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ABSTRACT: 2D hybrid perovskite ferroelectrics have drawn
great attention in the field of photodetection, because the
spontaneous polarization-induced built-in electric field can
separate electron-hole pairs, and makes self-powered photo-
detection possible. However, most of the 2D hybrid perovskite-
based photodetectors focused on the detection of visible light,
and only a few reports realized the self-powered and sensitive
ultraviolet (UV) detection using wide bandgap hybrid perov-
skites. Here, 2D ferroelectric PMA2PbCl4 monocrystalline
microbelt (MMB)-based PDs are demonstrated. By using the
ferro-pyro-phototronic effect, the self-powered Ag/Bi/2D
PMA2PbCl4 MMB/Bi/Ag PDs show a high photoresponsivity
up to 9 A/W under 320 nm laser illumination, which is much higher than those of previously reported self-powered UV PDs.
Compared with responsivity induced by the photovoltaic effect, the responsivity induced by the ferro-pyro-phototronic effect
is 128 times larger. The self-powered PD also shows fast response and recovery speed, with the rise time and fall time of 162
and 226 μs, respectively. More importantly, the 2D PMA2PbCl4 MMB-based PDs with Bi/Ag electrode exhibit significant
stability when subjected to high humidity, continuous laser illumination, and thermal conditions. Our findings would shed
light on the ferro-pyro-phototronic-effect-based devices, and provide a good method for high-performance UV detection.
KEYWORDS: ferro-pyro-phototronic effect, 2D ferroelectric perovskites, monocrystalline, self-powered, UV photodetectors

Due to high anti-interference ability, ultraviolet (UV)
photodetection technology has potential applications
in military detection, environmental monitoring,

flame warning, life science, and astronautics.1−5 In particular,
the wide bandgap semiconductor-based UV photodetectors
(PDs) have shown the advantages of simple structure, easy
miniaturization, and good robustness for radiation and severe
environments. Nowadays, the UV PDs are mainly based on
traditional wide-bandgap semiconductors like GaN, ZnO, and
Ga2O3, which usually need expensive production equip-
ment.6−9 Very recently, hybrid perovskites have drawn much
attention in high-efficiency solar cells,10−12 PDs,13−16

lasers,17,18 and light-emitting diodes,19,20 due to their excellent
optoelectronic properties, such as large light absorption
coefficient, high carrier mobility, long carrier diffusion length,
low trap density, and tunable bandgap. A recent advance has
demonstrated perovskite-based PD with a responsivity of 1.5 ×

104 A/W and a detectivity exceeding 7 × 1015 Jones.14

However, up to date, most of the perovskite-based PDs
focused on the detection of visible light, and only a few reports
realized the sensitive detection of UV light using wide bandgap
hybrid perovskites.21−26 Moreover, most of the above works
need an external bias, increasing the cost and complexity.
Therefore, the realization of self-powered and sensitive UV
detection based on wide-bandgap hybrid perovskites is in
urgent need.

Received: October 15, 2021
Accepted: January 5, 2022
Published: January 7, 2022

A
rtic

le

www.acsnano.org

© 2022 American Chemical Society
1280

https://doi.org/10.1021/acsnano.1c09119
ACS Nano 2022, 16, 1280−1290

D
ow

nl
oa

de
d 

vi
a 

B
E

IJ
IN

G
 I

N
ST

 N
A

N
O

E
N

E
R

G
Y

 N
A

N
O

SY
ST

E
M

S 
on

 J
un

e 
2,

 2
02

2 
at

 0
3:

36
:1

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linjuan+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linjie+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinzhan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shufang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caofeng+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c09119&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09119?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09119?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09119?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09119?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09119?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/16/1?ref=pdf
https://pubs.acs.org/toc/ancac3/16/1?ref=pdf
https://pubs.acs.org/toc/ancac3/16/1?ref=pdf
https://pubs.acs.org/toc/ancac3/16/1?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c09119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


Construction of p-i-n solar cell structure27,28 or integrating
PDs with an energy harvester unit29 are two common methods
to realize self-powered photodetection, increasing the device
cost and weight. Recently, ferroelectric effect has shown its
potential in self-powered PDs because spontaneous polar-
ization in ferroelectric semiconductors can separate electron-
hole pairs.30,31 As an important dielectric property, ferroelec-
tricity is often observed in some 2D layered perovskites, such
as (benzylammonium)2PbCl4 (PMA2PbCl4),

