonlinear optical (NLO) effects. Strong second-
order NLO responses are hardly expected from ordinary
LHPs due to their intrinsic centrosymmetric structures, but
are highly desirable for advancing their applications in the
next generation integrated photonic circuits. Here we
demonstrate the fabrication of a novel noncentrosymmetric
LHP material by introducing chiral amines as the organic
component. The nanowires grown from this new LHP
material crystallize in a noncentrosymmetric P1 space group and demonstrate highly efficient second harmonic generation
(SHG) with high polarization ratios and chiroptical NLO effects. Such a chiral perovskite skeleton could provide a new platform
for future engineering of optoelectronic functionalities of hybrid perovskite materials.

KEYWORDS: Chiral perovskite, nanowire, nonlinear optics, second harmonic generation

Hybrid organic/inorganic lead halide perovskites (LHPs),
featuring intrinsic chemical variability and structural

diversity,1 have recently emerged as extremely promising
photonic materials2−4 for diverse optoelectronic device
applications in light emitting diodes,5,6 solar cells,7,8 photo-
electrolysis,9 photodetectors,10,11 and optically pumped
lasers.12 The nonlinear optical (NLO) effects are fundamentals
for realizing some very important optical devices such as
optical parametric generators and oscillators (OPGs and OPOs
respectively), all optical switches, optical limiters, and so
on.13−15 Meanwhile, the NLO materials are also widely applied
in advanced techniques such as high resolution optical
lithography16 and microscopy.17 Perovskite-type materials
such as niobates,18,19 borates,20 titanates,21,22 germanium
iodides,23 etc. have been widely explored as NLO materials
for their versatile chemical structures and large NLO
coefficients. In particular, the hybrid organic/inorganic LHPs
allow for enormous opportunities to fine-tune the structural
scaffolds and electronic bandgaps of perovskite materials by
varying the organic and inorganic components. Along with the
merits of low-cost and processability, they are therefore very
promising for applications in NLO materials. The third- and
higher-order NLO properties of LHP materials have been
extensively investigated and widely applied in optical devices
such as upconversion lasers.24−27 However, for electro-optical
and frequency doubling/mixing applications, second-order
NLO effects are required.28 For second-order NLO responses

such as second harmonic generation (SHG), a strict structural
noncentrosymmetry is required.29 Although weak, presumably
surface related SHG signals have been detected from
microdomains of tetragonal CH3NH3PbI3 based LHP films,30

strong second-order NLO responses have been hardly
observed from the bulk of the ordinary LHP materials,
consistent with their centrosymmetric crystal space groups.25,31

In addition, second-order optical nonlinearities are often
accompanied by some other technologically important effects
such as ferroelectricity, pyroelectricity and piezoelectricity,
because these effects also require structural noncentrosymme-
try. A few hybrid LHP materials have indeed been
demonstrated to be superior ferroelectric semiconductors.32,33

In this context, a rational design and construction of LHPs
with intrinsic noncentrosymmetric geometries and bulk
second-order optical nonlinearities is of particular importance,
not only for advancing their applications in the next generation
integrated photonic circuits, but also for providing a prototype
for developing new LHP functional materials and devices. In
particular, the elongated one-dimensional nanostructure of
these LHP materials makes them potential building blocks for
nanowire photonics.34,35
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Recently, two-dimensional (2D) hybrid LHP materials with
relatively bulky organic motifs have attracted broad interests
for their improved stability under ambient conditions. The
bulky organic site has provided a versatile platform for the
functionalization of these 2D perovskite materials by
introducing diverse ammonium groups for superior optoelec-
tronic properties.36−39 Billing and Lemmerer,40 and Moon et
al.41 have also demonstrated the feasibility of introducing
chirality into LHP materials by employing chiral amine as the
organic component. Inspired by these pioneering works, we
report here the construction of a new chiral LHP material and
the observation of strong bulk second-order NLO responses
from nanowires of this chiral perovskite material. Chiral β-
methylphenethylamine (MPEA) was used as the organic
component to direct the noncentrosymmetric assembly of
the 2D inorganic layers and perovskite crystals into a chiral P1
space group, by antisolvent vapor-assisted crystallization
(AVC)42 using a ternary solvent system. The structure of the
dimethyl sulfoxide (DMSO) solvent engineered 2D perovskite
intermediate phase was determined to be a new type of
perovskite material in which DMSO molecules axially
coordinated with Pb2+ in the partially edge-shared octahedrons
with a formula of (MPEA)1.5PbBr3.5(DMSO)0.5. Nanowires
from this chiral perovskite material were fabricated and strong
SHG signal was observed from the nanowires with high
polarization ratios and NLO circular dichroism. This chiral
perovskite skeleton offers a new platform for future engineer-
ing of the optoelectronic and other functionalities of hybrid
perovskite materials.
Results and Discussion. The chiral perovskite materials

