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Abstract 

Organic-inorganic perovskites have attracted great attentions driven by exceptional progress 

in photovoltaics, photonics and optoelectronics. Different from the corner sharing framework 

of three-dimensional (3D) perovskite, two-dimensional (2D) organic-inorganic perovskites 

possess a layered staking structure composed of alternative organic and inorganic components. 

Due to the inherent multi-quantum-well-like structure, it is intriguing to explore the optical 

properties of 2D perovskites enabled by spatial and dielectric confinement. Herein, the two-

photon absorption (TPA) properties of 2D perovskite phenylethylamine lead iodide 

((PEA)2PbI4) are systematically studied. The 2D perovskite exhibits a giant TPA and 

saturation effect under excitation of 800 nm femtosecond laser. The TPA coefficient of a 

(PEA)2PbI4 flake is measured to be about 211.5 cm/MW, which is at least one order of 

magnitude larger than those of 3D perovskite films and some typical semiconductor 
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nanostructures. The giant TPA can be attributed to the enhanced quantum and dielectric 

confinement in the organic-inorganic multi-quantum-well structure. In addition, a highly 

thickness-dependent TPA is observed for the 2D perovskite flakes. The result advocates a 

great promise of 2D organic-inorganic perovskites for nonlinear optical absorption related 

optoelectronic devices. 

1. Introduction 

Organic-inorganic hybrid perovskites, composed of alternative stacking sheet of organic 

and inorganic components, have attracted great attentions due to their unique optoelectronic 

properties.[1, 2] Previous studies show that perovskites have a low defect density,[3] a long 

carrier diffusion[4] and a large linear absorption at the band edge,[5] making them promising 

for applications in high-efficiency solar cells,[5, 6] high-brightness light-emitting diodes,[7, 8] 

low-threshold optically pumped nanolasers[3, 9, 10] and high-performance laser cooling 

devices.[11] Recently, two-dimensional (2D) organic-inorganic hybrid perovskites, which 

possess a layered staking structure composed of alternative organic and inorganic components, 

are emerging as promising candidates for nanophotonics and optoelectronics.[12, 13] Compared 

with the typical semiconductors and 3D perovskites, 2D perovskites were demonstrated to 

possess some outstanding characteristics such as stronger quantum confinement and greater 

tunability.[13, 14] Because of that, the study of 2D perovskites has opened up opportunities for 

fundamental research and practical applications on a new territory of functional optoelectronic 

devices based on 2D perovskites.[11, 15, 16] 

The nonlinear optical properties of nanomaterials play important roles for studying the 

light-matter interaction and revealing the ultrafast dynamics.[17-19] In particular, there has been 

great interest in nonlinear absorption because of the general applicability for various materials 

such as semiconductors,[20, 21] metal particles[22] and synthetic resins.[23] 3D perovskites with 

centrosymmetric structures, have become a new family of good candidates that exhibit large 
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nonlinear absorption and show great potentials for nonlinear optical devices. For example, the 

bulk crystal of CH3NH3PbBr3 (MAPbBr3) was demonstrated as two-photon perovskite 

photodetectors.[24] Also, the MAI3-xClx films were reported to exhibit nonlinear optical 

response and present a promising application as optical modulators.[25] More recently, the 

nonlinear absorption properties of MAPbBr3 and CsPbBr3 colloidal quantum dots were 

studied to compare their differences.[26] Concerning 2D perovskites with unique layered 

stacking structure, it has shown significant importance to investigate their nonlinear 

absorption properties for further study and practical applications.  

Herein, we perform a systematic study on the TPA properties of the 2D organic-

inorganic perovskites. The results show that the 2D perovskite (PEA)2PbI4 exhibits a giant 

TPA for femtosecond pulses at 800 nm, accompanying with a TPA saturation effect. The TPA 

coefficient for a (PEA)2PbI4 flake with ~1 μm thickness is determined to be 211.5 cm/MW, 

which is at least one order of magnitude larger than those of 3D perovskites and some typical 

semiconductor nanostructures. Furthermore, a strong dependence of the TPA coefficient on 

sample thickness is demonstrated for the 2D perovskite flakes. 

2. Results and Discussion 

Bulk crystals of (PEA)2PbI4 were synthesized by super-saturation precipitation method. 