32 (butylami-
ne)2PbCl4,

33 and (butylamine)2CsPb2Br7.
34 Typically, the

ferroelectric PMA2PbCl4, a wide band gap semiconductor
(3.65 eV), consists of the infinite layers of corner-sharing
PbCl6 octahedra interleaved by benzylammonium cations.32

Since all the benzylammonium cations show a relatively
ordered state, in which the C−N bonds of benzylammonium
cations align along the c axis, so that the spontaneous
polarization direction is along the c axis. Since ferroelectricity is
a subset of pyroelectricity, thus all ferroelectric materials
belong to pyroelectric materials. Therefore, pyroelectric effects
can also be utilized to enhance the PDs’ performance based on
ferroelectric materials.
Recently, by utilizing the light-induced pyro-phototronic

effect, a three-way coupling effect among pyroelectricity,
photoexcitation, and semiconductor, the photodetection

performances of the ZnO/Si,35 the CdS/Si,36 the CdS/SnS37

heterojunctions, and ZnO/Ag Schottky junctions38 are greatly
improved. Furthermore, Yang coupled pyroelectric and
photovoltaic effects in ferroelectric materials BaTiO3, and a
ferro-pyro-phototronic effect had been utilized to enhance the
photoresponses of ITO/BaTiO3/Ag.

39 The change of
spontaneous polarization derived from light-induced thermal
fluctuation can effectively modulate the carrier generation,
separation, transportation, and recombination at the interface
of the junctions. Therefore, responsivity, detectivity, and
response/recovery speed of PDs utilizing the pyro-phototronic
effect can be significantly enhanced, and self-powered photo-
detection can also be realized. In our previous work, the pyro-
phototronic effect was introduced to boost the MAPbI3 single
film/Si p-n junction-based broadband PDs’ performance.40

Utilizing the ferro-pyro-phototronic effect in wide bandgap 2D
ferroelectric perovskite will be a potential approach for self-
powered and sensitive UV light detection.
Besides, stability is another critical issue that hinders the

practical applications of PDs based on metal halide perovskites.
Traditional metal halide perovskites-based PDs usually use
metals, typically Au, as the electrode to form metal−
semiconductor−metal (M-S-M) structure. However, the
reactions between the metal electrodes and halogens from

Figure 1. SCAAS growth process, structural, and optical properties of 2D PMA2PbCl4 MMB. (a) Schematic diagram of SCAAS growth
process to grow PMA2PbCl4 MMB. (b) SEM image and (c) HRTEM image of a PMA2PbCl4 MMB, the inset is the corresponding SAED
patterns of 2D PMA2PbCl4 MMB. (d) The absorbance spectrum and PL spectrum of the PMA2PbCl4 MMB. The inset is the corresponding
Tauc plot of the PMA2PbCl4 MMB, showing a bandgap of 3.63 eV. (e) XRD patterns of the PMA2PbCl4 MMB.
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the perovskites during prolonged operation are inevitable,41,42

which will lead to the degradation of photodetection
performances. Recently, a bismuth (Bi) layer was reported to
act as a robust permeation barrier that could protect the metal
electrode from haloid corrosion,43 while maintaining the
devices’ performances. Therefore, Bi is an ideal electrode to
form an M-S-M structure for high-stable PDs.
In this work, 2D ferroelectric PMA2PbCl4 monocrystalline

microbelts (MMBs) with well-controlled orientation and good
crystallinity were obtained by space-confined assisted anti-
solvent growth method. Then, the PMA2PbCl4 MMB was
fabricated into a self-powered UV PD by simply depositing the
Bi/Ag electrode onto two ends of the MMB. This self-powered
UV PDs show excellent photodetection performance, including
a low dark current of 7.52 × 10−12 A, a high responsivity (R) of
9 A/W, and a fast response speed (162 μs), which should be
attributed to the ferro-pyro-phototronic effect in 2D ferro-
electric PMA2PbCl4 MMB. Furthermore, the PDs with Bi
interlayer electrode display more favorable antihumidity,
illumination resistant, and thermal stability than the devices
with Au electrode. Our unencapsulated device retains 71.6% of
initial response after being stored in 70 ± 10% humidity for 30
days. Our work will provide a good method of coupling ferro-

pyro-phototronic effect on prominent optoelectronic devices
made from 2D ferroelectric perovskites.