were obtained by incorporating the bulky (R)-(+)- or (S)-
(−)-β-methylphenethylammonium cation (R- or S-MPEA)
into the 2D perovskite scaffolds. We followed the AVC
technique for the growth of the chiral perovskite single crystals
with chloroform (CHCl3) as the antisolvent and N,N-
dimethylformamide (DMF) as the good solvent42 (see details
in the Supporting Information). The slow diffusion of CHCl3
vapor into the mixed solution of PbBr2 and MPEA+Br−

precursors in DMF results in the growth of white needlelike
single crystals (Supporting Information Figure S1). However,
these needle crystals are small and of poor quality, which
makes them unsuitable for single crystal X-ray diffraction
(SCXRD) analysis. We therefore sought a ternary solvent

system in which a mixture of DMF and DMSO was utilized as
the good solvent instead of pure DMF.43 The employment of
DMSO indeed improved the crystal size and the optical quality
of the as-formed single crystals (Figure S1), which made
SCXRD measurements possible. Scheme 1 shows the
crystallographic structures of the perovskite single crystals
grown from the R- and S-MPEA+Br− with PbBr2 precursors in
this ternary solvent system (referred to as the α-phase),
respectively. We identified that the structure of as-formed
perovskite materials grown from the ternary solvent system is
very different from that of the ordinary 2D perovskites36,39 or
the chiral perovskites,40,41 both of which feature a chemical
formula of A2PbX4 (A = ammonium cation, X = Cl, Br, or I).
In our case, the solvent DMSO is directly involved in the
structure of the α-phase perovskite crystal, resulting in layered
2D perovskite materials with chemical formulas of (R-
M P E A ) 1 . 5 P b B r 3 . 5 ( D M S O ) 0 . 5 a n d ( S -
MPEA)1.5PbBr3.5(DMSO)0.5, respectively (Table S1). Seok et
al. reported the feasibility of the inclusion of DMSO to
improve the quality of spin-coated perovskite films for
enhanced photovoltaic performances, by forming an inter-
mediate phase with DMSO molecules intercalated between the
inorganic layers.43 However, the crystal structure of this
intermediate phase has not been solved yet and the positions
of the DMSO guest molecules are not clearly defined. In the
case here, we identify that the molar ratio of the precursors in
the “MPEA+Br−-PbBr2-DMSO” complex is 3:2:1, and the
DMSO molecules are involved in the crystal structure by axial
coordination with the Pb2+ centers in the octahedron (Scheme
1). Half of the octahedrons in the crystal indeed share one of
their edges with the neighboring octahedrons, to some extent
similar to the proposed structures of the intermediate phase
formed in the spin-coated films.43 However, we find that these
DMSO complexed phases of our chiral perovskite crystals are
actually very stable in ambient conditions. The thermogravi-
metric analysis (TGA) suggests that they do not undergo any
clear weight loss until 141 °C (Figure S2), comparable to that
of the perovskite crystals grown from pure DMF (referred to as
the β-phase) and other ordinary 2D hybrid LHP materials.44,45

Nevertheless, the introduction of the chiral ligand R-MPEA
induces these perovskite materials to crystallize in an
intrinsically chiral and noncentrosymmetric triclinic P1 space
group (point group: 1), which is of crucial importance for the

