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1. Introduction

3D organic–inorganic halide perovskites were initially studied 
in solar cells due to their ease of fabrication, low cost, and high 
power conversion efficiency (PCE).[1] The certified PCE has 
soared up to more than 23% in less than 10 years.[1b] Recently, 

2D layered halide perovskites have attracted significant attention. Apart 
from the linear optical properties, it is also intriguing to explore the non-
linear optics of 2D layered halide perovskites and their heterostructures. 
Previous nonlinear optical (NLO) studies of 2D perovskites primarily 
focus on the thin films or microplates. Herein, the NLO properties of 
(n-C4H9NH3)2PbI4/(n-C4H9NH3)2(CH3NH3)Pb2I7 heterostructures with cen-
timeter size are systematically studied. The NLO properties can be continu-
ously tuned by changing the thickness. A giant two-photon absorption (2PA) 
coefficient up to 44 cm MW−1 is obtained for the heterostructures with a total 
thickness of 20 µm based on the nonlinear transmittance measurement. 
Additionally, strong multiphoton-induced photoluminescence is observed in 
the heterostructures. It is proposed that the giant 2PA coefficient might arise 
from the small thickness (≈1 µm) of (n-C4H9NH3)2(CH3NH3)Pb2I7 layer and 
possibly the nonradiative energy transfer between the different constituting 
layers within the heterostructures through an antenna-like effect. Finally, 
benefiting from the giant 2PA coefficient, direct detection of 980 nm light is 
demonstrated with a responsivity of 10−7 A W−1 in the heterostructures. The 
findings suggest the promising applications of 2D perovskite heterostruc-
tures in the infrared photodetection and some other nonlinear absorption 
related optoelectronic devices.
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the attention of organic–inorganic halide 
perovskites has gradually extended to a 
wide range of other optoelectronic devices 
including lasers, light-emitting diodes 
(LEDs), photodetectors, and memories.[2]

Additionally, the nonlinear optical (NLO) 
properties of organic–inorganic halide 
perovskites have attracted increasing 
attention due to their large NLO response 
such as strong third-order NLO response 
and their potential applications in infrared 
photodetectors, multiphoton spectroscopy, 
and optical frequency converters by gener-and optical frequency converters by gener-and optical frequency converters by gener
ating second or third harmonic signals.[3]

For instance, organic–inorganic perovskite 
thin films show a strong third-order NLO 
response, whose third-order susceptibility 
is three orders of magnitude larger than 
that of silicon.[4] In addition, Sargent et al. 
have also demonstrated an infrared perov-
skite photodetector based on two-photon 
absorption (2PA) of the CH3NH3PbBr3

bulk crystals.[3a]

3D organic–inorganic halide perov-
skites suffer from the fast degradation 
in ambient conditions, limiting their 
practical applications.[5] 2D Ruddlesden–

Popper layered perovskites exhibit much better environmental 
stability over 3D organic–inorganic perovskites and thus more 
suitable for optoelectronic device applications.[6] This family 
of 2D layered halide perovskites has a general formula of 
(RNH3)2(A)N−N−N 1BNXNXN 3N + 1, where R is a long chain alkyl or aro-
matic group, A is a monovalent cation, B is a bivalent metal 
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cation, X is a halide anion, and N is the number of the inorganic 
layers between the adjacent two layers of the organic chains.[7] 
In addition to their environmental stability, 2D perovskites are 
equipped with tunable bandgap in the entire visible range by 
changing the layer number N or chemical compositions. The 
dielectric and quantum confinement effect in 2D layered perov-
skites not only lead to the large exciton binding energy, but also 
to enhanced optical nonlinearity.[8] The enhanced nonlinear 
refraction n2 and nonlinear absorption coefficient β provide the 
capabilities of high-power/high-efficiency NLO applications.[9]