RESULTS

Here, the space-confined assisted antisolvent (SCAAS) growth
method is used to prepare PMA2PbCl4 MMB with the well-
controlled thickness (Figure 1a). The detailed growth
procedure can be seen in the Methods section. The precursor
solution was confined in two Si/SiO2 slices with space limited
to a micrometer scale. Nontoxic and greener solvent anisole
was used as the antisolvent. With the diffusion of anisole
vapors into precursor solution, the MMBs with controlled
orientation would be grown onto the Si/SiO2 slices after 48
hours growth. Figure 1b, Supporting Information (SI) Figure
S1a,b show a scanning electron microscope (SEM) image, an
enlarged SEM image, and photograph of a typical PMA2PbCl4
MMB grown on the Si/SiO2 substrate with a length of more
than 500 μm, a width of 30−50 μm and c-axis along [001]
orientation, respectively. All the MMBs exhibit smooth
surfaces, regular shapes, and sharp edges, indicating the
monocrystalline nature. With applying a large pressure
(∼150 kPa), the height can be controlled by less than 1 μm.
SI Figure S1c shows the thickness distribution of the

Figure 2. Optical and semiconductor properties of the 2D PMA2PbCl4 MMB. (a) TRPL of the 2D PMA2PbCl4 MMB at 275 nm. (b) UPS of
the 2D PMA2PbCl4 MMB. The inset is an energy band diagram for the 2D PMA2PbCl4 MMB. (c) XPS spectra of Pb 4f and Cl 2p for
PMA2PbCl4 MMB. (d) P−E hysteresis loop of PMA2PbCl4 MMB. I−V curves of the (e) hole-only and (f) electron-only 2D PMA2PbCl4
MMB devices.
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PMA2PbCl4 MMBs obtained by step profiler with an average
thickness of 482 ± 17 nm. The thickness distribution of a
typical PMA2PbCl4 MMB is shown in SI Figure S1d. The high-
resolution transmission electron microscopy (HRTEM)
analysis was conducted on an individual PMA2PbCl4 MMB
to determine its monocrystalline property and growth
direction. Figure 1c shows two lattice spacings of 0.40 and
0.38 nm, corresponding to the (020) and (002) planes of the
2D PMA2PbCl4 MMB, respectively. Moreover, the corre-
sponding SAED image via fast Fourier transform (FFT) in the
inset of Figure 1c can be indexed to the [100] zone axis.
Therefore, the 2D PMA2PbCl4 MMBs grow along [001]
direction, and they belong to the orthorhombic crystal
structure, which is consistent with early reported PMA2PbCl4
bulk single crystals.32 Figure 1d shows the photoluminescence
(PL) spectrum (blue) and optical absorption spectrum (red),
with a PL peak locating at 350 nm and an absorption edge at
340 nm, corresponding to a bandgap of 3.63 eV (inset of
Figure 1d), indicating that PMA2PbCl4 perovskite is a wide
bandgap semiconductor. A bandgap of 3.63 eV is in agreement
with the reported value 3.65 eV of PMA2PbCl4 single crystal.

32

Figure 1e shows the X-ray diffraction (XRD) patterns of
PMA2PbCl4 MMBs containing a series of sharp and well-
defined periodically distributed diffraction peaks (h00) (h = 2,
4, 6...), demonstrating that the PMA2PbCl4 MMBs have good
crystallinity with a highly preferred orientation, which is
consistent with the TEM results.32 The energy-dispersive X-ray
spectroscopy (EDS) mapping analysis was further conducted
to show the distribution of elements based on the sample
obtained via the focused ion beam (FIB) method (SI Figure
S2), from which one can see that the C, Pb, and Cl elements
are uniformly distributed within the MMB across the entire
imaging area.
Figure 2a shows the time-resolved PL (TRPL) curve

obtained using a 275 nm excitation wavelength, which
demonstrates a biexponential decay feature with a fast
photocarrier lifetime (τ1 = 1.25 ns) and a slow component
lifetime (τ2 = 2.56 ns), which are related to the surface
recombination and bulk recombination, respectively. To
determine the energy band structure of PMA2PbCl4 MMBs,
the ultraviolet photoelectron spectroscopy (UPS) spectrum
was measured, and the result is shown in Figure 2b. The Fermi