Scheme 1. Crystallographic Structure of the Chiral Perovskites As Obtained from Single Crystal XRD Measurements, Showing
the Features of Chirality, DMSO Intercalation, and Partial Edge Sharinga

aThe chemical formulas were determined to be (R-MPEA)1.5PbBr3.5(DMSO)0.5 and (S-MPEA)1.5PbBr3.5(DMSO)0.5, respectively. H atoms are
omitted for clarity.
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observation of a bulk second-order nonlinear optical response.
T h e s i n g l e c r y s t a l s t r u c t u r e s o f b o t h (R -
M P E A ) 1 . 5 P b B r 3 . 5 ( D M S O ) 0 . 5 a n d ( S -
MPEA)1.5PbBr3.5(DMSO)0.5 belong to the same space group
with almost identical unit cell parameters (Table S1) and very
similar bond lengths and angles (Table S2). However, they
have mirror symmetry geometries (Scheme 1), as expected
from the enantiomers.
We fabricated high quality nanowires of the chiral

perovskites by liquid diffusion instead of the AVC vapor
diffusion method, with the same ternary solvent system (see
the Supporting Information). The liquid diffusion of the
antisolvent CHCl3 into the solution of the mixed precursors
(R-MPEA+Br− and PbBr2) in the combined solvent of DMF
and DMSO results in nanowires of the chiral perovskites
suspended in the final ternary solvent mixture. Scanning
electron microscopy (SEM) images of the as-prepared samples
show that the nanowires typically have diameters of hundreds
of nanometers and lengths of up to hundreds of micrometers
(Figures 1a and S3). The powder X-ray diffraction (PXRD,
Figure 1b) patterns of the as-prepared nanowires resemble the
simulated patterns from the α-phase chiral perovskite single
crystals, revealing that these nanowires grown with liquid
diffusion belong to the same crystal phase as that of the bulk
chiral perovskite crystals grown by the AVC technique. That is,
the nanowires also belong to the noncentrosymmetric triclinic
P1 space group, and feature structural chirality, DMSO
intercalation, and partial edge sharing as shown in Scheme 1.
The comparison of the PXRD patterns also shows that this α-
phase chiral perovskite grown in the ternary solvent system is
clearly different from that of the β-phase perovskite crystals
precipitated from DMF.

The energy dispersive X-ray spectroscopy (EDX) mapping
of a typical individual nanowire under the transmission
electron microscope (TEM) reveals the coexistence of C, N,
Pb, and Br elements (Figure 1c), as expected from the
corresponding organic and inorganic precursors. Meanwhile,
the uniform elemental distribution of S confirms the
involvement of the solvent DMSO in the perovskite nanowire
crystals. We further studied the nature of this involvement with
X-ray photoelectron spectroscopy (XPS). The XPS spectrum
of the as-prepared nanowires depicts the expected character-
istic peaks of the hybrid organic/inorganic LHPs such as the
bands of C 1s (from both the sp2 and sp3 C−C bonds as well
as the C−N bond; see Figure S4), N 1s, Br 3d, Pb 4f, and so
on. The decomposed high resolution XPS spectrum of the Pb
4f band demonstrates the presence of not only Pb−Br, but also
the Pb−O bond (Figure 1d). The presence of the Pb−O bond
is in accordance with the axial coordination of the incorporated
guest DMSO molecules with the Pb2+ centers in the
octahedron, as demonstrated by the single crystal structure
of the bulk crystals.
We first studied the linear optical properties of these chiral

perovskite materials using circularly polarized light to obtain
circular dichroism (CD) spectra. We prepared high quality
films of these perovskite materials for the CD measurements
by spin-coating the DMF solutions of the as-prepared R- and
S-(MPEA)1.5PbBr3.5(DMSO)0.5 crystals, respectively (see the
Supporting Information for the preparation of perovskite
films). We first checked the PXRD patterns of these films and
found they retained the structure of the AVC grown α-phase
single crystal (Figure 1b). The thickness of the films was ∼350
nm as determined by the 3D graphic profile from the surface
topography measurements (Figure S5), and the CD spectra of