Previous studies on the nonlinearity of 2D perovskites 
mainly focus on the thin films or bulk crystals. It is well known 
that the optical nonlinearity is highly dependent on the sample 
structure and symmetry.[10] We expect that the NLO properties 
can be also greatly enhanced in heterostructural 2D perov-
skites; nonetheless, studies on this have not been explored 
yet. Here, we systematically explore the NLO properties of 
(n-C4H9NH3)2PbI4/(n-C4H9NH3)2(CH3NH3)Pb2I7 (denoted as 
(BA)2PbI4/(BA)2MAPb2I7) heterostructures, which were syn-
thesized according to the method we developed previously. 
The centimeter size, high phase purity, and high crystalline 
quality of the as-synthesized heterostructures provide the capa-
bility to obtain high NLO response. Two/three-photon-absorp-
tion (2PA/3PA) and 2PA-/3PA-induced photoluminescence 
(PL) were successfully observed. In addition, the nonlinear 
transmittance measurement revealed that the 2PA coefficient 
highly depends on sample thickness and a giant two-photon 
absorption coefficient of 44 cm MW−1 was achieved for the 
heterostructures with a total thickness of 20  µm. The 2PA 
coefficients of our heterostructures are overall several orders 

of magnitude larger than the other materials.[11] Furthermore, 
direct photodetection of near infrared light (980 nm) was dem-
onstrated with a responsivity on the order of 10−7 A W−1 under 
an applied voltage of 1 V due to the high 2PA coefficient in our 
heterostructures. The demonstration of direct infrared photo-
detections in 2D halide perovskite heterostructures provides a 
possible alternative in advanced integrated optoelectronics.

2. Results and Discussion

2D perovskite heterostructures with centimeter size were 
synthesized according to our previous report.[12] As shown in 
Figure 1a, in contrast to 3D MAPbI3 (n = ∞) which crystallizes 
in the tetragonal I4/mcm space group at room temperature, 
2D perovskites exhibit the orthorhombic space groups Pcab for 
(BA)2PbI4 (N = 1) and Ccmm for (BA)2MAPb2I7 (N = 2), respec-
tively (Table S1, Supporting Information).[13] The heterostruc-
tures were constructed by sandwiching N = 1 by two layers of 
N = 2 as shown in Figure 1b. It should be noted that our syn-
thetic method cannot grow perovskite heterostructure single 
crystals with regularly alternating N = 1 and N = 2 blocks in a 
periodic manner. Figure 1c displays the optical image of an as-
synthesized 2D perovskite heterostructure with a lateral size of 
about 2 cm which is big enough for our measurements. X-ray 
diffraction (XRD) patterns of the synthesized plates show that 
all diffraction peaks can be well-indexed to (00k) peaks of N = 1 
and (0k0) peaks of N = 2, suggesting the high phase purity and 
high crystalline quality of the heterostructures (Figure 1d).[6b,14] 
For comparison, the XRD diffraction patterns of pure N  = 1 
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Figure 1.  a) Schematic illustration of the crystal structure of N = 1 and N = 2. b) Schematic illustration of N = 1/N = 2 heterostructure. c) Optical 
image of N = 1/N = 2 heterostructure. The scale bar is 0.5 cm. d) XRD patterns of N = 1, N = 2 and N = 1/N = 2 heterostructure. e) Normalized PL 
spectra and absorption of N = 1/N = 2 heterostructure together with the normalized PL and absorption spectra of N = 1 and N = 2 crystals. f) Band 
diagram of the corresponding N = 1/N = 2 heterostructure.
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and N = 2 2D perovskites synthesized by solution method are 
also given in Figure  1d and we also summarize the XRD dif-
fraction peak positions of N  = 1 and N  = 2 2D perovskites 
(Tables S2 and S3, Supporting Information). The absorption 
spectrum exhibits absorption edges at 530 and 623 nm, corre-
sponding to the excitonic absorption of N = 1 and N = 2, respec-
tively. The room-temperature PL spectra (Figure  1e) of the 
heterostructure also verifies the formation of the N = 1/N = 2 
heterostructures, where two emission peaks at 520 and 590 nm 
are consistent with the excitonic emission of the N  = 1 and 
N = 2 2D perovskite films, respectively.[15] The optical image of 
individual N = 1 and N = 2 plates are also given for compari-
sons (Figure S1, Supporting Information). The band alignment 
diagram of the heterostructures is shown in Figure 1f according 
to the previous X-ray photoelectron spectroscopy (XPS) studies, 
which can be classified as the type-II structure.[6b] This sort of 
band alignment favors the photogenerated carrier separation 
and thus enhances the photodetection efficiency.