Figure 3. Performance and working mechanism of the Ag/Bi/2D PMA2PbCl4 MMB/Bi/Ag PDs. (a) Schematic illustration of the 2D
PMA2PbCl4 MMB-based PDs on Si/SiO2 substrate. (b) I−V curves of the PMA2PbCl4 MMB-based PD under dark and 320 nm laser
illumination with different power densities, the inset is the corresponding enlarging the I−V curve under dark condition. (c) Schematic
working mechanism of the ferro-pyro-phototronic effect of the PD as turning on and turning off the laser. (d) Photoresponse behavior of the
self-powered PD under 320 nm laser illumination with the power density of 31.8 μW/cm2 under zero bias at a frequency of 0.2 Hz. (e)
Temporal photocurrent response of the PMA2PbCl4 MMB-based PD under 320 nm laser illumination with a power density of 31.8 μW/cm2

under zero bias at 60 Hz. (f) Frequency response of the PMA2PbCl4 MMB PD. (g) Energy band diagrams of the PD in different conditions.
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level of PMA2PbCl4 MMBs is located at −5.10 eV, and the
valence band edge at −6.69 eV, relative to the vacuum level.
Therefore, the conduction band is located at −3.06 eV since
the optical band gap is 3.63 eV. The inset shows the
corresponding energy band diagram. In addition, X-ray
photoelectron spectroscopy (XPS) spectra were taken for
attaining the chemical state of Pb and Cl in the PMA2PbCl4
MMB (Figure 2c). The peaks of Pb 4f (138.40 and 143.25 eV)
and Cl 2p (196.40 and 198 eV) can be attributed to the Pb−Cl
bonds in PMA2PbCl4 MMB. Polarization-electric field (P−E)
hysteresis loop of PMA2PbCl4 MMB confirms the presence of
the ferroelectricity of PMA2PbCl4 MMB (Figure 2d). The
space charge limited current method (SCLC) was then used to
investigate the trap densities of PMA2PbCl4 MMBs. Therefore,
both hole-only devices (Au/PMA2PbCl4/Au) and electron-
only devices (Ag/PC61BM/PMA2PbCl4/PC61BM/Ag) were
fabricated (Figure 2e,f). By measuring the dark current−
voltage (I−V) curves for the two devices, trap densities can be
calculated with the following equation:

n
V

eL
2 r

trap
0 TFL

2
ε ε

=

where ε0 is the vacuum permittivity, εr is the relative dielectric
constant, VTFL is the trap-filled limit voltage, e is the electron
charge, and L is the distance between two electrodes. Here, εr
is obtained from the reported result.44 Therefore, the hole-trap
density and electron-trap density were calculated as 6.52 × 109

and 5.71 × 1010 cm−3, respectively. Therefore, PMA2PbCl4
MMBs with a relative wide bandgap, good ferroelectricity, low
defect density, and definite orientation are ideal platforms for
the fabrication of self-powered UV PDs.
Then the 2D PMA2PbCl4 MMBs were designed and

fabricated into an M-S-M structure with two parallel electrodes
lying on two ends of the MMBs. Here, two kinds of the metal
electrodes, Au (100 nm Au layer) with high work function (5.1
eV) and Bi (Bi 20 nm/Ag 150 nm) with low work function
(4.22 eV), are used to form the M-S-M structure. SI Figure
S3a,b show the photoresponse spectra of the Ag/Bi/
PMA2PbCl4 MMB/Bi/Ag PD and Au/PMA2PbCl4 MMB/Au
PD illuminated using monochromatic light with a wavelength
ranging from 240 to 800 nm under the same power density
(31.8 μW/cm2) at zero bias, respectively. The corresponding
I−t curves of the two types of PDs at typical wavelength (280,
320, 400, 520, 680, and 800 nm) are exhibited in SI Figure
S3c,d. Both two types of PDs show the highest response at 320
nm, which is consistent with their optical absorption cutoff
edge of 2D PMA2PbCl4 MMB. Figure 3a illustrates the device
structure, and a 320 nm laser is used as the major light source
to determine the PDs’ performances. The I−V characteristics
of the PDs with Bi/Ag electrode and Au electrode under 320
nm laser illumination with different power densities are shown
in Figure 3b and SI Figure S4a, respectively. For both types of
PDs, when laser power density rises from 0 to 31.8 μW/cm2,
the current gradually increases, with a rather small increment
even at 6 V. The asymmetry and nonlinear shapes of the curves
demonstrate the formation of Schottky contact. And the
Schottky barrier height (Φb) of the Ag/Bi/PMA2PbCl4 MMB/
Bi/Ag PD under dark condition is estimated to be 1.42 eV.
Figure 3c schematically illustrates the working mechanism of
the PDs. Under the dark conditions, the spontaneous
polarization within the ferroelectric MMB along the c axis
generates opposite polarization charges at two Schottky
contacts. Therefore, free charges locate in the metal electrode

