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efficiency of perovskite-based solar cells 
has reached 25.7%,[3–4] high-performance 
field effect transistor is realized by 2D 
perovskite oxides,[5] and the external 
quantum efficiency of perovskite light-
emitting diodes has exceeded 20%.[6–7] 
These results demonstrate numerous out-
standing advantages of perovskite, such as 
the large adsorption coefficient, long car-
rier lifetime, colossal permittivity, and high 
defect tolerance.[8–10] As an important opto-
electronic building block, photo detectors 
are the core components in imaging, 
communication, and detection/alarm 
system, acting as the eye of machines.[11–12] 
Recently, perovskite-based photodetectors 
show huge prospects for their adjustable 
energy band gap, high sensitivity, and 
low-cost material synthesis and device 
fabrication.[13–14] In particular, perovskite-
based photovoltaic detectors show higher 
linear dynamic range (LDR) than Si detec-
tors in many reported works.[15–17] Other 
parameters like detectivity, responsivity, 
response time, and noise also show prom-
ising outlooks, although there is still room 
for improvements before their practical 
applications.[18]

Among all perovskite-based photodetectors, heterojunction 
structure is widely adopted due to the controllable depletion 
region, transparent transport layer, and short charge transit 
time, which are crucial for realizing high-performance photo-
detectors.[19] More advantageously, the feasibility to fabricate 

Stacked 2D perovskites provide more possibilities for next generation 
photodetector with more new features. Compared with its excellent optoelec-
tronic properties, the good dielectric performance of metal halide perovskite 
rarely comes into notice. Here, a bifunctional perovskite based photovoltaic 
detector capable of two wavelength demultiplexing is demonstrated. In the 
Black Phosphorus/Perovskite/MoS2 structured photodetector, the com-
prehensive utilization of the photosensitive and dielectric properties of 2D 
perovskite allows the device to work in different modes. The device shows 
normal continuous photoresponse under 405 nm, while it shows a transient 
spike response to visible light with longer wavelengths. The linear dynamic 
range, rise/decay time, and self-powered responsivity under 405 nm can 
reach 100, 38 µs/50 µs, and 17.7 mA W-1, respectively. It is demonstrated that 
the transient spike photocurrent with long wavelength exposure is related 
to the illumination intensity and can coexist with normal photoresponse. 
Two waveband-dependent signals can be identified and used to reflect more 
information simultaneously. This work provides a new strategy for multispec-
tral detection and demultiplexing, which can be used to improve data transfer 
rates and encrypted communications. This work mode can inspire more mul-
tispectral photodetectors with different stacked 2D materials, especially to the 
optoelectronic application of the wide bandgap, high dielectric photosensitive 
materials.
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1. Introduction

Metal-halid Perovskite materials have shown incredible per-
formance in many optoelectronic applications in the past ten 
years.[1–2] For example, the highest certified power conversion 
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heterojunction photodetector is enriched with the development 
of stacked 2D materials.[20] On the one hand, the mismatch of 
crystal lattice has little effect and a clear smooth interface can 
be obtained easily for the stacked structure. On the other hand, 
the stacking of low dimension materials can give rise to more 
and better unexpected properties.[21] Fu et  al. fabricated a 2D 
perovskite-based photodetector with MoS2 as the electron trans-
port layer. Compared with the pure 2D perovskite-based device, 
the responsivity improved by more than 6 orders of magni-
tude.[22] Wang et  al. reported an ultrahigh photo/dark current 
ratio (>107) device based on perovskite/black phosphorus (BP)/
MoS2 structure,[23] which demonstrates the potential of photo-
detector by stacked 2D materials and perovskite. Many reports 
have shown the superiority of perovskite-sandwiched struc-
tures through high performance.[24–25] However, perovskite-
based detectors mostly take advantage of their high absorption 
co efficients only.[26–27] As an important feature of 2D materials, 
newfangled properties have attracted little attention in the 
stacked perovskite photodetectors. In particular, dielectric prop-
erties, a major property of perovskite materials, have not been 
widely studied and harnessed in optoelectronic devices.[28]