The Z-scan technique has been widely used to deter-
mine the nonlinear refraction n2 and nonlinear absorption 
coefficient β.[16] However, it was found that the nonuniform 
thickness, nonlinearity inhomogeneities, and nonflat surfaces 
of nonlinear materials would significantly distort the closed 
Z-scan curves.[17] Consequently, the Z-scan method is not a 
practical choice to measure the third-order nonlinear suscep-
tibility of the inhomogeneous samples.[18] Therefore, we have 
carried out the nonlinear transmittance measurements at fixed 
spots to extract the nonlinear optical parameters. This tech-
nique has the advantages of conveniently choosing measure-
ment positions and excluding the influence of inhomogeneity 
of the samples. In our experiments, each measurement was 
repeated at least three times on the same spot to confirm that 
the sample was not damaged.

Figure  2a illustrates the schematic of the nonlinear trans-
mittance measurement setup. The excitation laser was split 
into identical reference and sample beam, which were used 
for calibration and sample characterization, respectively.[19] A 
power attenuator was added to tune the power of pump laser. 
The excitation source is a spatially Gaussian shaped, 100 fs Ti: 
Sapphire pulse laser operating at the wavelength of 800  nm 
with a repetition rate of 1 kHz. The laser beam was focused to 
a waist radius of ≈35 µm by a lens with a focal length of 50 cm. 
For comparisons, the nonlinear transmittance measure-
ments of the samples of N = 1 and N = 2 were first conducted 
(Figure 2b,c). Figure 2d–g show the results of nonlinear trans-
mittance measurements of several heterostructure samples 
with different thickness. The XRD patterns for those samples 
are also exhibited, which confirm the crystal phase purity of 
the used samples (Figure S2, Supporting Information).

The 2PA saturation theory was utilized to fit the experimental 
data in Figure 2b–g to extract nonlinear absorption coefficient 
β and saturated absorption intensity Isat. In NLO materials, 
the intensity of incident light after propagating through a two-
photon absorbing medium is given by the following differential 
equation[3c,20]

( )
( ) ( ) ( )0

2dI z

dz
I z I I zα β= − − 	 (1)

where I(z) is the light intensity at the propagation distance z 
in the sample, α0 is the linear absorption coefficient, and β(I) 
is the intensity-dependent 2PA coefficient. Considering the 
intensity reduction due to the possible reflection and scattering 
when light passes the sample, particularly for our heterostruc-
tures, an accurate expression for the normalized transmission 
can be expressed as[21]
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Figure 2.  a) Schematic diagram of the setup of nonlinear transmittance measurement. b,c) Nonlinear transmittance versus peak intensity of incident laser 
for N = 1 and N = 2 plates, respectively. d–g) Nonlinear transmittance versus peak intensity of incident laser for N = 1/N = 2 heterostructures with different 
thicknesses. For all figures (b)–(g), the dots are experimental data and the lines denote fitting results obtained from the inhomogeneous saturation model.
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where Leff  = [1 − exp(−α0L)]/α0 is the effective length of 
the sample, L is the thickness of the sample measured, 
R = (n1 − n2)2/(n1 + n2)2 represents the reduction factor caused 
by the reflection and scattering, n1 is linear refraction index of 
the sample, while n2 is the linear refraction index of the sub-
strate that is 1.544 for quartz. For our heterostructures that con-
tain both N = 1 and N = 2 2D perovskites, the effective α0 and 
n1 were used when it comes to different thickness of N = 1 and 
N = 2 layers (Note S1, Supporting Information).