to guarantee electric neutrality. When the laser is turned on, on
the one hand, the photoinduced electron and hole pairs will be
generated and separated by the built-in ferroelectric field,
forming a stable photocurrent. On the other hand, under light
illumination, the surface temperature of the PDs increases, and
the random oscillation state of electric dipoles within the
MMB is disturbed, resulting in the decreased spontaneous
polarization and less bound charges.45 Therefore, the free
charges located at the interfaces will flow to the contrary
electrode, generating the positive output pyroelectric current.
When laser continuously illuminates on the PDs, the
temperature no longer changes, the pyroelectric current will
vanish, leaving only a stable photocurrent. When the laser is
turned off, the surface temperature of the PDs decreases,
resulting in the increased spontaneous polarization and more
bound charges, generating reversed pyroelectric current. The
light-induced polarization charge can effectively modulate the
transport of the charge carriers at the interface, which is the
basic rule of the ferro-pyro-phototronic effect.
Furthermore, the I−t curves of the Ag/Bi/PMA2PbCl4

MMB/Bi/Ag PD under 320 nm laser illumination in different
test conditions were systematically measured and analyzed.
Figure 3d shows the zero-bias time-dependent on/off current
of the self-powered PD (Bi/Ag electrode, 320 nm, 31.8 μW/
cm2, 0.2 Hz of chopping frequency), from which one can see
six cycles of stable and fast photoresponse. To confirm that the
peak currents are caused by the pyroelectric effect, the I−t
curves of the PD with Bi/Ag electrode under dark condition by
periodically rising the temperature are measured (SI Figure
S5). From SI Figure S5, we can see that a positive current peak
is observed as the temperature increases from 298 to 298.2 K
(ΔT = 0.2 K). When the temperature decreases from 298.2 to
298 K, a negative current signal is obtained. Similarly, positive
current peaks are observed when the temperature increase
from 298 to 298.4 K (ΔT = 0.4 K) or 298.6 K (ΔT = 0.6 K)
and the corresponding negative peaks are obtained by
decreasing the temperature from 298.4 or 298.6 to 298 K.
Additionally, I−t characteristics of the PMA2PbCl4 MMB PD
with Bi/Ag electrode at forward connection and reversed
connection with the testing system under 320 nm (31.8 μW/
cm2) under zero bias at 0.2 Hz are demonstrated in SI Figure
S6. The positive current signals are observed under forward
connection while the opposite signs are obtained under
reversed connection. This further proves the pyroelectric
signal is induced by laser stimuli. When chopping frequency is
low, there are only two sharp current peaks, while the stable
photocurrent is not obvious. By further increasing chopping
frequency, we found that pyroelectric currents and photo-
currents highly depend on the chopping frequency.46 SI Figure
S7 shows the normalized I−t curves of PD under 320 nm laser
illumination with the same light power density and different
chopping frequencies. Here, the positive pyroelectric current
measured under 2 Hz is used as current reference value, and
other currents are normalized. With the frequency increasing
from 2 to 200 Hz, both pyroelectric currents and photo-
currents are enhanced obviously, with a nearly two times
enhancement for positive currents, due to that the pyroelectric
currents are proportional to temperature alteration rate dT/
dt.36 However, further increasing the chopping frequency to
600 Hz will decrease pyroelectric currents, while the
photocurrent still increases. When the frequency exceeds
1000 Hz, pyroelectric currents disappear. The mechanism of
increased photocurrent induced by chopping frequency will be
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discussed later. Furthermore, we calculated and counted the
response and recovery times of the PD with Bi/Ag electrode at
different chopping frequencies (SI Figure S8). When the
chopping frequency is 60 Hz, the PD with Bi/Ag electrode
possesses the fastest response and recovery speeds. Figure 3e
shows the obvious four-stage photoresponse behaviors of the
PD under 320 nm laser illuminations with 60 Hz frequency,
with a rise time of 162 μs and a fall time of 226 μs, indicating
fast rise and fall speed. In addition, the four-stage photo
response behavior shows the Ipyro+photo is an instantaneous
output current and much larger than the Iphoto, which is
conducive to realizing fast, and high-sensitive photodetecting.
This four-stage photoresponse behavior is consistent with the
mechanism in Figure 3c. Figure 3f shows the plot of the
frequency responses of the PD, with a−3 dB cutoff frequency
up to 2600 Hz. The photoresponse of Au/PMA2PbCl4 MMB/
Au PD demonstrates a similar trend at different chopping
frequencies (SI Figures S9 and S10). The chopping frequencies
of the inflection points correspond to 200, 600, and 900 Hz. As
shown in SI Figure S4b,c, the rise/fall time at 60 Hz and −3 dB
cutoff frequency are 176/260 μs and 2777 Hz, respectively.
These results are close to the performance of the PD with Bi/
Ag electrode. The enhancement of photocurrent plateau would