In this work, the dielectric property of large bandgap 
perovskite material is employed to realize detection capabili-
ties different from the traditional photosensitive mode, and 
a dual-wavelength demultiplexer is achieved on a MoS2/2D 
perovskite/BP structure photodetector. Here, the 2D perovskite 
synthesized through large cation spacers n-butylammonium 
(BA) acts as both the photosensitive material and dielectric 
layer, while the MoS2 and BP layers are used as electron- and 
hole-transport layers, respectively. In addition, the MoS2 layer 
is also active to the photons with energy ranging between the 
MoS2 and perovskite band gaps. Based on the two properties, 
the perovskite-based device exhibits two radically different 
response modes towards various light wavelengths. Under 
short wavelength radiation (405-nm here), the perovskite layer 
serves as the active layer and the photodetector shows satisfac-
tory performance including a high LDR of 100, fast rise/decay 
time of 38 µs/50 µs, and responsivity of 17.7  mA  W−1 at 0  V. 
When the device is placed under long wavelength illumina-
tion (650 nm here), electron-hole pairs can rarely be generated 
in the perovskite layer from the sub-bandgap light excitation 
such that the perovskite layer predominantly acts as a dielec-
tric layer. Meanwhile, the photogenerated electrons and holes 
in the MoS2 layer cannot pass through the high potential 
barrier with perovskite. Consequently, the device becomes a 
capacitor which stores the photogenerated carriers and the 
transient movement of the charges through the external circuit 
gives rise to a transient spike photocurrent. Furthermore, the 
integrated current intensity (charge accumulation) increases 
monotonically with the illumination intensity. Wavelength-
multiplexed optical signals can therefore be detected with one 
single photovoltaic detector by simultaneously recognizing the 
transient spike response and normal continuous response. 
Compared with previously reported multispectral detectors 
achieved with voltage modulating, bidirectional photocurrent 
distinguishing, and afterglow tracking,[29–33] we provide a 
novel strategy to identify the illumination wavelengths based 
on the bi-functional 2D perovskite. Using the method, a dual-
band optical parallel communication with two-wavelength 

demultiplexing is demonstrated. With the abundant choices of 
2D materials and flexibility in the stacking scheme, the dielec-
tric photosensitive materials are expected to realize more cus-
tomized multispectral photodetectors.

2. Results and Discussions

Solution-grown (BA)2PbBr4 crystal is used in this work. The 
X-ray diffraction (XRD) pattern (Figure S1, Supporting Infor-
mation) indicates the excellent quality of the 2D perovskite 
material. The MoS2/(BA)2PbBr4/BP heterojunction is con-
structed by stacking the mechanically exfoliated few-layer 
MoS2, (BA)2PbBr4, and BP onto a Si/SiO2 substrate succes-
sively (Figure 1a). The area of the stacked region is ≈140 µm2. 
Under light illumination, the photogenerated electrons and 
holes are drifted to MoS2 and BP, respectively. The quality of 
the stacking layers is confirmed by photoluminescence (PL) 
and absorption spectra (Figure S2, Supporting Information) 
in which we can see the absorption edges of 2D perovskite 
and MoS2 are at 420  nm and 680  nm, respectively. Raman 
spectra taken at four different positions of the layer stack 
are used to distinguish the materials and vibrational energy 
of the bonds in the corresponding regions (Figure  1b). 
Spectra I and III show the mixed scattering peaks of BP/Si 
and MoS2/Si. Whereas the strongest Raman peak in II corre-
sponds to the Si substrate, weak Raman peaks of (BA)2PbBr4 
appear in the range from 50 to 100  nm.[34] Raman spectrum 
IV taken from the stacked region contains all the character-
istic peaks of spectra I–III. It can be found no new chemical 
bond was created during the stacking process as no new 
scattering peaks occur. The scanning electron microscope 
(SEM) image (Figure 1c) shows the smooth surfaces of these 
2D materials, while the energy-dispersive X-ray spectros-
copy (EDS) mapping (Figure  1d–f) shows the clear bounda-
ries among BP, MoS2, and perovskite, which are beneficial 
for efficient carrier transfer and low reverse leakage current. 
High-resolution transmission electron microscopy (TEM) is 
used to characterize the ultrathin cross-section of the device 
(Figure S3, Supporting Information). The images and asso-
ciated element distributions demonstrate that the thickness 
of BP, (BA)2PbBr4, and MoS2 are ≈3 nm, 43 nm, and 27 nm, 
respectively. Although the structure of (BA)2PbBr4 is hard to 
be observed due to amorphization by the high-energy elec-
trons, the layered lattices of BP and MoS2 can be seen clearly 
in the high-resolution TEM images.