Figure 1. Characterizations of the chiral perovskite nanowires. (a) SEM image of the (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowires. (b) PXRD
patterns of the as-grown (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowires, in comparison with the simulated XRD pattern from the single crystal
structures, and those measured from the spin-coated films and the β-phase crystals. The PXRD patterns of the nanowires resemble the simulated
patterns from the α-phase chiral perovskite single crystals well, revealing that they belong to the same crystal phase and have the same
crystallographic structures as shown in Scheme 1. (c) Typical TEM image of an individual (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowire, and the
corresponding EDX mappings. (d) Decomposed high-resolution XPS spectrum of Pb 4f for the (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowires.
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these films were measured in the transmission geometry. To
elucidate and exclude the orientation effects on the UV−vis
absorbance and CD measurements, the spectra are taken by
rotating the film sample at every 60°. The as-measured results
as shown in Figure S6 show that the spectra taken at different
rotation angles have similar spectral features, and the intensity
variations between measurements are small (<10%). Figure
2a,b shows the average UV−vis absorbance and the
corresponding CD spectra of these spin-coated films,
respectively. Both the R- and S-(MPEA)1.5PbBr3.5(DMSO)0.5
perovskite films exhibit strong CD signals peaked at 325 and
405 nm (0.12 and 0.14 mdeg nm−1, respectively, in the
normalized CD spectra46), but with opposite signs. In contrast,
the CD signals of the chiral R- and S-MPEA amine precursors
appear at 226 and 257 nm, respectively (Figure S7).
Apparently, the CD responses of the chiral perovskites result
from the Cotton effects of the intrinsic excitonic absorbance
bands of both the R- and S-(MPEA)1.5PbBr3.5(DMSO)0.5
perovskite materials, which have been measured to be at 390
nm (3.18 eV) from the absorption spectra of the films (Figure
2a) (band edge: 3.07 eV, Figure S8). It is also notable that the
CD signals proceed at longer wavelengths (>420 nm), which
are beyond the excitonic absorbance bands of the perovskite
materials. These signals might be attributed to circular
differential scattering (CDS),41 owing to the different degrees
of scattering of these chiral perovskite films for left- and right-
circularly polarized light.47

We measured the UV−vis absorbance of the as-prepared
perovskite nanowires with a diffusive reflectance spectrum
(DRS, Figure 2c), from which we determined its optical band
gap to be ∼3.07 eV (Figure S8). Upon excitation at 400 nm,
the nanowire crystals exhibited a broad emission, spanning the
entire visible range with a maximum at 528 nm and a large full-
width at half-maximum (fwhm) of 177 nm (780 meV), similar

to the optical characteristics of the corrugated 2D (EDBE)-
[PbBr4]

44 and the elongated 1D (C4N2H14)[PbBr4]
45 lead

bromide perovskites. Although not well-defined, a higher-
energy shoulder peak is evident in the photoluminescence
spectrum at ∼410 nm. When this shoulder emission originates
from the free excitons, the low energy broad main emission
should be attributed to the self-trapped excitons.48−50 The real
color fluorescence microscope image shows a yellowish white
light emission from these nanowires (Figure S9). The
Commission Internationale de l’Eclairage (CIE) chromaticity
coordinate of the overall emission from the perovskite
nanowires was determined to be (0.40, 0.42) with the
correlated color temperature (CCT) of ∼3800 K, correspond-
ing to the “warm” yellowish white light emission (Figure S9).51

