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been realized by Zeng’s group.” In this aspect, two-photon

ABSTRACT: Perovskite ferroelectrics with prominent absorption behaviors of perovskite ferroelectrics have been
nonlinear optical absorption have attracted great attention widely studied, such as BaTiO;,° Ce:BaTiO;,°
in the field of photonics. However, they are traditionally Bi, ;sNd, ssTi3012;7 Pb, ;La, 3’['103,8 SrBiTa209,9 and
dom%nated by .inorganic oxljdes and e)fhibit relat.ively .small Pby 9sLag,05Zr0 53 T, 47()3.10 However, the majority of such
nor}hnear optical :?.bsc"rptlon coe-fﬁaents, which hinder perovskite ferroelectrics are all-inorganic and exhibit relatively
their further applications. Herein, we report a new small two-photon absorption coefficients, such as 51.7 cm
organic—inorganic hybrid bilayered perovskite ferroelec- GW! for BaTiO,, 59.3 cm GW™" for Ce:BaTiO;, and 115 cm
tric, (C4HyNH;),(NH,CHNH,)Pb,Br; (1), showing an GW™! for Bi;;sNd,sTi;Oy, This disadvantage becomes the

above-room-temperature Curie temperature (~322 K) and
notable spontaneous polarization (~3.8 uC cm™?).
Significantly, the unique quantum-well structure of 1
results in intriguing two-photon absorption properties with
a giant nonlinear optical absorption coefficient as high as
5.76 X 10> cm GW™!, which is almost two-orders of
magnitude larger than those of mostly traditional all-
inorganic perovskite ferroelectrics. To our best knowledge,
1 is the first example of hybrid ferroelectrics with giant
two-photon absorption coefficient. The mechanisms for
ferroelectric and two-photon absorption are revealed. This
work will shed light on the design of new ferroelectrics
with two-photon absorption and promote their potentials
in the photonic application.

potential bottleneck for their further device application.'' In
this context, it is highly urgent to develop new classes of
ferroelectric candidates with large two-photon absorption
coeflicients.

Two-dimentional (2D) hybrid perovskites display great
flexibility to accommodate a variety of organic ammonium
cations, which enables the large freedom of molecular motions.
From a structural perspective, such dynamic components are
the key elements to create ferroelectricity, as examplified by
some recently reported 2D perovskite hybrid ferroelectrics,
such as (benzylammonium),PbCl,"* and (cyclohexylammo-
nium),PbBr,."* These 2D perovskites represent an interesting
research direction in the development of ferroelectrics and are
attracting increasing attention.'* Moreover, hybrid perovskites
combine distinct properties of organic and inorganic
components within a single-molecule composite,"* and thus
show rich physical properties, such as two-photon absorption.'®
Particularly, for 2D perovskites, their unique quantum-well

I l'or ferroelectric materials, the combination of ferroelec-
tricity with other physical properties makes them

fascinating candidates for next-generation optoelectronic structures favor the confinement of charge-carriers in inorganic
devices.” This unique feature leads to some newly conceptual layers and thus enhance light-matter interactions. This feature is
topics in condensed-matter science, such as photoferro- considered to be quite suitable to generate strong two-photon
electrics.” In photoferroelectrics, the strong inversion symmetry absorption effects.’” For instance, a giant two-photon
breaking inducing spontaneous electric polarization promotes absorption coefficient has been obtained in a 2D layered
the desirable separation of photoexcited carriers, which readily perovskite of [C¢Hs(CH,)2NH,],Pbl,.' "

benefits their optoelectronic and photovoltaic applications.3 Inspired by the above-mentioned results, we designed and
Recently, light—matter interactions in the ferroelectric materials synthesized a new 2D hybrid perovskite, (BA),(FA)Pb,Br; (1,
have emerged as one of the intriguing characteristics.* Among BA = n-butylammonium and FA = formamidinium). 1 shows
them, prominent two-photon absorption properties not only an above-room-temperature Curie temperature (~322 K), and
promise nonlinear photonic application but also fulfill the notable spontaneous polarization (~3.8 C cm™?). Strikingly, 1
essential requirements of high-performance vis-IR dual-modal

light harvesting optoelectronic device. For example, high- Received: April 15, 2018
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exhibits a giant two-photon absorption coefficient up to 5.76 X
10® cm GW™L, which is nearly two-orders of magnitude larger
than those of the traditional all-inorganic perovskite ferro-
electrics. Single crystals of 1 were obtained from the solution of
concentrated hydrobromic acid containing stoichiometric
amounts of Pb(COOH),-3H,0, formamidinium acetate and
n-butylamine. The measured powder XRD pattern matches well
with that simulated based on single-crystal structure (Figure
S1), confirming the pure phase of 1. This perovskite is
environmentally stable at ambient condition and exhibits a high
thermal stability up to 252 °C (Figure S2). Single-crystal X-ray
diffraction reveals that 1 crystallizes in a polar space group of
Cmc2, at room temperature (Table S1), and adopts a distinct
bilayered perovskite. As shown in Figure 1la, the crystal