For electrical testing, gold electrodes are fabricated onto the 
MoS2 and BP layers, respectively. The contact characteristics 
are analyzed with the I–V curves of metal-semiconductor-metal 
structures (Figure S4, Supporting Information). Due to the high 
carrier densities of MoS2 and BP, Au electrodes can achieve 
good Ohmic contacts with a narrow depletion region and large 
tunneling current regardless of their work functions.[35–37]

The fabricated device exhibits a low dark current in typical 
photovoltaic characteristics measurement (Figure 2a), and a 
slight zero-point drift in dark is observed due to the charge and 
discharge of the capacitor during the measurement process. 
Under 405-nm illumination, photogenerated carriers are accel-
erated by the built-in electric field to form drift current, making 
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the device a photovoltaic cell, which leads to a larger zero-point 
drift in the I–V curves. With increasing illumination intensity, 
the short-circuit current (Figure  2b) and open-circuit voltage 
(Figure S6, Supporting Information) increase gradually, and the 
linear correlation between the short-current photocurrent and 

light intensity covers 5 orders of magnitude, which suggests a 
wide LDR of 100 dB according to Formula 1.[38]

LDR 20 log
P

P
t

b

=  (1)

Adv. Mater. 2023, 35, 2300632

Figure 1. a) The diagram and optical microscope photographs of the device. b) The Raman spectra with exciting different positions (point I to IV in 
Figure 1a). c–f) SEM images and the corresponding EDS mapping of MoS2/(BA)2PbBr4/BP device.

Figure 2. a) The I–V curves of MoS2/(BA)2PbBr4/BP device under 405-nm illumination with different intensities. b) Photocurrents change with 405-nm 
illumination intensity at 0 V. c) The I–t curves and d) The time-resolved response signal of the device under 405-nm illumination, which are obtained 
from semiconductor analyzer and oscilloscope, respectively. e) The high-resolution I–t curves and f) the time-resolved response signal under 650-nm 
illumination.
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where the Pt and Pb are the upper and lower limits of light 
intensity at which the device has constant responsivity. Notably, 
this value is better than most 2D photodetectors.[39–41] In fact, 
due to the photogating effect, most of the low-dimensionality 
photodetectors cannot even keep linear dynamics.[42–43] Fur-
ther, from Figure S6 (Supporting Information), it can be found 
the open-circuit voltage (VOC) increases linearly with the loga-
rithm of illumination intensity, suggesting the device is a nice 
photovoltaic detector. The current variation with illumina-
tion on/off measured by a semiconductor analyzer (Figure 2c) 
shows that the device exhibits stable photocurrent and excel-
lent repeatability. To obtain the rise/decay time accurately, 
Figure 2d shows the time-resolved photocurrent obtained from 
an oscilloscope. The rise/decay time is 38 µs/50 µs, which can 
be considered pretty decent among the reported perovskite 
photodetectors.[12,15,44–46]

Besides the normal response to 405  nm illumination, as a 
result of the dielectric property in 2D perovskite, the device 
shows a miracle transient spike response towards long-wave-
length illumination (Figure  2e). A stable and light intensity-
related transient spike current can be observed when the device 
is operated under 650  nm illumination. Figure  2f exhibits 
the time-dependent parameters. Upon 650  nm illumination, 
the device current increases to the maximum value in 40 µs, 

and then decays to 10% within 6  ms. Such a spike can also 
be observed when removing the 650  nm illumination. These 
transient spike currents are commonly related to the pyro-
phototronic effect, piezo-phototronic effect, and capacitive effect 
as reported.[47–48] Considering the small area of the ultrathin 2D 
perovskite, atomic force microscopy (AFM) and Kelvin probe 
force microscopy (KPFM) are applied to study the mechanism, 
as shown in Figure S7 (Supporting Information). The thick-
ness of BP and perovskite are ≈30 nm and ≈40 nm respectively. 
The MoS2 layer is only ≈3 nm thick, which is hard to be seen 
under a relatively large magnification. KPFM shows the sur-
face potential of the 2D perovskite layer is 120 meV higher than  
the BP layer and 200 meV lower than the MoS2 layer. The sur-
face potential is related to the difference between the sample 
and the probe, which is usually used to study the difference 
in the Fermi levels.[49–50] That means the BP/perovskite/MoS2 
heterojunction exhibits a p-i-n-like energy band characteristic.