We investigated the dynamics of this broad band emission
with time-resolved fluorescence spectra. The decay profile of
the emission from the (R-MPEA)1.5PbBr3.5(DMSO)0.5 nano-
wires shows a biexponential fit with a fast (τ1 ∼ 4.2 ns) and a
slow (τ2 ∼ 14.2 ns) transient and an average lifetime of 10.3 ns
(Figure 2d). It is notable that the β-phase perovskite crystals
grown from pure DMF also demonstrate a broadband emission
peaked at 439 nm, with a fwhm of 106 nm (605 meV) (Figure
S10) and CIE chromaticity coordinate of (0.18, 0.21) (Figure
S9). The average lifetime of this emission is 2.2 ns (Figure
S11), which is significantly shorter than that of the α-phase
perovskite nanowires grown from the mixture of DMF and
DMSO. Clearly, the incorporation of DMSO improves the
properties of these chiral perovskite materials as a potential
white light emitter. Future engineering of the perovskite
structures, by tuning the composition of the halides for
example, might ensure a better color purity and quantum
efficiency of the broadband white light emission of these chiral
perovskite materials for practical indoor illumination applica-
tions.44

Figure 2. Linear optical properties of the chiral perovskite materials. UV−vis absorbance (a) and normalized CD (b) spectra of the films spin-
coated from DMF solutions of the R- and S-(MPEA)1.5PbBr3.5(DMSO)0.5 perovskite crystals. Average film thickness for both R- and S-
(MPEA)1.5PbBr3.5(DMSO)0.5 is ∼350 nm. (c) Normalized DRS and fluorescence spectra of the as-prepared (R-MPEA)1.5PbBr3.5(DMSO)0.5
nanowires. Excitation wavelength: 400 nm. (d) Fluorescence decay of the (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowires. Measured at λ = 530 nm with
the excitation wavelength of 400 nm at room temperature.
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We choose the (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowires as
the model system for the study of the NLO properties of these
new chiral perovskite materials. We utilized a home-built
microscope equipped with a femtosecond pulsed laser as the
pump, and drop-casted the as-grown nanowires into the
suspension on the substrate for the NLO examinations (see
details in the Supporting Information). We rotated the sample
holder with the substrate containing the perovskite nanowires
to ensure the selected single nanowire was parallel to the plane
of incidence (Figure 3a). Figure 3b shows the SHG image of a
typical horizontally oriented nanowire, obtained by detecting
the SHG signal (at 425 nm when pumped at 850 nm) while
scanning the sample. The image clearly shows the outline of
the nanowire and demonstrates the second-order NLO activity
of the chiral perovskite materials. The NLO spectra taken from
the nanowire, shown in Figure 3c, demonstrate that the
nanowire exhibits strong SHG signals when pumped at various
wavelengths over the near-infrared (NIR) region. One can also
clearly notice a broad FL peak when the excitation wavelength
is below 800 nm, which should be attributed to two-photon
excited fluorescence (TPF), considering its energy upconver-
sion characteristic.52 We evaluated the effective second-order
NLO c o effi c i e n t ( d e f f ) o f t h e α - p h a s e (R -
MPEA)1.5PbBr3.5(DMSO)0.5 perovskite material to be ∼0.68
pm V−1 with the optimized linearly polarized pump at 850 nm
by using a Y-cut quartz as the reference (see details in the
Supporting Information). This value compares favorably with
that of potassium dihydrogen phosphate (KDP).53 Figure 3d
demonstrates a quadratic dependence of the SHG intensity on
the incident laser power and confirms the two-photon nature
of this second-order NLO response. However, the SHG
intensity markedly drops when the laser power is higher than
∼67.5 mW (850 nm). We identify this power as the laser
damage threshold of (R-MPEA)1.5PbBr3.5(DMSO)0.5 nano-

wires, which is corresponding to a pump fluence of ∼0.52 mJ
cm−2 (8.6 × 104 W cm−2), given the very small laser spot of
∼10 μm in diameter.
To obtain more insight into the second-order NLO

properties of these chiral perovskite materials, we carried out
detailed polarization dependence measurements. Figure 4a
summarizes the SHG intensity as function of the polarization
angle of the linearly polarized pump at 850 nm from a
horizontally oriented (R-MPEA)1.5PbBr3.5(DMSO)0.5 single
nanowire. The polarization plots follow a dipolar profile well
fitted to a cos4θ function52 with SHG maxima at polarization
angles of about 65 and 245 deg, which should coincide with
the dipolar axis of the (R- MPEA)1.5PbBr3.5(DMSO)0.5
nanowire. The dipolar axes of LHP materials have been
suggested to be a result of the ionic displacement due to the
distortion from ideal cubic perovskite ABX3 structure.

