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Multiphoton absorption (MPA) involves 
the optical nonlinearities from the simul-
taneous absorption of multiple photons, 
which excites electrons to high-energy 
states and their subsequent relaxation 
emits short-wavelength photons.[1] Such 
frequency-upconverted processes exhibit 
fascinating properties and the poten-
tial for utilization in biological imaging, 
optical communication, and optical data 
storage.[2] Particularly, compared with 
two/three-photon absorption (2PA/3PA) 
effects, high-order MPA processes (e.g., 
five-photon absorption, 5PA) exhibit 
unique properties,[3] such as high spa-
tial confinement, long penetration depth, 
and low biological damage. All these fea-
tures would benefit the newly emerging  
field of biophotonics. Hence, various 
families of MPA-sensitive materials 
have been designed, including organic 
chromophores,[4] inorganic nanocrystals,[5] 
polymers,[6] and metal–organic frame-
works.[7] Nonetheless, only a few can-
didates are capable of providing 5PA 
properties, but they face great challenges 

due to their small MPA cross-sections (σi, where i = the number 
of photons absorbed). Currently, 5PA candidates are extremely 
lacking; consequently, it is highly urgent to explore new 
materials with large transition probabilities, e.g., high σ5 
values.[8]

Recently, multilayered 2D hybrid perovskites, (Aʹ)2(A)n−1BnX3n+1, 
have attracted substantial interest due to their intriguing opto-
electronic properties.[9] Such 2D hybrid perovskites exhibit 
dramatic structural tunability, allowing for the rational modu-
lation of their electric, photoelectric, and optical activities by 
controlling the organic cations present and/or by adjusting 
the thickness of the inorganic sheets (i.e., the number of 
perovskite layers, n). Alternative arrays of these organic cations 
and inorganic frameworks create quantum-confined motifs.[10] 
Underlying quantum and dielectric confinement effects lead to 
strong, light-matter interactions between excitonic resonances 
that demonstrate interesting optical nonlinearities, such as 
self-phase modulation and rich MPA processes.[11] It has been 
theorized that this 2D family enables large 2PA/3PA absorp-
tion coefficients,[12] as exemplified by the following perovskites: 
(PEA)2PbI4 (2PA, 211.5 cm MW−1),[13] (BA)2(FA)Pb2Br7 (2PA, 
5.76 × 103 cm GW−1),[14] and (BA)2PbBr4 (3PA, ≈7 cm3 GW−2).[15] 

Multiphoton absorption (MPA) has been utilized for important technological 
applications. High-order multiphoton harvesting (e.g., five-photon 
absorption, 5PA) exhibits unique properties that could benefit biophotonics. 
Within this field, perovskite oxide ferroelectrics (e.g., BaTiO3) enable 
low-order optical nonlinearities of 2PA/3PA processes. However, it is 
challenging to obtain efficient, high-order 5PA effects. Herein, for the first 
time, giant and broadband MPA properties are presented in the 2D hybrid 
perovskite ferroelectric (IA)2(MA)2Pb3Br10 (1; IA = isoamylammonium and 
MA = methylammonium), where multiphoton-excited optical nonlinearities 
related to different MPA mechanisms over a broadband range of 
550–2400 nm  are observed. Strikingly, its 5PA absorption cross-section (σ5) 
reaches up to 1.2 × 10−132 cm10 s4 photon−4 (at 2400 nm), almost 10 orders 
larger than some state-of-the-art organic molecules and a record-high value 
among all known ferroelectrics. This unprecedented 5PA effect results 
from the quantum-confined motif of inorganic trilayer sheets (wells) and 
organic cations (barriers) in 1. Moreover, its large ferroelectric polarization of 
5 µC cm−2 could promote modulation of MPA effects under external electric 
fields. As far as it is known, this is the first report on giant, broadband 
high-order MPA properties in ferroelectrics, which provides potential, novel 
electric-ordered materials for next-generation biophotonic applications.
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Therefore, we endeavored to assess the potential of 2D multi-
layered hybrid perovskites with strong 5PA effects.