Based on the Fermi level difference and the known bandgaps 
of the layers, the dielectric property of 2D perovskite is deemed 
to lead to the spike response considering the wavelength selec-
tivity, and the related schematic diagrams of the energy band 
alignments are drawn in Figure 3a. When the device is placed 
in the dark, because of the potential difference, a built-in electric 
field will be generated and tilt the energy band. Upon 405 nm 

Adv. Mater. 2023, 35, 2300632

Figure 3. a) The diagram of the energy band in dark and under different illumination. b) The schematic of current and charge signals obtained from 
the lock-in amplifier. c) The photocurrent at 1 Hz changes with a 405-nm illumination frequency. The inset shows the photocurrent changing with 
illumination intensity. d) The charge changes with 650-nm illumination. The inset shows the charge at 1558 Hz changing with illumination intensity.
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illumination, the perovskite layer plays the role of active mate-
rial, and the device works as a normal photovoltaic detector. The 
electrons and holes generated in perovskite by light radiation are 
driven to MoS2 and BP by the built-in electric field, respectively. 
Under 650  nm radiation, only the MoS2 layer is excited, and 
perovskite acts as a dielectric layer to block the photogenerated 
carriers. The photogenerated electrons-holes will cause a large 
drift current and be probed in the external circuits at the initial 
state. At the same time, the photogenerated holes move to and 
accumulate at the interface between MoS2 and 2D perovskite 
due to the curved energy band. With the accumulation of more 
and more holes, the net built-in electric field is gradually weak-
ened and thus the energy band bending will be flattened out, 
which reduces the drift current. Due to the inherent capacitance 
of the 40-nm thick 2D perovskite layer, electrons gathered at the 
interface of BP and 2D perovskite owing to the Coulomb force. 
Namely, the “capacitance” is charged and the photocurrent dis-
appears gradually. Similarly, the diffusion current will domi-
nate upon a reduction in the drift current when turning off 
the 650 nm radiation, which will lead to a peak in the reverse 
pulse current as well. Remarkably, our device can work in both 
photovoltaic and capacitive modes at the time, and the signals 
can be measured simultaneously using a lock-in amplifier as 
illustrated in the schematic diagram shown in Figure 3b. While 
405 nm illumination generates continuous photocurrent as the 
output signal, 650-nm illumination induces transient current 
pulses and current integration (charge) is used to define the 
signal intensity, which is obtained through the measurement of 
the photocurrent-time integral. Using this dual-mode detection 
strategy, the frequency responses of these two response modes 
can be predicted as follows. Similar to other typical photo-
detectors, the photocurrent induced by 405-nm illumination 
will remain the same before the cutoff frequency and decrease 
with increasing light switching frequency after that. The reason 
for the reduction is that the current under illumination cannot 
rise to its max value because the device cannot keep up with the 
switching speed of illumination. For the 650-nm illumination, 
the measured charge within each current pulse will fall slightly 
with increasing light switching rate even before the cutoff fre-
quency, which is due to the loss of integrating range at the tail 
of the current spike. After the cutoff, a decay similar to the 
photocurrent will be observed.