When 2PA saturation occurs, the nonlinear absorption coef-
ficient is supposed to be dependent on the irradiance. Four dif-
ferent models can be utilized to extract β and Isat, which are 
constant model, hyperbolic saturation model, homogeneous 
saturation model, and inhomogeneous saturation model 
(Note S2, Supporting Information). The experimental data in 
Figure  2b–g can be well fitted by combining inhomogeneous 
saturation model with Equation  (2) (Figure S3, Supporting 
Information).[22] This is expected since while hyperbolic satu-
ration model can be applied in the pure phase semiconduc-
tors without doping, the inhomogeneous saturation model is 
more appropriate to the doped semiconductors with nonuni-
form characteristics.[16a,23] Therefore, in our heterostructures 
that consist of different materials, the inhomogeneous satura-
tion model gives better fittings (Figure S3, Supporting Infor-
mation). The fitting results of the 2PA coefficient β0 and 2PA 
saturation intensity Isat for plates with different thicknesses 
are displayed in Figure  3. Both β0 and Isat of the heterostruc-
tures show a strong thickness dependence. As the thickness of 
the heterostructures increases from 20 to 80  µm, β0 reduces 
from 44.0 to 8.57 cm MW−1 while Isat increases from 0.326 to 
0.468 GW cm−2. This thickness-dependent 2PA is of great sig-
nificance for designing high-performance devices by selecting 
sample with a proper thickness.[24]

For comparisons, we have summarized the nonlinear 
absorption coefficient β0 and saturated absorption intensity 
Isat of different nanostructures in Table  1, including II–VI 
semiconducting nanocrystals, monolayer 2D transition metal 

dichalcogenides, KTP single crystals, all-inorganic 3D QDs, 
perovskite powder, mechanically exfoliated 2D perovskite 
flakes, and 2D/3D perovskite films.[3b,20,23b,25] Among all of 
them, the nonlinear absorption coefficients of our heterostruc-
ture are overall several orders of magnitude larger than the 
other materials and around five times smaller than that of 1 µm 
thick (PEA)2PbI4 flake obtained by mechanical exfoliation.[20] 
Compared with β0 of pure N  = 1 (4.56 cm MW−1) and N  = 2 
(6.25 cm MW−1) 2D perovskite crystals (Figure 3), the enhanced 
nonlinear absorption coefficients in our 2D heterostructures 
might be attributed to the small thickness of N  = 2 layer, the 
enhanced nonradiative energy transfer, and excellent crystal-
line quality of our heterostructures.[11b,26] The thickness of 
N = 2 layer is around 1 µm in our synthesized heterostructures 
with a total thickness of 20 µm. It was reported β0 can dramati-
cally increase with the decrease of the thickness. In addition, 
the nonradiative energy transfer from N = 1 layer to N = 2 layer 
via an antenna-like effect might further enhance β0 while the 
defect effect can be minimized in our high crystalline quality 
heterostructures and thus can also increase β0.[27] All those fac-
tors together result in the large β0 in our heterostructures.

In view of the giant 2PA coefficient and strong emission in 
our 2D perovskite heterostructures, we expect that multiphoton-
induced photoluminescence (MPL) would be present as 
well.[28] As shown in Figure  1f, the exciton emission energies 
of the pure N = 1 and N = 2 perovskites are 2.34 eV (530 nm) 
and 1.99  eV (623  nm), respectively.[29] The energy range of 
the excitation photon capable of inducing the two-photon-
induced photoluminescence (2PL) is 1.17 < ℏω  <  2.34  eV 
(1060 > λ > 530 nm) for N = 1 and 0.995 < ℏω < 1.99 eV (1246 > 
λ > 623 nm) for N = 2, respectively. Figure 4a displays the sche-
matic illustration of 2PL process while Figure 4b shows a typ-
ical power-dependent 2PL spectra of a typical heterostructure 
with a thickness of 60  µm excited by a 800 nm, 100 fs pulse 
laser with 1 kHz repetition. The high energy emission peak can 
be ascribed to the 2PL of N = 1 layer while the low energy emis-
sion peak is due to the 2PL of N = 2 outer layer, both of which 
are consistent with emission peaks in PL spectra (Figure  1e). 
The excitation power-dependent integrated emission intensity 
for both peaks extracted from Figure 4b can be well fitted by a 
quadratic function (Figure 4c,d), further confirming that those 
two emission peaks indeed originate from the 2PL of N = 1 and 
N = 2 layers, respectively.