After that, layered 2D perovskites flakes were prepared by mechanical exfoliating the bulk 

crystals using a scotch tape method and transferring onto sapphire substrates. For comparison, 

the films of (PEA)2PbI4 and 3D perovskite MAPbX3 (X = I, Br) were also prepared by spin-

coating method (detailed in Supporting Information). Figure 1a and b show the optical 

microscopy image and the corresponding fluorescence microscope image (excited by a 

broadband blue light) for one of the prepared (PEA)2PbI4 flakes respectively. The images 

show that the size of the 2D perovskite flake is over several hundred micrometers. The 

homogenous surface indicates a good quality of the flake for optical measurement, which is 
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also confirmed by the bright green emission. Figure 1c shows the XRD pattern of a 

(PEA)2PbI4 bulk crystal and the well-defined diffraction peaks are corresponding to the (00h) 

series of reflections, indicating the good crystallinity and the high degree of preferred 

orientation. By tilted scanning electron microscopy (SEM) measurement, the thickness of the 

flake was determined to be 0.94 μm. The (PEA)2PbI4 flake was further characterized by 

absorption and photoluminescence (PL) spectra, as shown in Figure 1(d). The absorption 

spectrum exhibits an absorption edge at 530 nm, corresponding to the bandgap of 2.34 eV. 

The arrow indicates a negligible linear absorption (absorption coefficient 1.9×103 m-1) of the 

(PEA)2PbI4 flake at 800 nm. The PL spectrum was measured with 800 nm femtosecond laser 

excitation (black dots). The sharp and narrow peak at about 535 nm (2.32 eV) can be 

attributed to two-photon absorption induced PL (TPL) because the bandgap of (PEA)2PbI4 is 

larger than the energy of one photon (1.55 eV) but smaller than two times of the photon 

energy (3.1 eV). The experimental data can be well fitted with the Lorentz lineshape (green 

curve), indicating a homogeneous broadening mechanism in the 2D perovskite. More 

importantly, the strong TPL emission already suggests a large TPA effect of the 2D 

perovskite flake. 

The open aperture (OA) Z-scan technique is the most widely used method to determine 

nonlinear absorption by measuring the transmittance in the far field.[27] The measurement was 

performed by using a Ti:sapphire femtosecond laser system with regenerative amplifier 

(Spectra-Physics, 800 nm, 100 fs, 1 kHz). Details on configuration of the set-up are presented 

in Supporting Information. Figure 2a show the typical OA Z-scan results for the (PEA)2PbI4 

flake on sapphire substrate. The nonlinear absorption of the substrate is negligible because no 

noticeable variation can be observed from the Z-scan result of the substrate. For the 

(PEA)2PbI4 flake, the Z-scan results show that the normalized transmission decreases as the 

sample approaches to the beam waist (z = 0), which is a characteristic feature of TPA effect 
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that the material absorption increases with the optical intensity. However, the largely reduced 

transmission at even low optical intensity (0.044 GW/cm2) indicates a strong linear scattering. 

The scattering changes with the variation of the spot size as the sample scans along z-axis,[24] 

resulting in a nonlinear variaiton of the transmission, which prevents us extracting the TPA 

coefficient by directly fitting the Z-scan curves. To accurately determine the TPA coefficient, 

we performed the static intensity-dependent transmission measurement instead, in which the 

sample was kept at the laser beam waist and the nonlinear transmission was obtained by 

monitoring the incident and transmitted intensity simultaneously. This method has been 

proved to be more straightforward and effective by the previous reports.[24, 28] Figure 2b 

shows the intensity-dependent result for the (PEA)2PbI4 flake. The inverse transmission 

increases gradually as the incident intensity (pumping power) increases, which presents a 

typical feature for TPA. At low optical intensity (nearly to be zero), there still exists a 

background (green dashed line), which indicates the linear transmission of the femtosecond 

laser beam.[24] 

Two-photon absorption is a third-order nonlinear process that the electrons in the valence 

band can absorb two photons at the same time and transmit to the conduction band, as 

illustrated in Figure 2c. For degenerated TPA, the light attenuation in the material can be 

described as[24] 

2
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where I(z) is the peak intensity within the sample and z is the propagation distance in the 

sample. α0 is the linear absorption coefficient and β is the TPA coefficient of the material. The 
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(1), and expressed as[24, 28] 
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where I is the incident intensity, and Leff is the effective length of the sample, Leff = [1-exp(-