Another notable merit of the (Aʹ)2(A)n−1BnX3n+1 perovskites 
is that they allow for further exploration of ferroelectricity,[16] 
due to the large degrees of freedom that allow dynamic motion 
of their organic cations, which are situated in the interspaces 
between their inorganic perovskite sheets. The combination of 
ferroelectric polarization with other optical properties affords 
a new pathway to developing the next generation of photonic 
devices.[17] For instance, multiphoton-induced, photorefractive 
processes were observed in ferroelectric LiNbO3 crystals,[18] 
in which the ultrahigh, built-in electric field enhanced charge 
separation and efficient MPA processes. This light-polarization 
interaction motivated researchers to study the MPA properties 
of ferroelectrics, such as 2PA/3PA effects in ferroelectric oxides 
of BaTiO3 (at 1.064 µm), SrBiTa2O9 (at 1.064 µm), Pb0.7La0.3TiO3 
(at 1064 nm), Ce:BaTiO3 (at 532 nm), and Bi3.15Nd0.85Ti3O12 (at 
800 nm).[19] Relying on these low-order, 2PA/3PA nonlinear pro-
cesses, the multiphoton detectors could perform in a narrow, 
sub-bandgap region (<1.5 µm). However, to date, reports on fer-
roelectrics exhibiting high-order 5PA optical nonlinearity are 
limited, hindering their application to multiphoton harvesting 
in the broadband range (>1.5 µm). These unique advantages of 
the (Aʹ)2(A)n−1BnX3n+1 family, including their strong MPA effects 
and ferroelectricity,[20] provide a new design for producing 
promising, MPA-sensitive candidates.

Herein, we present for the first time the giant and broad-
band MPA properties of a 2D trilayered hybrid perovskite, 
(IA)2(MA)2Pb3Br10 (1; IA = isoamylammonium and MA = 
methylammonium), that exhibits strong 2PA to 5PA effects 
over a wavelength range of 550–2400 nm. Particularly, it has an 
extremely high σ5 value of up to 1.2 × 10−132 cm10 s4 photon−4, 
which is almost ten times larger than that of current, state-of-
the-art organic molecular systems. Spectral dependence of its 
MPA cross-sections (and the resulting 2PA, 3PA, 4PA, and 
5PA effects) revealed its potential for multiphoton detection. 
Furthermore, 1 shows notable ferroelectricity with large, spon-
taneous polarization (Ps, 5.0 µC cm−2), offering new opportu-
nities to modulate MPA effects through external field. This 
work on giant 5PA effect of hybrid perovskite ferroelectrics is 
unprecedented, which opens new prospects toward next-gener-
ation multiphoton application.

A temperature-cooling method was applied to an aqueous 
solution of 1 to obtain bulk crystals (Figure S1, Supporting 
Information) and their phase purities were verified by powder 
X-ray diffraction (XRD). The patterns observed matched well 
with our simulated results (Figure S2, Supporting Information). 
Variable-temperature structure analyses disclosed that 1 adopts 
an intriguing 2D Ruddlesden–Popper trilayered perovskite 
structure at 298 K, where organic MA+ cations act as “perov
skitizers” that arrange the inorganic perovskite frameworks.[21] 
This structure was created by tailoring bulky IA+ cations into 
the cubic 3D prototype of MAPbBr3 along the planes perpendic-
ular to the crystallographic ⟨100⟩ direction. Consequently, trilay-
ered halometallate [Pb3Br10]∞ sheets were formed, consisting of 
corner-sharing PbBr6 octahedra and featuring ⟨100⟩-oriented 
parallel alignments. Organic IA+ cations inside the interlayer 
spaces were oriented head-to-tail, with two, adjacent, staggered 
organic layers by the (1/2 1/2) dislocation. It is noteworthy that 

this alternative array of inorganic perovskite sheets (wells) and 
organic bilayers (barriers) constructs the quantum-confined 
architecture of 1, featuring a periodic lattice with perfect trans-
lational symmetry along the a-axis. The length of the quantum 
wells was estimated to be ≈17.8 Å (Figure 1a), which suggests 
that both electrons and holes would be closely confined inside 
the wells, leading to a strong binding energy for the excitons.[22] 
As far as we know, diverse and rich nonlinear optical proper-
ties can be expected in 1, such as MPA effects and exciton–
photon couplings. Moreover, the organic IA+ cations that are 
located inside the interlayer spaces adopt flexible, chain-like 
molecular configurations, which provides them with large 
degrees of freedom for dynamic motion and reorientation. 
From a structural viewpoint, the molecular dynamics of these 
organic moieties are the crucial element that breaks the sym-
metry and promotes ferroelectric polarization, which has been 
verified by other hybrid perovskites, such as (CA)2PbBr4 and 
(benzylammonium)2PbCl4.[16c,d] Therefore, this class of 2D mul-
tilayered hybrid perovskites, with their distinct, quantum-con-
fined structures, represent a new platform for exploring novel 
multiphoton-harvesting candidates.