To investigate MPL in our heterostructures, we switched the 
excitation wavelength from 800 to 1200 nm, which allows the 
3PA in N  = 1 layer while 2PA in N  = 2 layers due to the dif-
ferent bandgap energy (Figure  4e). Similarly, under 1200  nm 
excitation, two emission peaks were observed in our hetero-
structures corresponding to N = 1 and N = 2 layers, respectively 
(Figure  4f). The excitation power-dependent integrated emis-
sion intensity extracted from Figure 4f exhibit a cubic and quad-
ratic dependence for N = 1 and N = 2, respectively (Figure 4g,h). 
As expected, we can conclude that it is 3PA-induced PL for 
N  = 1 inner layer and 2PL for N  = 2 outer layers in our het-
erostructures under 1200 nm excitation. It should be noted that 
for all N  = 1, N  = 2 2D perovskite crystals and N  = 1/N  = 2 
heterostructures, the emission peaks show a gradual redshift 
as the excitation wavelength change from 473 to 800  nm and 
finally to 1200  nm (Figure S4, Supporting Information). This 
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Figure 3.  Thickness-dependent 2PA coefficient and 2PA saturation inten-
sity for N  = 1/N  = 2 heterostructures. For comparison, the results of 
N = 1 (4.56 cm MW−1, 40 µm) and N = 2 (6.25 cm MW−1, 60 µm) are 
included as well.
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is believed to be due to the reabsorption effect according to 
previous reports.[30]

Infrared light harvesting and detection is of great impor-
tance for various optoelectronic devices, such as solar cells and 
photodetectors.[31] As for solar cells, the ability of harvesting 
infrared light can make full use of both visible and infrared 
light in the solar spectrum, and thus enhance the PCE.[2b] In 
terms of the photodetectors, the higher infrared light absorp-
tion coefficient can enhance the performance and sensitivity of 
infrared light detection.[32] Our 2D perovskite heterostructures 
with a giant multiphoton absorption coefficient are promising 
for the infrared photodetector applications.

We have successfully demonstrated an infrared photodetector 
based on our 2D perovskite heterostructures. The device 
schematics is illustrated in the inset picture in Figure  5a. An 
indium tin oxide (ITO) substrate serves as the bottom electrode 
while a 100  nm Au/10  nm Cr layer was deposited on the top 
to serve as the top electrode. The infrared light was incident 
from the bottom ITO substrate. The I–V characteristics of the 
2D perovskite heterostructure device under dark and a 980 nm 
laser irradiation with different power were plotted in Figure  5a. 
Taking the advantages of the high crystalline quality and low 
intrinsic carrier concentration of our heterostructures, the dark 
current is extremely small, on the order of ≈10−12 A. When 
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Table 1.  The nonlinear absorption parameters for different nanostructures.

Material Eg λ [nm] Pulse β [cm MW−1] Isat [GW cm−2]