30 In the
case here, the displacement of Br with DMSO in the [PbX6]
octahedrons and the resulted structure distortion are the
origins for the long-range polar nature of the chiral perovskite
nanowires. The polarization ratio, defined as ρ = (Imax − Imin)/
(Imax + Imin), was (96.4 ± 0.1)% and (72.4 ± 0.1)% for p- and
s-analyzers, respectively, which is considerably higher than that
of the linear photoluminescence polarization of related LHP
nanowires.54

We further replaced the λ/2 plate with a λ/4 plate (Figure
3a) to generate circularly polarized laser pump light to study
the NLO chiroptical effects of these chiral perovskite
nanowires. The λ/4 plate was continuously rotated so that
the fundamental pump was tuned from linear to left- and right-
handed circular polarization, respectively. The results of the
continuous polarization measurements, as shown in Figure 4b,
reveal no mirror plane with respect to the 180° rotation angle
of the λ/4 plate, which is a clear signature of chirality.55 The
SHG circular dichroism (SHG-CD), defined as SHG-CD =

Figure 3. Nonlinear optical responses of the chiral perovskite nanowires. (a) Schematics of the NLO measurements. λ/2 and λ/4 plates were used
for linearly and circularly polarized experiments, respectively. (b) Scanned image of a typical (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowire by detecting
the SHG signal. Scanned area: 20 × 20 μm2. (c) NLO spectra of a (R-MPEA)1.5PbBr3.5(DMSO)0.5 nanowire pumped at various wavelengths,
normalized by the incident power. (d) Logarithmic plot of SHG intensity as function of the incident power. The solid line is a linear fit with a slope
of 2.0. The SHG intensity drops when the incidence power is higher than 67.5 mW, showing the laser damage threshold. Excitation and detection
wavelengths are 850 and 425 nm, respectively, for panels (b) and (d).
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(IRCP − ILCP)/(IRCP + ILCP), where IRCP and ILCP refer to the
SHG intensity for the right- and left-circularly polarized pump,
respectively, is a measure of the NLO chiroptical effect.55 The
calculated SHG-CD for the (R- MPEA)1.5PbBr3.5(DMSO)0.5
nanowire was (61.9 ± 0.1)% and (74.0 ± 0.1)% for the p- and
s-out polarization, respectively.
Conclusions. In summary, we have reported a new type of

2D organic/inorganic hybrid lead halide perovskite materials
with a chemical structure of (MPEA)1.5PbBr3.5(DMSO)0.5 and
an intrinsic noncentrosymmetric chiral crystal structure which
exhibits strong second-order nonlinear optical responses. The
introduction of the chiral β-methylphenethylammonium
(MPEA) salt as the organic component induces the non-
centrosymmetric assembly of the inorganic 2D perovskite
layers. We fabricated nanowires from these new 2D chiral
perovskite materials by the antisolvent assisted crystallization
in a ternary solvent system, and identified the structure of this
DMSO solvent intercalated perovskite phase. We observed the
axial coordination of DMSO molecules with Pb2+ in the
octahedron, which results in a distorted and partially edge-
shared layered structure. The well-defined nanowires based on
these new perovskite materials exhibited not only brilliant
linear (broad band yellowish white light emission) but more
importantly second-order nonlinear (SHG with high polar-
ization ratios and chiroptical NLO effects) optical properties.
Although the second-order nonlinear optical susceptibility of
these chiral perovskites is not exceptionally high, our result is a
proof-of-concept demonstration of the feasibility of realizing a
second-order optical nonlinearity in hybrid organic/inorganic
lead halide perovskite materials that might provide diverse
opportunities for further rationally engineering the optoelec-
tronic properties of LHP materials for technologically very
important effects, such as ferroelectricity, pyroelectricity,
piezoelectricity, and terahertz (THz) generation.
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