For most ferroelectric materials, symmetry breaking that 
is related to phase transition is indispensable for gener-
ating Ps. Differential scanning calorimetry (DSC) measure-
ments revealed that 1 undergoes reversible phase transitions 
at 305 and 303 K (Curie temperatures, TCs) during heating 
and cooling cycles, respectively. The temperature depend-
ence of the dielectric constant (ε′) displays dramatic anoma-
lies around the Tc, coinciding well with the Curie–Weiss law 
(Figure 2b). The significant λ-type dielectric peaks suggest that 
a paraelectric-to-ferroelectric phase transition occurs. Addi-
tionally, the second harmonic generation (SHG) effect of 1 is 
clearly observed at room temperature, the intensity of which 
being 0.2 times as large as that of the KH2PO4 (KDP) standard 
(Figure S3, Supporting Information). Crystallography analyses 
confirmed the occurrence of symmetry breaking in 1, where 
the compound exhibited the Aizu notation of 4/mmmFmm2 
(Figure  1b),[23] which lead to four, equivalent Ps directions of 
[110], [1-10], [-110], and [-1-10]. Above the Tc, in the paraelectric 
phase (PEP), 1 was tetragonal with the nonpolar space group 
of I4/mmm (point group of 4/mmm). Both the organic IA+ 
and MA+ cations were disordered with eight orientational 
populations and were located on the crystallographic mirror 
plane, which featured highly symmetric molecular configura-
tions (Figure S4, Supporting Information). For the IA+ cations 
between the inorganic perovskite sheets, remote distribution 
of its flexible isopentyl moieties caused swing-like molecular 
motions, and the organic MA+ cations inside the central cavi-
ties possessed a low barrier for the random, molecular reori-
entation that endowed the atomic disordering. The inorganic 
PbBr6 octahedra also adopted a symmetric architecture with 
Pb–Br–Pb angles of 180°, revealing the flatness of the [Pb3Br10]∞ 
perovskite layers. This centrosymmetric packing cancelled out 
the dipole moment and net electric polarization of the unit 
cell of 1 in the PEP. Below the Tc, in the ferroelectric phase 
(FEP), the crystal structure of 1 changed to orthorhombic with 
the polar space group of Cmc21 (point group of mm2; Table S1, 
Supporting Information). Both types of cations became fully 
ordered, where the NH3 groups were closely linked to the PbBr6 

Adv. Mater. 2020, 2002972



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2002972  (3 of 8)

www.advmat.dewww.advancedsciencenews.com

Figure 1.  Crystal structures of 1. a) Diagram of the quantum-well motif with alternate arrays of inorganic perovskite frameworks (well) and organic 
cation bilayers (barrier). b) Symmetry breaking with an Aizu notation of 4/mmmFmm2 for 1. Four equivalent polarization directions (green arrowheads) 
are verified for 1 at PEP, which coincide with its crystallographic polar c-axis at FEP. The pink arrowheads at FEP indicate the distortion of perovskite 
octahedra.

Figure 2.  Ferroelectric and related physical properties of 1. a) DSC traces measured in the heating and cooling runs, disclosing its reversible phase 
transition at 305/303 K. b) Real part (εʹ) of the complex permittivity measured along the c-axis of single crystal. Inset: the fitting of εʹ values by the 
Curie–Weiss law. c) P–E hysteresis loop and I–E curve measured at room temperature. d) Temperature dependence of spontaneous polarization (Ps). 
Inset: pyroelectric currents collected in the heating mode.
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octahedra via NH···Br hydrogen bonds. From the packing 
views (Figure S5, Supporting Information), we observed that 
the MA+ cation alignment inside the inorganic sheets created 
a dipolar component along the c-axis, and the bulky IA+ cations 
exhibited the same orientation. This coherent reorientation of 
organic moieties favors the shift of positively charged centers 
in the c-direction. Meanwhile, the corner-sharing PbBr6 octa-
hedra of the [Pb3Br10]∞ sheets presented a distorted geometry, 
which was verified by the components of in-plane and out-of-
plane distortion (Figure S5c, Supporting Information).[24] The 
tilting of the PbBr6 octahedra accounted for the displacement 
of negatively charged centers along the c-axis. As a result, the 
positive and negative charge centers were separated, giving 
rise to the molecular dipole moment and electric polarization 
along the c-direction. These structural analyses suggest that the 
order–disorder of the organic IA+ and MA+ cations renders a 
driving force that promotes the phase transition of 1, while the 
emergence of electric polarization causes the reorientation and 
the tilting motions of the organic and inorganic components, 
respectively.