α0L)]/α0. Considering the reduction by possible reflection and scattering when light passes the 

sample, a more accurate expression for the normalized transmission will be[28] 
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where R represents the reduction factor caused by the reflection and scattering. Figure 2b 

shows that the linear increase of inverse transmission at low incident intensities is in 

accordance with the theoretical model expressed by Equation (3), which further confirms the 

TPA process mentioned above. As the incident intensity further increases, the transmission of 

the (PEA)2PbI4 flake tends to be stable, indicating the saturation of the TPA. In the 

homogeneously broadened system, the saturated TPA coefficient can be expressed by[29] 

0
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( )

1 ( / )Sa
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I I
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+
                                                                                                                  (4) 

where β0 is the nonsaturation TPA coefficient, and Isa is the saturable intensity. To obtain the 

TPA coefficients for the 2D perovskite flakes, the experimental data in Figure 2b is fitted with 

the TPA saturation model expressed by Equation (3) combined with Equation (4) (red curve). 

For comparison, the result fitted with TPA nonsaturation model (Equation (3)) is also 

presented (blue dashed line). It can be observed that the experimental data can be fitted well 

with the TPA saturation model. The fitted result shows that the TPA coefficient β0 is about 

211.5 cm/MW for the (PEA)2PbI4 flake. Correspondingly, the TPA saturation intensity is 

estimated to be 0.21 GW/cm2.  

The stability of perovskites under intense excitation has become a serious concern for 

practical applications.[30] In the experiment, the stability of the samples was tested by keeping 

the samples at the focus of the laser beam and recording the transmitted power synchronously. 

The peak intensity was set to be 0.2 GW/cm2, which is much lower than the damage threshold 
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of the (PEA)2PbI4 flake (0.93 GW/cm2, refer to Supporting Information) to protect the sample 

from being damaged. Figure 2d shows the normalized transmission for a (PEA)2PbI4 flake. It 

can be observed that for a time period more than 10 minutes, the measured transmission keeps 

to be a constant, indicating a good stability of the sample during the measurement. In order to 

investigate the influence of material structure, the TPA property of a (PEA)2PbI4 film was 

also measured and compared with the flake (refer to Supporting Information). The result 

shows that the (PEA)2PbI4 film also exhibits a TPA saturation effect under the 800 nm 

femtosecond laser. By fitting the experimental result with the TPA saturation model, the TPA 

coefficient and saturation intensity are determined to be 12.6 cm/MW and 0.22 GW/cm2 

respectively. The TPA coefficient of the film is much smaller than that of the (PEA)2PbI4 

flake. As the nonlinear absorption of the samples could be sensitively affected by the 

inhomogeneity and defects of the crystals, the larger TPA indicates a better crystal quality and 

a more suitable candidate of the 2D perovskite flake for nonlinear optical study and 

applications.  

To reveal the differences between 2D and 3D perovskites, the nonlinear absorption 

properties of the 3D perovskite (MAPbX3, X = I, Br) films were studied as well. Figure 3a 

shows the Atomic Force Microscope (AFM) pattern of a prepared MAPbI3 film, which 

exhibits a smooth surface of the film with thickness of about 1 μm. Figure 3b shows the linear 

absorption spectrum of the MAPbI3 film. The absorption edge of the MAPbI3 film is located 

at about 785 nm. At 800 nm, there still exists an absorption tail so that a considerable single-

photon absorption is possible. From the data, the linear absorption coefficient of the MAPbI3 

film is estimated to be 1.5×105 m-1. Under intense femtosecond pulses, the conduction band 

states can be populated by the single-photon absorption. Consequently, the inverse 

transmission versus incident intensity exhibits a saturable absorption property, in which the 

transmission increases with the optical intensity and tends to be stable, as shown in Figure 3c. 
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By fitting with the saturable absorption model (red curve), SA coefficient for the MAPbI3 film 

can be determined to be -13.6 cm/MW, and the saturable intensity is about 0.4 GW/cm2. It 

should be noted that the measured SA coefficient of the MAPbI3 film  at 800 nm is in the 

same order as that reported at 532 nm (-152 cm/MW) and 1064 nm (-2.25 cm/MW).[25] Figure 

3d presents the AFM pattern of a MAPbBr3 film, showing the film thickness is about 385 nm. 