be explained by the modulation of ferro-pyro-phototronic
effect on the energy band diagrams, as described in Figure 3g.
The structure of the fabricated PDs can be considered as a
sandwich structure of PMA2PbCl4 layer sandwiched between
the left and right Schottky barrier interfaces. The negative
polarized charges are obtained from the left interface, while the
positive polarized charges are obtained from the right interface,
leading to the upward and downward bending of the energy
band, respectively. When 320 nm laser is turned on, the
device’s temperature will increase, resulting in the reduced
negative and positive polarized charges both at two interfaces.
Therefore, the Schottky barrier height is reduced. Higher
chopping frequency will reduce the Schottky barriers height,
which is favorable to the photogenerated carriers’ flow,
resulting in larger photocurrent. When the 320 nm laser is
turned off, the photocurrent disappears, and the device’s
temperature will decrease, resulting in the enhanced negative
and positive polarized charges and the elevated Schottky
barriers height. This can further be confirmed by calculating
Schottky barrier height at different temperatures (SI Figure
S11). It is obvious that the barrier height decreases with the
increase of temperature, which well confirms the above view.

Figure 4. UV photodetection capability of the self-powered Ag/Bi/2D PMA2PbCl4 MMB/Bi/Ag PD under 320 nm laser illumination at zero
bias. (a) I−t characteristics of the PD with different power densities from 0.0318 to 159 μW/cm2. The inset is the corresponding enlarged I−
t curves from 0.0318 to 0.318 μW/cm2. (b) Iphoto, Ipyro+photo, and Ipyro+photo − Ipyro′, (c) corresponding Rphoto, Rpyro+photo, and Rpyro+photo−pyro′, (d)
corresponding enhancement factor (Rpyro+photo/Rphoto and Rpyro+photo−pyro’/Rphoto), and (e) corresponding D*photo, D*pyro+photo, and
D*pyro+photo−pyro’ of the self-powered PD as a function of power density.
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The photoresponses of the self-powered PD based on 2D
PMA2PbCl4 MMB under 320 nm laser illumination at zero
bias are systematically measured and evaluated in Figure 4 (Bi/
Ag electrode) and SI Figure S12 (Au electrode). From Figure
4a and SI Figure 12a, one can see that the I−t curves with
power density ranging from 3.18 to 159 μW/cm2 at zero bias
show obvious and stable four-stage photoresponse behaviors.
Due to the higher current at 159 μW/cm2, the photoresponse
currents from 0.0318 to 0.318 μW/cm2 seem insignificant.
When the I−t curves from 0.0318 to 0.318 μW/cm2 were
enlarged, the four-stage photoresponse behaviors of these
curves are also obvious (the inset of Figure 4a and SI Figure
S12a). Besides, the pyroelectric currents increase with the

increased power density due to that the higher incident power
density will result in faster temperature-change rate (dT/dt).
However, compared with the pyroelectric currents, the
photocurrents are too small to be observed. Furthermore,
the relative peak-to-peak output current (Ipyro+photo − Ipyro’), the
Ipyro+photo, and Iphoto are extracted from Figure 4a and SI Figure
S12a and drawn as a function of power density in Figure 4b
and SI Figure S12b. All the three output currents increase with
the increase of power density. Moreover, the pyroelectric
currents (Ipyro+photo − Ipyro’) and the Ipyro+photo are much higher
than the Iphoto. The responsivity R, and specific detectivity D*
are calculated as following equations:

Table 1. Comparative Performance Parameters of Previously Reported Self-Powered UV PDs and the Present PMA2PbCl4
MMB-based PD

active materials wavelength (nm) responsivity (A/W) detectivity (Jones) rise time (s) decay time (s) ref

InSe/Au 365 0.369 2.56 × 1011 0.068 0.075 47
CdS/Si 325 5.9 × 10−3 1.0 × 1012 ∼2.5 × 10−4 ∼2.7 × 10−4 36
GaN/Sn:Ga2O3 254 3.05 1.69 × 1013 0.018 6
ZnO Nanofiber 360 1.28 × 10−5 3.9 4.71 4
ZnO nanorod arrays UV 2.45 × 10−5 4.17 × 109 4.78 0.33 48
Multilayer γ-InSe 400 0.824 8.7 × 1011 2.03 × 10−5 1.08 × 10−5 49
BaTiO3 405 7.5 × 10−6 ∼9 × 109 0.88 1.06 39
ZnS SSNWs 265 0.0194 9.6 × 1011 0.25 0.2 50
bis(dithiolene) iron(II) coordination nanosheet 365 6.57 × 10−3 3.13 × 1011 ∼0.03 ∼0.03 51
ZnO NWs/SnS 365 1.55 × 10−4 49.1 51.8 52
(BPA)2PbBr4 377 ∼10−4 ∼107 2.7 × 10−5 3 × 10−5 30
NiO/PLZT heterojunction 350 6.3 × 10−4 1.29 × 1010 0.34 0.36 53
(PMA)2PbCl4 MMB 320 9 1.01 × 1011 1.62 × 10−4 2.26 × 10−4 this work