Bulk ferroelectricity of 1 was confirmed by pyroelectric 
and ferroelectric measurements at room temperature. As 
shown in Figure  2c, the current versus electric field (I–E) 
curve and the spontaneous polarization versus electric field 
(P–E) hysteresis loop revealed that the electric polariza-
tion of 1 could be switched by an external field, which gave 
a Ps value of 5.0 µC cm−2. This figure of merit is on par with 

that of other hybrid perovskite ferroelectrics,[25] such as (S)-
3-F-(pyrrolidinium)CdCl3 (5.79 µC cm−1), (C4H10N)CdCl3 
(4.7 µC cm−2), 3-(fluoropyrrolidin-ium)MnCl3 (5.0 µC cm−2), 
and (3-ammoniopyrrolidinium)RbBr3 (2.0 µC cm−2). How-
ever, it is interesting that the coercive field (Ec) for 1 was 
≈0.8 kV cm−1, which was determined from the P  = 0 inter-
cept (Figure  2c). This figure is much smaller than those of 
pure organic ferroelectrics and polymers, such as croconic 
acid (11–37 kV cm−1), VDF oligomers (≈1200 kV cm−1), and 
Nylon-11 (≈600 kV cm−1).[26] In fact, it is the smallest field that 
has switched the electric polarization of bulk ferroelectrics at 
room temperature. Figure 2d depicts the temperature depend-
ence of the polarization of 1, which was obtained by integrating 
pyroelectric currents with respect to time (inset of Figure 2b). 
The calculated Ps value was ≈6.1 µC cm−2 at 298 K, which was 
slightly higher than that deduced from the P–E hysteresis 
loops (Figure S6, Supporting Information). Combining these 
results with the symmetry breaking of 4/mmmFmm2 and the 
DSC and dielectric properties, we confirmed that 1 should be 
a room-temperature ferroelectric material, whose dielectric and 
quantum confinement effects could enable strong multiphoton 
harvesting.

Compared with oxide perovskite ferroelectrics (e.g., BaTiO3), 
the unique, 2D, quantum-confined motif of 1 permits rela-
tively strong quantum confinement effects and diverse optical 
properties.[27] Figure 3a presents the linear optical absorp-
tion spectrum of 1 where an optical bandgap energy (Eg) of 

Figure 3.  a) Optical absorption and PL spectra of 1. Inset: Time-resolved PL results with the triexponential decay. b) Electronic band structure calcu-
lated by the DFT method. c) Molecular local density of states at CBM and VBM, and the energy-level scheme evidencing its type-I quantum structure.
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≈2.3 eV (Figure S7, Supporting Information) was observed, 
which correlates with our simulated results (Figure  3b). 
Studies on the electronic band structure and band align-
ment of 1 disclosed that the valence band maximum (VBM) 
relates to the Br-4p state, while the conduction band minimum 
(CBM) originates from Pb-5p states (Figure  3c). This finding 
reveals a crucial contribution from the perovskite blocks to its 
natural Type-I quantum wells, for which the thickness is typi-
cally on the order of LQW (nm) = 1.78 (≈ n × 0.6).[28] This sug-
gests that the electrons and holes are strongly confined inside 
the wells (Figure  3c). As expected, 1 exhibited a sharp photo-
luminescence (PL) peak around 522 nm   (excited by 405 nm; 
Figure 3a), and the triexponential fitting of the decay trace gave 
three lifetime components of 48.6, 168.8, and 738.6 ns. The 
single PL emission with these long decay lifetimes revealed 
that the relaxation process of 1 is closely involved with an 
enhanced recombination of excitons,[29] which would fulfill its 
MPA activities.