The linear absorption spectrum shown in Figure 3e indicates that the absorption edge is at 

about 520 nm, with a little linear absorption at 800 nm (absorption coefficient 4.5×104 m-1). 

The plot of inverse transmission versus incident intensity in Figure 3f shows that the 

MAPbBr3 film has a similar TPA saturation property at 800 nm. By fitting, the TPA 

coefficient is determined to be 5.5 cm/MW. 

Table 1 summarizes the nonlinear absorption parameters of different nanostructures 

including II-VI semiconductors nanocrystals,[31, 32] 2D transition metal dichalcogenide 

mono/few-layers,[33] 2D perovskite flake and 2D/3D perovskite films at 800 nm. All of these 

nanomaterials are considered to possess remarkable nonlinear optical absorption effects. 

Among all of them, the nonlinear absorption coefficients of perovskites are overall several 

orders of magnitude larger than the other materials. In particular, the 2D perovskite 

(PEA)2PbI4 has the largest TPA coefficient and the value is even one order of magnitude 

larger than those of the 3D perovskite films. Considering the differences between these 

materials, the giant TPA of 2D perovskites may originate from the unique layered stacking 

structure. Figure 4a and b show the crystalline (left panel) and electronic (right panel) 

structure of 2D and 3D perovskites respectively. It has been well known that the alternative 

stacking sheet of organic and inorganic components in the 2D organic-inorganic perovskite 

can be regarded as a multi-quantum-well structure with organic layer being the barrier and 

inorganic layer being the well: the energy gap of the organic layer is larger than that of the 

inorganic layer, while the dielectric constant of the organic layer is smaller than the inorganic 
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layer, as illustrated in Figure 4a.[34, 35] Due to the specific quantum and dielectric 

confinements, the carriers can be strongly confined in the inorganic layer with atomic-layered 

thickness, and enhanced light-matter interaction can be obtained, such as strong exciton-

photon coupling[14] and large oscillator strength of exciton transition.[36] The two-photon 

absorption, originated from third-order nonlinear polarization of electrons, can be enhanced 

by a factor scaled as double multiplication of the oscillator strength enhancement in the 

quantum well structure,[37] 

(3) 2

dim( )enhance locQ Q                                                                                                               (5) 

where χ(3)
enhance denotes the enhancement factor of the third-order nonlinear susceptibility. 

Qdim and Qloc describe the enhancements of oscillator strength due to dimensional 

confinement and localization of excitons, respectively. The oscillator strength per quantum 

well in the 2D perovskite (PEA)2PbI4 was reported to be 3.6×1013 cm-2, which is about one 

order of magnitude larger than that of the convensioanl semiconductor quantum well.[38, 39] 

Equation (5) indicates that the TPA coefficient of 2D perovskite flakes can be enhanced by 

several orders of magnitude compared with the other nanostructures, which is in accordance 

with the results presented in Table 1. In addition, it was reported that organic molecules could 

provide greater charge separation and larger transition dipole moment upon excitation,[26] 

which may also have contributed to enhancing the nonlinear absorption properties of the 

organic-inorganic perovskites. 

The layered structure of 2D perovskites makes it convenient to prepare samples with 

various thicknesses and study the thickness-dependent optical properties. The TPA 

coefficients of (PEA)2PbI4 flakes with different thicknesses were measured. To make sure that 

the flakes can cover the whole laser spot, the lateral sizes of the flakes were selected to be 

larger than the beam waist at focus. The results are presented in Figure 5 (black stars). It can 

be observed that the TPA coefficient decreases as the sample thickness increases. This 
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thickness dependent TPA property can be attributed to the light absorption by the sample 

(self-absorption). As the laser beam propagates along the sample, the optical intensity will 

reduce gradually due to the linear absorption and two-photon absorption of the sample, which 

in return results in a reduced nonlinear absorption. As a result, the measured TPA coefficient 

becomes reduced as the sample thickness increases. It can be also observed that, when the 

sample thickness is less than about 10 μm, the sample thickness has a great influence on the 

TPA. As the thickness further increases, the TPA coefficient tends to be equal to that of the 

bulk material. This thickness dependent TPA property reveals a superior capability of the 

nanomaterials for nonlinear absorption, which is of particular significance for realizing high-

performance applications by selecting proper sizes of the nanomaterials. 