Figure 5. Stability of the 2D PMA2PbCl4 MMB-based self-powered PDs (Au electrode and Bi/Ag electrode). (a) Comparison of humidity
stability of two types of unencapsulated devices stored in the 70 ± 10% humidity at RT. (d) The corresponding I−t characteristics of the PD
with Bi/Ag electrode to the 320 nm laser illumination (31.8 μW/cm2) after 0 and 30 days. (b) Illumination stability of two types of
unencapsulated PDs aged under continuous 320 nm laser illumination (159 μW/cm2) in 70 ± 10% humidity conditions at RT. (e) The
corresponding I−t characteristics of the device with Bi/Ag electrode to the 320 nm laser illumination (31.8 μW/cm2) after 0 and 9 h. (c)
Thermal stability of two types of unencapsulated devices aged under continuous heating at 85 °C in a N2-filled glovebox. (f) The
corresponding I−t characteristics of the device with Bi/Ag electrode to the 320 nm laser illumination (31.8 μW/cm2) after 0 and 13 days.
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where Iphoto is the photocurrent, Id is the dark current, S is the
active area of the PD, and P is the light power density
illuminated onto the device. Here, Id of PD with Bi/Ag
electrode is about −7.52 × 10−12 A, Id of PD with Au electrode
is about −1.23 × 10−11 A (SI Figure S13), and S is 3 × 10−10

m2 (SI Figure S14). The corresponding responsivities are
calculated and plotted in Figure 4c and SI Figure S12c. The
three responsivities show a decreasing tendency with the rise of
the power density, and the Rpyro+photo−pyro’ and Rpyro+photo are
always higher than the Rphoto. When the power density is
0.0318 μW/cm2, the Rpyro+photo−pyro’, Rpyro+photo, and Rphoto reach
the maximum value. For the PD with Bi/Ag electrode, the
maximum values of Rpyro+photo−pyro’, Rpyro+photo, and Rphoto are 9,
4.33, and 0.07 A/W, respectively. For the PD with Au
electrode, the maximum values of Rpyro+photo−pyro’, Rpyro+photo,
and Rphoto are 5.27, 2.24, and 0.02 A/W, respectively. The
photodetection performances of the previously reported self-
powered UV PDs and the present PMA2PbCl4 MMB-based
PD are listed in Table 1, from which one can see that our UV
PDs demonstrate comparable detectivity, response/recovery
time, and the highest photoresponsivity. As shown in Figure
4d, compared with the Rphoto, the increase multiples of
Rpyro+photo−pyro’ and Rpyro+photo are as high as 128.6 times and
61.9 times, respectively, attributing to the introduction of the
ferro-pyro-phototronic effect. The corresponding D*photo,
D*pyro+photo, and D*pyro+photo−pyro’ as a function of the power
density were shown in Figure 4e. Similarly, the maximum value
of D* is 1.01 × 1011 Jones for D*pyro+photo−pyro’. The maximum
value of D* the self-powered PDs with Au electrode is about
4.5 × 1010 Jones (SI Figure S12e). Furthermore, we measured
15 PDs with Au electrode and 15 PDs with Bi/Ag electrode to
evaluate the PDs’ performances (SI Figure S15). SI Figure
S15a shows averaged lowest detectable power density by each
of these PDs with two types of electrodes. The PDs with Bi/Ag
electrode could detect lower power density than the PDs with
Au electrode, and the detectable power density is as low as
0.0318 μW/cm2, which is consistent with above results (Figure
4a). While the maximum responsivity of the PDs with Au
electrode is close to that of the PDs with Bi/Ag electrode (SI
Figure S15b). Furthermore, the I−t curves of the PDs with Bi/
Ag electrode at different forward and reversed bias under 320
nm laser illumination (31.8 μW/cm2) at 0.2 Hz are measured
to evaluate the bias voltage effect on the pyro-phototronic
effect (SI Figure S16). As the forward bias voltage increases
from 0.5 to 2.0 V, the four-stage photoresponse behavior
gradually decreases (0.5−1.5 V) until disappears at 2.0 V,
which should be attributed to joule heat caused by external
bias impairing pyro-phototronic effect. Similarly, when the
reversed bias voltage reaches −2.0 V, the pyroelectric currents
disappear.
It is known to all that stability of the perovskite-based