Both signals obtained from the lock-in amplifier display 
exactly as predicted (Figure 3c,d). With increasing chopper fre-
quency (i.e., light switching frequency) of the 405-nm illumina-
tion, the output signal stays the same before the cutoff frequency 
(800  Hz), and then decreases as expected. The photocurrent 
versus light intensity obtained at 1 Hz is shown in the inset. A 
linear increase is observed, which is nearly identical to the curve 
shown in Figure 2b. It indicates the curve of signal-light inten-
sity can be well collected by lock-in amplifier. Upon 650-nm 
illumination, the decreases of charge with increasing chopper 
frequency also meet the expectations well. The inset demon-
strates that the charge increases linearly with the logarithm of 
light intensity. It indicates that the quantity of electric charge 
depends on the device’s photovoltage, and the device could 
detect the 650-nm illumination well by the charge accumula-
tion. For the mixed illumination of 405  nm and 650  nm, the 
average photocurrent versus frequency is shown in Figure S8 

(Supporting Information). It can be found the curve can be 
divided into two parts. At low frequency (<100 Hz), the average 
photocurrent is mainly contributed by the 405 nm laser, while 
in high frequency region (>500  Hz), it shows strong depend-
ance on 650-nm illumination. That indicates this photodetector 
have the ability to realize multi-wavelength measurement.

To further prove that the transient spike photocurrent indeed 
originates from the dielectric property of 2D perovskite, the 
photo responses of devices with different perovskite thick-
nesses (65  nm and 26  nm) are studied (see Figure 4a,b). The 
layouts of the devices are verified by optical microscope and 
AFM (Figure S9, Supporting Information). When reducing the 
thickness of 2D perovskite, the cutoff frequency under 405-nm 
and 650-nm illuminations become lower. It is because thinner 
2D perovskite will lead to the larger RC time constant, thus 
resulting in a lower cutoff frequency. In addition, the signal 
intensities change contrarily with thickness under 405  nm 
and 650  nm illumination. Thinner perovskite means less 
photon absorption under 405 nm illumination and thus lower 
photocurrent output. At the same time, thinner perovskite 
also means higher capacitance and thus more charge can be 
stored in the device (see Figure 4b). Figure 4c shows that under 
19.1 mW cm−2 of 650 nm illumination and keeping the device 
area as consistent as possible, the stored charge increases line-
arly with the reciprocal thickness of 2D perovskite, clearly indi-
cating that photo response is indeed closely correlated with the 
capacitance of the perovskite layer.

Finally, the origin of 650-nm light adsorption is studied. Tran-
sient spike photocurrent can be observed when 450-nm and 
520-nm light is absorbed by MoS2 (Figure S10, Supporting Infor-
mation), while no signals can be obtained under 980-nm illumi-
nation. Therefore, MoS2 layer is inferred to be responsible for 
this long wavelength light adsorption. Photocurrent spectra are 
measured to characterize the response origin further, using a 
monochromator with a light chopper and a 150 W xenon lamp. 
A standard commercial Si detector is used as the control group, 
and the corresponding photocurrent changes little with different 
frequencies as shown in Figure S11 (Supporting Information). 
For the photodetector based on ultrathin 2D perovskite, a narrow 
photocurrent peak at the blue band can be found when the 
chopper frequency is 10 Hz. The response spectrum is plotted in 
the inset of Figure 4d and shows almost no response toward long 
wavelengths. While a wide photocurrent envelope appears grad-
ually at higher frequencies (Figure  4d). Figure S12 (Supporting 
Information) shows the photocurrent spectra of Au/(BA)2PbBr4/
Au and Au/MoS2/Au, which correspond well to the absorp-
tion spectrum in Figure S2 (Supporting Information). It can be 
inferred that the narrow response to blue light comes from 2D 
perovskite and the wide response range is resulting from MoS2. 
To explain the increase in photocurrent envelope, Figure S13 
(Supporting Information) is included to show the schematic dia-
gram of the output of transient spike current in the lock-in ampli-
fier. It can be found that a higher frequency will lead to a higher 
output due to the increased area of the signal, which corresponds 
to the increased current of the envelope in Figure  4d. Besides 
photocurrent, the responsivity could also be calculated by:[51]

R
I I

Ps
ph d= −

 (2)

Adv. Mater. 2023, 35, 2300632
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where the Iph and Id are the photocurrent and dark current, s is 
the effective area (140 µm2). P is the light power density, which 
can be calibrated through a standard Si photodetector. The 
photocurrent and responsivity of Si detector are 243 nA and 
0.183 A  W−1 at 405  nm in this work, and the effective area is  
1 mm2. Thus, the calculated responsivity of 2D perovskite 
device is 17.7 mA W−1 at 405 nm. Detectivity is one of the most 
important parameters to represent the weak-signal detection 
ability, which can be calculated by:

2
D

R s

qId

=∗  (3)

where q is the elementary charge, and the calculated D* is  
1.5 × 1011 Jones. Similar to the responsivity of 405  nm, the 
responsivity to long wavelength illumination can be defined by:

10 log
R

C

Ps
ph

( )
=  (4)

where Cph is the quantity of charge stored in the device under 
illumination, and Ps is the received light power in the device 
with a unit of W. In this work, the responsivity is −1.27 × 10−16 
C  dBW

−1 at 650  nm. It should be noted that this value is just 
used to calculate light power density by regression compu-
tation and not a value for comparison as the effect of area is 
nonlinear. Benefiting from the large absorption coefficient of 

2D perovskite, our photodetectors exhibit decent performance 
in many aspects when compared with the reported stacked 2D 
materials-based photodetectors operating in self-powered mode 
(Summarized in Table 1). Beyond the absorption advantages of 
perovskite in stacked 2D photodetectors, the photosensitive die-
lectric 2D perovskite also promises the device two completely 
different operation modes, which enables the device to realize 
real-time waveband recognition. Such extraordinary function-
ality is enabled by the effective detection of the transient spike 
photocurrents, which were usually ignored as “jitter” current 
noise in previous photodetector studies.

As the photodetector can distinguish 405-nm and 650-nm 
illumination simultaneously, this device is expected to be used 
for two-wavelength demultiplexing in optical communication. 
Figure 5a shows the measurement schematic diagram. 405-nm 
and 650-nm lasers are used to send the messages “IAPME 
UM” and “2D Material”, respectively. The received signals from 
an oscilloscope (as shown in the boxed spectrum in Figure 5a) 
show two clear response modes that correspond to the different 
signal sources. For the transient spike signals, the differential 
operation is used to amplify the signals, as shown in Figure 5b. 
The upward and downward spikes correspond to the rising and 
falling edges of the input optical signal, respectively. For the 
signals from the 405 nm laser, a smoothing operation was used 
to reduce the effects from transient spike signals. Using these 
signal processing techniques, both messages can be received 
and extracted at the same time. The above results indicate that 

Adv. Mater. 2023, 35, 2300632

Figure 4. The signals with different thicknesses 2D perovskite versus chopper frequency under a) 405-nm illumination and b) 650-nm illumination. 
c) The charge under 19.1  mW  cm−2 650-nm illumination versus thickness of 2D perovskite. d) The average photocurrent of MoS2/(BA)2PbBr4/BP 
photovoltaic detector, the inset shows the spectral responsivity of the device at 10 Hz. Other responsivity spectra at higher frequencies are not shown 
due to the nonlinear increase of transient spike photocurrent with light intensity.
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Table 1. Comparison of other stacked 2D materials-based photodetectors with our device.

Device R [A W−1] tr/td [ms] D* [Jones] LDR Waveband Recognition Ref.

In2Se3/2D PVKa)/MoTe2 0.288 0.73/0.62 1.2 × 1012 – n [24]

MoS2/Gr/2D PVK 105 0.7/1.1 1015 – n [40]

WSe2/Bi2Te3 2100 0.18/0.21 – – n [52]

MoTe2/MoS2 0.322 25 – – n [53]

PbSe2/MoS2 42.1 74.5/93.1 8.2 × 109 – n [54]

Gr/2D PVK/Gr 0.46 0.49/0.54 1.2 × 1013 122 n [55]

GaSe/MoS2 0.05 50 1010 70 n [56]

InSe/Gr 0.365 0.0002 1.3 × 1013 40 n [57]

ReS2/Au/WSe2 10−5 20/15 – – y [58]

MoS2/2D PVK/BP 0.018 0.038/0.05 1.5 × 1011 100 real-time this work

a)PVK: Perovskite

Figure 5. a) The diagram of optical communication. b) The differential calculus (corresponding to 650 nm) and smoothing (corresponding to 405 nm) 
of the received signal. The partial details are shown in right.
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the single device can realize two-wavelength demultiplexing in 
parallel optical communication.