Figure 1. (a) Bilayered perovskite structure of 1. (b) [Pb2Br,],
bilayered framework.

structure of 1 is composed of [Pb,Br,], bilayers, which stack
along the a-axis with BA* cations residing in the interlayer space
to serve as interlayer connectors (via N—H--Br hydrogen
bonds, Figure S2 and Table S2) and to maintain charge
balance. Resembling the 3D framework of FAPbBr;, the FA*
cations in 1 are confined in the central cavities assembled by
PbBry corner-sharing octahedra. In 1, PbBr4 octahedra displays
a small-angle distortion as compared to the ideal octahedra, as
disclosed by the Br—Pb—Br bond angles (Table S3). Besides,
the Pb—Br—Pb bond angle (163.5°) deviates from the ideal
value of 180° by about 27° (Figure S3), leading to the
formation of distortion quadrangle with different diagonals (5.1
and 6.8 A). Finally, distorted PbBry octahedra link with their
neighbors to form inorganic layer along ab-plane (Figure 1b).
These inorganic layers are tightly connected to each other via
the bridged Br atoms to generate [Pb,Br;],, bilayers. Such
bilayers framework resembles those of other reported hybrid
perovskites, such as (RCH,NH,),(CH;NH,),_;Sn;5,,,'* and
(C,H,NH,NH,)(CH,NH,),Pb,L;,.,)," and all-inorganic per-
ovskites (e.g, Ca;Ti,O; and Sn,, Ti,0,,,;).”" It needs to be
emphasized that the alternative stacking of organic and
inorganic components in this bilayered perovskite can be
regarded as a quantum-well structure with inorganic layers as
the well and organic layers as the barrier. Because of the unique
quantum and dielectric confinements in quantum-well
structure, the carriers can be strongly confined in the inorganic
layer to enhance light—matter interaction. Consequently, a
Fromigent two-photon absorption property could be expected
or 1. °

Symmetry-breaking phase transitions are indispensable for
the most of ferroelectrics. Differential scanning calorimetry
(DSC) traces of 1 show a pair of thermal peaks at 322/318 K in
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the heating and cooling modes, implying a reversible phase
transition (Figure 2a). Moreover, large dielectric anomalies
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Figure 2. Ferroelectric and related properties of 1. (a) DSC curves.
(b) Temperature-dependent dielectric constants measured along the c-
axis. (c) Temperature dependence of SHG signals, revealing a
symmetry-breaking phase transition. (d) P—E hysteresis loops
measured along the c-axis via double-wave method at different
temperatures.

were also observed around 322 K for single crystal along the ¢
axis, as shown in Figure 2b. The dielectric response at 500 Hz
fits well with the Curie—Weiss law, &' = C,,,./ (T — To) (T >
T.) or Cipro/ (Ty' — T) (T < T.), where Cpara and Cgyy, are the
Curie constants, and T, and T, are the Curie—Weiss
temperatures for the paraelectric and ferroelectric phases,
respectively. The Cuo/Cpero ratio of 2.1 agrees well with the
theoretical value expected for a second-order ferroelectric phase
transition (Figure S4).

Furthermore, variable temperature second harmonic gen-
eration (SHG) effects were performed to confirm that 1
undergoes a ferroelectric phase transition from a non-
centrosymmetric to a centrosymmetric state. As shown in
Figure 2c, the SHG activity of 1 changes obviously at around
322 K. The evident change of SHG indicates the occurrence of
symmetry breaking in 1, which is one of the characteristics for
ferroelectric.”’ To further verify the ferroelectric phase
transition, P—E hysteresis loops were measured. As shown in
Figure 2d, the linear curve of P—E dependence at 328 K
indicates its paraelectric property. Below T, the characteristic
ferroelectric loop was acquired via double-wave method.”” The
hysteresis loop at 313 K affords the P, value of ~3.8 uC/cm?,
which is close to that calculated from the point charge model
(Supporting Information, Figure S8). This value is larger than
those found for other organic—inorganic hybrids, such as
N(CH,),CdBr; (~0.12 uC ecm™2),** (CsHyNH,)CdCl, (~1.7
#C cm™2),** and comparable to those of (pyrrolidinium)MnCl,
(~54 uC cm™2),” (3-ammoniopyrrolidinium)RbBr; (~3.0 uC
em™2),* and (3-pyrrolinium)CdCl; (~4.5 uC cm™2).*