KH2PO4 single crystal 3.35 532 – 0.24 × 10−3 –

WS2 monolayer 1.95 800 40 fs, 1 kHz 0.52 –

CdS nanocrystals 2.71 780 120 fs, 1 kHz 11 × 10−3 190

CH3NH3PbI3 single crystal 1.45 1064 30 ps, 50 Hz 23 × 10−3 –

CH3NH3PbI3 film 1.61 1064 40 ps −2.25 12.71

(PEA)2PbI4 film 2.40 800 100 fs, 1 kHz 12.6 0.22

CsPbBr3 nanocrystal 2.38 800 100 fs, 1 kHz −0.68 × 10−3 0.011

(PEA)2PbI4 nanosheet 2.40 800 100 fs, 1 kHz 211.5 0.21

(BA)2(FA)Pb2Br7 film 2.37 1030 350 fs, 100 Hz 5.67 –

(BA)2PbI4 powder

(BA)2MAPb2I7 powder

2.43

1.99

1060 30 ps, 50 Hz 15.3 × 10−3

18.4 × 10−3

0.19

0.18

(BA)2PbI4/(BA)2MAPb2I7 heterostructure – 800 100 fs, 1 kHz 44.0 0.33

Figure 4.  a) Schematic of 2PL. b) Emission spectra of N = 1/N = 2 heterostructure under a 800 nm excitation. c,d) Extracted incident power-dependent 
emission intensity under a 800 nm excitation for N = 1 and N = 2, respectively. The solid lines are fitting results based on a quadratic function. 
e) Schematic of 3PL. f) Emission spectra of N = 1/N = 2 heterostructure under a 1200 nm excitation. g,h) Extracted incident power-dependent emission 
intensity under a 1200 nm excitation for N = 1 and N = 2, respectively. The solid lines are fitting results based on a quadratic function and cubic function.
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the 980 nm laser was turned on, the photocurrent increased 
significantly, attributing to the strong 2PA in our heterostruc-
tures as discussed above. For comparison, the photodetection 
of bare ITO substrate was also investigated, which shows no 
response to 980 nm light (Figure S5, Supporting Information). 
Previous reports show that second harmonic generation has 
been demonstrated in bilayer WSe2 excited by a CW 1064 nm 
laser.[33] Therefore, it is reasonable to observe nonlinear effect 
under a CW laser excitation in view of the much large non-
linear effect in 2D perovskites compared with that in WSe2.

[21] 
For comparison, I–V curves of the N = 1 and N = 2 photodetec-
tors were shown in Figure S6 in the Supporting Information.

Figure 5b displays temporal response measurements under 
different illumination power at a bias of 1  V, suggesting the 
excellent reversibility and repeatability of our heterostructural 
devices. The extracted current-on/off ratio can reach around 103 
for the incident power density of 200 mW cm−2 at a bias of 1 V. 
The response speed, characterized by rise time and decay time, 
is an important parameter for the photodetectors and optical 
switches. The extracted rise time (from 10% to 90% of the peak 
value) was 124  ms, and decay time (from 90% to 10% peak 
value) was 110 ms (Figure 5c), comparable to that working in 
single photon absorption range.[6c,32]

The responsivity (R) is another important parameter used 
to evaluate the performance of a photodetector and defined 
as R = Iphoto/P, where Iphoto is photocurrent and P is the light 

power illuminated on device. The responsivity as a function of 
the illumination power indicates that the responsivity increases 
almost linearly with the increase of illumination intensity 
(Figure  5d). This linear increase of R with the illumination 
intensity further verifies that the photocurrent is primary due 
to the direct two-photon absorption rather than the thermal 
effect or defect related upconversion.[31,34] The responsivity is 
on the order of 10−7 A W−1 under an applied voltage of 1  V, 
which is comparable with the responsivity of single-crystalline 
perovskite CH3NH3PbBr3 photodetector working at 800 nm,[3a] 
CH3NH3Pb0.75Sn0.25I3 thin film (linear absorption over 900 nm) 
photodetector at 1064 nm,[35] and well-designed perovskite-
erbium silicate nanosheet hybrid waveguide photodetector 
at 1530–1560  nm (Table S4, Supporting Information).[31] For 
comparison, the responsivity of pure N  = 1 and N  = 2 plates 
is included in Figure 5d (Figure S7, Supporting Information), 
which is one order of magnitude smaller than that in our 
heterostructures. This is because that the 2PA coefficient of 
heterostructures is much higher than a single component as 
we discussed above (Figure 3).