3. Conclusion 

In conclusion, the TPA properties of the 2D perovskite are systematically studied at 800 

nm. The (PEA)2PbI4 flake exhibits a giant TPA effect, accompanying with a saturation 

process. The TPA coefficient is measured to be about 211.5 cm/MW for a (PEA)2PbI4 flake, 

which is several times/orders of magnitude larger than those of the other semiconductor 

nanostructures. The giant TPA of 2D perovskite is attributed to the enhanced quantum and 

dielectric confinements of the inherent multi-quantum-well structure. In addition, the TPA 

coefficient is demonstrated to be significantly decreased as the sample thickness increases. In 

the future work, further studies will take advantages of the great nonlinear optical response of 

the 2D perovskites and focus on development of functional optoelectronic devices for 

practical applications, such as nonlinear optical modulators and low-threshold multiphoton 

pumped nanolasers. 
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Supporting Information is available online from the Wiley Online Library or from the author. 
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Figure 1. (a) Optical microscope image and (b) fluorescence microscope image of a 

(PEA)2PbI4 flake. (c) XRD pattern of a (PEA)2PbI4 bulk crystal. (d) Linear absorption and 

TPL spectra of the (PEA)2PbI4 flake. The TPL spectrum was measured under 800 nm 

femtosecond laser excitation.  
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Figure 2. (a) Measured OA Z-scan results of a (PEA)2PbI4 flake at different peak intensities. 

(b) Inverse transmission as a function of peak intensity for the (PEA)2PbI4 flake, fitted by 

TPA saturation (red curve) and nonsaturation (blue dashed line) models respectively. The 

green dashed line indicates a background (linear transmission) containing linear reflection and 

scattering. (c) Schematic of TPA and TPL process. (d) Normalized transmission as a function 

of laser shots by keeping the (PEA)2PbI4 flake at the laser beam waist. 
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Figure 3. (a) Atomic force microscope (AFM) pattern of a MAPbI3 film. (b) Linear 

absorption spectrum of the MAPbI3 film. (c) Plot of inverse transmission versus incident 

intensity for the MAPbI3 film. (d) Atomic force microscope (AFM) pattern of a MAPbBr3 

film. (e) Linear absorption spectrum of the MAPbBr3 film. (f) Plot of inverse transmission 

versus incident intensity for the MAPbBr3 film. 
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Figure 4. Schematics of crystalline structure and electric structure for (a) 2D and (b) 3D 

perovskites. Yellow ball: X (X = I, Br); blue ball: Pb; black chain: organic molecules. Eo and 

Ei indicate the bandgaps of organic layer (barrier) and inorganic layer (well) respectively, and 

Eg denotes the bandgap of 3D perovskite. 
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Figure 5. Plot of TPA coefficient versus sample thickness for the (PEA)2PbI4 flake.  
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Table 1. Nonlinear absorption parameters for different nanostructures at 800 nm 

 

Material Bandgap (eV) Thickness 
Nonlinear 

absorption 
β (cm/MW) I

sat
 (GW/cm2) 

ZnO nanoparticles[31] 3.37 5-10 nm   TPA
 a)

 0.11 N/A 

CdS nanocrystals[32] 2.71 1.8 μm TPA 0.011 190 

WS2 monolayer[33] 1.95 0.75 nm TPA 0.525 N/A 

WS2 few-layer[33] indirect 15 nm   SA
 b)

 -0.4 N/A 

MAPbI3 film 1.61  1 μm SA -13.6 N/A 

MAPbBr3 film 2.21 0.38 μm SA, TPA 5.5 0.57 

(PEA)2PbI4 flake 2.4 0.95 μm TPA 211.5 0.21 

(PEA)2PbI4 film  2.4 1.94 μm TPA 12.6 0.22 

a)
TPA-two-photon absorption; 

b)
SA-saturable absorption. 
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The table of contents entry  

Two-dimensional (2D) organic-inorganic perovskite, composed of alternative organic and 

inorganic layers, exhibits a giant two-photon absorption (TPA) effect. The TPA coefficient of 

a (PEA)2PbI4 flake is measured to be 211.5 cm/MW at 800 nm. The large TPA can be 

attributed to enhanced quantum and dielectric confinement in the organic-inorganic multi-

quantum-well structure. 
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