All results above indicate that 1 takes a ferroelectric phase
transition. Thus, we performed variable-temperature single-
crystal XRD analyses to elaborate the origin of ferroelectric
phase transition in 1. As shown in Figure 3a, in ferroelectric
phase, the distorted PbBrs octahedra make the negatively
charged centers evidently orientate along the direction of the
¢ -axis. Correspondingly, the positively charged centers of
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Figure 3. Molecular structures at different temperatures: Perspective
view along the b-axis at 293 K (a) and 330 K (b).

organic moieties tilt in the opposite direction along the c*-axis.
This separation of positive and negative charge centers results
in generation of dipole moments (109 X 107 C m;
Supporting Information) and ferroelectric polarization along
the c-axis.Different from the polar structure at room temper-
ature, 1 has a centrosymmetric space group of Cmcm in
paraelectric phase at 330 K. It is evident that the bilayered
inorganic framework adopts a highly symmetric configuration,
and orgamic cations become highly disordered (Figure 3b). As
a result, the arrangement of all components in 1 meets the
requirement of crystallographic symmetry above its T, (i.e., the
centrosymmetric space group of Cmcm). Hence, thermally
induced order—disorder transformation of organic cations and
distortion of inorganic moieties synergistically lead to the
ferroelectric-to-paraelectric phase transition of 1.

As elucidated above, the bilayered framework constructed by
alternative organic and inorganic components can be
considered as quantum well, allowing for rich optical properties
originating from free excitation of inorganic layers.”® As shown
in Figure 4a, 1 exhibits strong green photoluminescence at 527
nm with narrow emission band. Such single emission peak
indicates that the relaxation pathway is dominated by the direct
radiative recombination of an exciton.”” Strikingly, 1 displays
up-conversion photoluminescence by simultaneous two-photon
absorption at room temperature. In order to further study the
two-photon absorption effect, film device was prepared by a
facile spin-coating at room temperature (Supporting Informa-
tion, Figure SS). The visible absorbance spectrum shows that 1
has negligible absorbance from wavelength longer than 525 nm
(Figure S6). However, when 800 nm laser beam passed
through the film of 1, brightly green emission was observed as
displayed in the inset in Figure 4b, indicating that 1 is two-
photon active. Such two-photon absorption was further verified
by the power-dependent fluorescence intensity (Figure 4c).
Figure S7 shows the logarithmic plot of the emission integral
versus the pumped power with a slope of around 2, indicating a
two-photon absorption mechanism. The photoluminescence
process of one-photon (energy larger than the bandgap) and
two-photon (energy smaller than the bandgap accompanied a
virtual state) light excitation can be deduced (see Figure 4a,b).
To quantitatively determine the two-photon absorption, the Z-
scan measurement of 1 was carried out. Figure 4d displays the
open aperture Z-scan response of the film of 1. By fitting the
nonlinear absorption response curve based on Z-scan theory,”
a giant two-photon absorption coefficient, 5.76 X 10° cm
GW™!, is derived for 1. This value is nearly two-orders of
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Figure 4. (a) Photoluminescence spectrum of 1 with 400 nm
excitation. Inset: schematic diagrams of one-photon absorption and
photoluminescence process. (b) Photoluminescence spectrum of 1
under the excitation at 800 nm. Inset: schematic diagrams of two-
photon absorption and photoluminescence process (right); strong
green emission of 1 excited with 800 nm pulsed laser (left). (c)
Excitation intensity-dependent emission spectra of 1 at 800 nm. (d)
Open aperture Z-scan responses of 1.

magnitude larger than those of the notable BaTiO; film (51.7
cm GW™!) and Ce:BaTiO; (59.3 cm GW™1)° and is
comparable to those of CH;NH,PbBr; film (5.5 X 10° cm
GW ™)' as well as 2D MoS, monolayer (7.62 X 10° cm
GW™).*" As far as we know, this is the first time to acquire
such prominent two-photon absorption in hybrid perovskite
ferroelectrics. This finding promises new ferroelectrics for their
application in the photonic devices.

In summary, a new hybrid perovskite ferroelectric,
(BA),(FA)Pb,Br,, with prominent two-photon absorption is
acquired. It features a quantum-well structure and shows an
above-room-temperature ferroelectric phase transition with a
notable spontaneous polarization of 3.8 uC cm™>. Remarkably,
it exhibits strong two-photon absorption with a giant
absorption coefficient as high as 5.76 X 10> cm GW™' under
the excitation of femtosecond laser. This is the first example of
hybrid ferroelectrics with giant two-photon absorption
coefficient. These results provide a strategy to design new
hybrid perovskite ferroelectrics possessing prominent two-
photon absorption for application in photonic devices.
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