Heterostructures consisting of two or more materials with 
different energy landscape exhibit several advantages in terms 
of their nonlinear optical properties compared with single 
material system. First, heterostructures exhibit new physical 
phenomena inaccessible to the single material system and 
can greatly extend their functionalities for novel electronic and 
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Figure 5.  a) The I–V characteristics of the 2D perovskite heterostructure device with a thickness of 20 µm in dark and under a 980 nm laser irradiation 
with different powers. Inset is schematic of the photodetector based on the N = 1/N = 2 heterostructure. b) Switch characteristics of the device under 
different light powers at a bias of 1 V. c) Temporal photoresponse of the N = 1/N = 2 heterostructure device illuminated by a 980 nm light under a bias 
of 1 V. d) The responsivity as a function of the illumination power density under a bias of 1 V.
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optoelectronic applications. For the nonlinear optical appli-
cations of our heterostructures, we can properly select the 
excitation wavelength so that different order nonlinear effect 
takes place in N  = 1 and N  = 2. In such way, heterostruc-
tures provide an extra degree of freedom to tune the emission 
wavelength for special applications or can realize dual-band 
emission or detection. Second, either the total thickness of 
the heterostructures or the thickness of the constituting layers 
can be well tuned so that the 2PA coefficient β0 and saturation 
intensity Isat could be efficiently modulated in a wider range. 
This thickness-dependent 2PA is of great significance for 
designing high-performance devices by selecting proper thick-
ness of the heterostructures. Third, it has been demonstrated 
that the presence of the nonradiative energy transfer and 
internal electrical field at the interfaces would greatly enhance 
the nonlinear effect in heterostructures.[11a,27]

3. Conclusion

In conclusion, NLO properties of 2D perovskite heterostruc-
tures have been investigated by nonlinear transmittance and 
MPL measurements. The heterostructures exhibit a strong 
thickness-dependent nonlinearity and a giant 2PA coefficient of 
44 cm MW−1 was achieved when the total thickness of the het-
erostructure is 20  µm. The origin of the giant nonlinearity in 
our heterostructures might be attributed to the small thickness 
of the N = 2 layers as well as the nonradiative energy transfer 
within the heterostructures. Owing to the high multiphoton 
absorption coefficients, strong MPL was observed in our 
heterostructures. In addition, an infrared photodetector based 
on our heterostructures has been demonstrated with a respon-
sivity of 10−7 A W−1 benefiting from the giant 2PA coefficient. 
Our studies provide a strategy to enhance the nonlinearity of 
2D perovskites via constructing a heterostructure. The giant 
multiphoton absorption coefficient of our heterostructures also 
suggests the promising applications in infrared light detections 
and other NLO devices.

4. Experimental Section
Synthesis of Centimeter-Size 2D Perovskite Heterostructure Plates: 2D 

perovskite heterostructure single-crystal with different thickness was 
synthesized according to the previous work.[12] 0.45 g PbO powder was 
dissolved in a mixture of 3.5  mL HI (57% w/w aqueous) and 0.5  mL 
H3PO2 (50% w/w aqueous) by heating at 150  °C under constant 
magnetic stirring. Then 1.75  mol L−1 BAI solution was added into the 
resultant solution and slowly cooled down to 75  °C while 0.15  g MAI 
powder was successively injected into the solution for the synthesis 
of (BA)2(MA)PbI4/(BA)2(MA)Pb2I7 plates. For different thickness of 
the heterostructures, the MAI concentration of the reaction solution 
changes from 0.25 to 1 mol L−1 but with a fixed BAI to MAI ratio of 2:3 
while maintaining other conditions the same. The synthesis was carried 
out in ambient conditions with a relative humidity of 50%.

Material Characterizations: Powder X-ray diffraction measurements 
were recorded using a Bruker D2 PHASER (Cu Kα  λ  = 0.15419  nm, 
Nickel filter, 25 kV, 40 mA). The linear absorption spectra were recorded 
on an ultraviolet–vis spectrophotometer (UV-1750, SHIMADZU). 
The linear photoluminescence measurements were performed in 
backscattering configuration using a Horiba HR550 system equipped 
with a 600 g mm−1 grating excited by a 473 nm solid-state laser with a 

power of 1 µW. The objective used was 50× and the diameter of beam 
spot is around 2 µm for PL measurement.

Infrared Photodetector Measurement: 10 nm Cr/100 nm Au electrodes 
were defined by a shadow mask and deposited by electron beam 
evaporation. The incident light intensity was recorded by a pyroelectric 
detector (Gentec, model APM (D)). The photocurrent was collected 
by a lock-in amplifier (Stanford SR830) coupled with a mechanical 
chopper while the response speed was acquired on a digital oscilloscope 
(Tektronix MDO3032). All measurements were performed in ambient 
atmosphere.

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