To study the MPA effects of 1, we performed multiphoton-
excited PL measurements on thin crystal flakes using a 

Ti:sapphire femtosecond laser (100 fs, full-width at half 
maximum; repetition rate of 1 kHz) as the excitation source. 
Crystal flakes were positioned on the laser focal plane with the 
beam prolongating along its crystallographic c-axis. Upon laser 
illumination of different excitation wavelengths (1000, 1500, 
1700, and 2400 nm), all the multiphoton-excited, upconverted, 
PL emission spectra of 1 were seen to follow quite similar pat-
terns that were centered at 529 nm (Figure 4). A small redshift 
(≈7 nm) of the one-photon-excited PL peak was ascribed to the 
reabsorption effect.[30] The excitation-energy dependence of PL 
signals shows linear relationships (insets of Figure 4), and the 
fitting of the experimental data yielded an intensity dependence 
of In, where n = 2.0, 3.4, 4.1, and 5.1, that corresponded to the 
mechanisms of 2PA, 3PA, 4PA, and 5PA, respectively. Further, 
its absorption coefficients and σi values for the different MPA 
effects were determined from the nonlinear transmission from 
the Z-scan results (Figures S10–S12, Supporting Information). 
The 2PA coefficient (β, 2.1 × 103 cm GW−1) falls in the range 
of other 2D hybrid perovskites,[13,31] such as (BA)2(MA)Pb2I7 
(0.2–0.64 cm MW−1). In comparison with oxide perovskites 

Figure 4.  Multiphoton absorption properties of 1. a–d) MPA-induced upconverted PL spectra of 2PA, 3PA, 4PA, and 5PA processes upon different 
wavelength excitations. e) Inverse transmission as a function of laser intensities for 5PA process (λ = 2400 nm), showing the strong saturated absorp-
tion. Inset: Z-scan data (blue point) and fitting curve (red). f) Energy diagram and PL photograph of crystal flakes during the 5PA process.
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(Table S8, Supporting Information),[3b,32] this value for 1 is  
almost two orders of magnitude larger than that of BaTiO3 
films (51.7 cm GW−1), BiFeO3 (16 cm GW−1), and Ce:BaTiO3 
(59.3 cm GW−1), and is on par with those of CdSe nanocrystals 
(10.3 × 103 cm GW−1) and MoS2 monolayers (7.62 × 103 cm GW−1). 
Furthermore, 1 exhibited an ultrahigh σ5 value of up to 
1.2 × 10−132 cm10 s4 photon−4 (at 2400 nm), which is almost ten 
times larger than that of conventional organic systems (Table S8,  
Supporting Information). To the best of our knowledge, this 
is the first report on the 5PA properties of hybrid perovskite 
ferroelectrics. Figure 4f shows the energy diagram for the 5PA 
process of 1. Upon laser illumination (≈2400 nm), the 5PA-
excitons (i.e., electron–hole pairs) are formed by simultaneous 
absorption of five mid-infrared (mid-IR) photons, of which 
the total energy is large enough to overcome the bandgap 
between the ground state (S0) and the excited state (Si). Sub-
sequently, the interband decay to the lower excitonic state (S1) 
results in the MPA-excited PL emission around 530 nm. For 1, 
its strong, 2D, quantum-confined structure favors the efficient 
radiative recombination and giant 5PA activities.

Furthermore, we measured the temperature dependence 
of the 5PA-related PL activities of 1. We found that the PL 
intensities demonstrate remarkable changes during the phase 
transition, and the PL intensities in the FEP are much higher 
than those seen in the PEP (Figure S13, Supporting Informa-
tion). This temperature-dependent behavior is similar to that 
of the electric polarization (Figure  2d), which likely relates 
to the structural changes, including the ordering of organic 
cations and the distortion of the inorganic PbBr6 octahedra.  
These intriguing MPA attributes of 1 highlight its poten-
tial for nonlinear optics and bioimaging applications in the 
broadband range of 550–2500 nm, depending on the dif-
ferent MPA-excited mechanisms. For instance, effective photo
detection can be expected from the 4PA-based devices that can 
perform in the range of 1550–2100 nm, coinciding with the  
spectral window of fiber-optical communication. Particularly, 
the giant σ5 value for the high-order 5PA process of 1 could 
directly convert the near-IR light of 2100–2600 nm   to short-
wavelength, visible PL spectra. Such MPA properties of 1 also 
allow it to take part in multiphoton upconversion lasing, where 
its unique merits would promote breakthroughs in diverse, 
laser-based applications.