3. Conclusion

To sum up, a photovoltaic detector based on bi-functional 2D 
perovskite is fabricated, where MoS2 and BP are used to collect 
electrons and holes, respectively. The device shows self-driven 
photodetection at 405 nm with a high LDR of 100, a fast rise/
decay time of 38 µs/50 µs, and a responsivity of 17.7 mA W−1. In 
addition, the fabricated device has a transient spike response to 
the illumination absorbed by MoS2. The photosensitive proper-
ties of 2D perovskite and MoS2, and the dielectric character of 
perovskite play key roles in this multi-functional device. And 
on this base, a two-wavelength parallel optical communication 
is realized with the device. This work exhibits an application 
strategy and the superiority of stacked 2D perovskite devices. 
With the great variety of stacked 2D materials, the results here 
are expected to stimulate more investigations and realizations 
of the customized multispectral photodetector and two-wave-
length demultiplexing.

4. Experimental Section
The (BA)2PbBr4 crystals were synthesized by solution method. 
BABr precursor solution was prepared by mixing 494 µL BA (99.5%, 
MACKLIN) with 2.5 mL HBr (48 wt. %, Aladdin) solution in an ice-water 
bath. For the PbBr2 solution, 563  mg PbO (99.99%, MACKLIN) was 
dissolved by 2.5 mL HBr (48 wt. %, Aladdin) and heated to 150 °C under 
magnetic stirring. Then BABr solution was added to the PbBr2 solution 
with constant magnetic stirring until the solution is transparent. After 
that, stopped the stirring and cool the solution to room temperature at 
1 °C min−1. The white crystal will crystallize during the cooling process. 
Finally, the prepared perovskite was washed with dichloromethane and 
dried at 75 °C for 0.5 h before use.

The few-layer BP, MoS2, and (BA)2PbBr4 were prepared by the 
mechanical exfoliation method using Scotch tape. BP and (BA)2PbBr4 
were transferred onto the surface of polydimethylsiloxane, and the MoS2 
was exploited onto the surface of a Si/SiO2 substrate. The high-quality 
few-layer samples were selected with an optical microscope. Finally, 
the few-layer MoS2, (BA)2PbBr4, and BP were stacked together by the 
dry transfer method. All the procedure was accomplished in the N2 
atmosphere. Au (≈100 nm) electrodes were deposited onto the surfaces 
of BP and MoS2, while a hard mask of 25-µm Au microwire was used 
to separate the electrodes. The schematic of the relevant fabrication 
process was shown in Figure S14 (Supporting Information).

Rigaku Smart Lab 9 kW system was used to characterize XRD spectra 
with Cu kα line (λ  ≈ 1.54 Å). SEM image and Energy-disperse X-ray 
spectroscopy (EDS) data were obtained from Zeiss Sigma. AFM and 
KPFM (Dimension Icon, Bruker, USA) were used to measure the height 
and surface potential of samples. TEM characterizations were performed 
on a Talos F200X, FEI microscope. The sample for TEM was prepared 
by a focused ion beam system (FIB, Zeiss Crossbeam 540 Gemini 2). 
The PL spectra were recorded under 325-nm excitation by a Confocal 
Laser Raman Spectrometer (LabRAM HR Evolution, HORIBA, Japan). 
Absorption spectra were measured by Acton SpectraPro SP-2750 
with a self-built micro-optical system. The high-precision I–V and 
I–t curves were measured by a semiconductor analyzer (B1500A, 
Keysight, USA), and high-resolution I–t and time-resolved signals were 
obtained from Mixed Domain oscilloscope (MDO4054C, Tektronix, 
USA) with preamplifier (SR570, Stanford Research Systems, USA). The 
photocurrent spectra under different light wavelengths were measured 

from a response measurement system equipped with a monochromator 
(Zolix Instruments, China), a lock-in amplifier (SR830 Stanford Research 
Systems, USA), and a 150-W xenon lamp. The photocurrent versus 
frequency was obtained from the lock-in amplifier with the illumination 
of a frequency-adjustable laser. A waveform generator (DG4602 RIGOL, 
China) was used to provide dual-channel customized serial output, 
Mixed Domain oscilloscope (MDO4054C, Tektronix, USA) with a 
preamplifier (SR570, Stanford Research Systems, USA) were used to 
record the output signal from the photodetector.

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