We have reported the first hybrid perovskite ferroelec-
tric that shows giant MPA effects over a broadband range of 
550–2400 nm. Strikingly, its σ5 value of ≈1.2 × 10−132 cm10 s4 
photon−4 is record-high among those of all known ferroelec-
trics, and is about ten times larger than those of most state-of-
the-art organic molecules. This unprecedented 5PA behavior 
relates to the strong quantum-confinement effect that 1 has 
on the excitons within its inorganic perovskite frameworks, 
and the ordering of the organic barrier that triggers its ferro-
electricity. Concerning the coupling between light and sponta-
neous polarization, the presence of ferroelectricity in 1 offers 
new possibilities relating to modulating MPA effects through 
external electric fields; however, this concept still requires 
further investigation. This work provides a novel, photoactive 
ferroelectric candidate in the family of hybrid perovskites that 
can be applied to multiphoton applications over broadband 
ranges.

Experimental Section
Synthesis: Compound 1 was synthesized in a concentrated 

HBr solution that contained a stoichiometric ratio of PbCO3, 
(CH3)2CH(CH2)2NH3Br, and CH3NH3Br. A subsequent temperature-
cooling method grew bulk crystals with sizes up to 18.8 × 6.5 × 2.1 mm3.

Physical Properties Measurements: The DSC, SHG, dielectric, and 
pyroelectric current measurements are described in the Supporting 
Information. The P–E hysteresis loops were measured on thin crystal 
plates with a thickness of ≈0.5 mm   using the double-wave method. 
Z-scan experiments were performed on thin wafers to measure the σi 
(i = 2, 3,4, 5) values, with a commercial, femtosecond optical parametric 
chirped-pulse amplification (OPCPA) laser system (Libra, Coherent; 
≈100 fs, 1 kHz) as the beam source (Figure S8, Supporting Information). 
The light beam was linearly polarized with a focused spot diameter of 
≈200 µm. Governed by different-frequency, nonlinear mechanisms 
in OPCPA, the short wavelengths, ranging from 800 to 1600 nm, are 
signal waves with horizontal polarization, while the long wavelengths in 
the range of 1500–2400 nm   are idler waves with vertical polarization. 
The crystal wafers were repeatedly rotated to ensure consistency 
between their a-axis and the polarization direction for all the excitation 
wavelengths (Figure S9, Supporting Information).

As the nonlinear optical properties, the MPA processes can be 
theoretically described by the following expression

I z
z

I z I z I z I z I z
d ( )
d

( ) ( ) ( ) ( ) ( )2 3 4 5 �α β γ δ ϕ= − − − − − − � (1)

where I(z) is the intensity of incident light beam propagating along the 
z-axis direction, and z is the propagation distance in the flakes. The 
parameters α, β, γ, δ, and ϕ are one-, two-, three-, four-, and five-photon 
nonlinear absorption coefficients, respectively. Here, 5PA nonlinear 
optical process was taken as an example to elucidate the experiments. At 
a given photon frequency (f = 2400 nm), only the 5PA process satisfying 
Equation (1) is available, then the following relationship can be obtained

I z
z

I z
d ( )
d

( )5ϕ= − � (2)
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0

0
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When z  = L0, the nonlinear transmissivity (T) of a five-photon 
absorbing material can be expressed as

T
I L

I L I
( ) 1

[1 4 ]
0

0 0 0
4 1/4ϕ

= =
+

� (4)

where I0 is the intensity of incident light and L0 is the optical path length. 
Hence, ϕ value can be determined experimentally by measuring the 
value of T at a given level of I0, and the 5PA cross-section (σ5) value can 
be calculated according to the following equation

h
N
( )

5

4

crystal
σ ν ϕ= � (5)

where Ncrystal is the molecular density (in units of cm−3) of hybrid 
perovskites. Similarly, the respective absorption coefficients and 
absorption cross-sections values for 2PA, 3PA, and 4PA can be 
experimentally determined on the basis of Equation (1). Their detailed 
values are presented in Table 1, which are also compared with other 
materials in Table S8 in the Supporting information.

X-Ray Crystallographic Determinations: Variable-temperature single 
crystal diffraction data were collected on an Agilent Technologies 
SuperNova Dual Wavelength CCD diffractometer at 280 and 330 K, 
respectively. Data reduction and multiscan absorption correction 
were performed using the CrysAlisPro software. All crystal structures 
were solved with the direct method and refined by the Shelx software. 
Nonhydrogen atoms were refined in anisotropic mode and hydrogen 
positions were generated in the geometrical mode. CCDC 1968016 
and 1968018 contain the supplementary crystallographic data that can 
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be obtained free of charge from The Cambridge Crystallographic Data 
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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