devices is the critical factor to estimate the capability for
practical application. We systematically compared the stability
of two types of unencapsulated self-powered 2D PMA2PbCl4
MMB-based PDs under high humidity, intense laser
illumination, and thermal environment in Figure 5 (Bi/Ag

electrode) and SI Figure S17 (Au electrode). The normalized
responses of typical PDs as a function of the aging time are
shown in Figure 5a−c. Figure 5a presents the stability of two
types of unencapsulated devices stored in 70 ± 10% humidity
conditions at room temperature (RT). The PDs with Bi/Ag
electrode possess higher moisture stability than the PDs with
Au electrode. The corresponding I−t characteristics of two
types of PDs under 320 nm laser illumination (31.8 μW/cm2)
after just fabricated and after 30 days are shown in Figure 5d
(Bi/Ag electrode) and SI Figure S17a (Au electrode). After 30
days, the PDs with Bi/Ag electrode maintained approximately
71.6% of its initial response, while the PDs with Au electrode
maintained only about 23.5% of its initial response. That is due
to the Bi interlayer behaving as a robust diffusion barrier which
both protects the perovskites from moisture and hinders the
permeation of atoms in electrodes into perovskites.43 Similarly,
the Bi interlayer also had a positive effect on light soaking and
thermal aging conditions. The PDs with the Bi interlayer
retained approximately 75.2% after continuous 320 nm laser
illumination (159 μW/cm2) in ambient air (70 ± 10% RH) at
RT for 9 h (Figure 5b,e), and 72.9% of their initial responses
after continuous heating at 85 °C in a N2-filled glovebox for 13
days (Figure 5c and f). By contrast, the PDs with Au electrode
maintained only 50.7% and 4.4% of their initial responses after
the corresponding aging tests (Figure 5b,c, SI Figure S17b,c).
Therefore, the PDs with low-cost Bi interlayer electrode show
much higher stability than the PDs with commonly used Au
electrode under different conditions. In addition, the long-term
stability of two types of unencapsulated devices stored in the
open environment (25 ± 5% humidity at RT) is shown in SI
Figure S18a. After 91 days, the PD with Bi/Ag electrode and
the PD with Au electrode maintained about 85.1% and 60.7%
of their initial responses (SI Figure S18b,c), respectively. These
results prove self-powered 2D PMA2PbCl4 MMB-based PD
with Bi/Ag electrode has outstanding stability.

CONCLUSION
In summary, we have successfully built the high-performance
and stable self-powered UV PDs based on 2D ferroelectric
PMA2PbCl4 MMB with the aid of ferro-pyro-phototronic
effect. 2D ferroelectric PMA2PbCl4 MMBs with good
orientation and high quality were grown by a space-confined
assisted antisolvent growth method. By introducing the light-
induced ferro-pyro-phototronic effect to modulate the
optoelectronic processes, the self-powered UV PDs based on
2D ferroelectric PMA2PbCl4 MMB under zero bias show a fast
response/recovery speed of 162/226 μs, and high responsivity
of 9 A/W, which is the highest value compared with other
previously reported self-powered UV PDs so far. Moreover, the
PDs with inert Bi interlayer electrode display excellent
humidity, light, and thermal stability than the devices with
Au electrode. Especially, the unencapsulated PDs with Bi
interlayer electrode retains 71.6% of initial response after being
stored in 70 ± 10% humidity conditions at RT for 30 days.
Our work will offer an effective way of coupling ferro-pyro-
phototronic effect on prominent optoelectronic devices made
from ferroelectric perovskites and develop high-performance
and self-powered UV PDs.

METHODS
Materials. N,N-Dimethylformamide (DMF, 99.9%), and anisole

(99.9%) were purchased from Shanghai Macklin Biochemical Co.,
Ltd. Lead chloride (PbCl2, 99.99%) and benzylamine hydrochloride
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(PMACl, 99.99%) were purchased from Xian Polymer light
Technology Corp. All the chemicals were used as received without
further purification.
Growth of PMA2PbCl4 Monocrystalline Microbelts (MMBs).

The crystallization procedure of the MMBs is schematically drawn in
Figure 1a. Briefly, PMACl, and PbCl2 (2:1 molar ratio) were dissolved
in DMF at room temperature under magnetic stirring for 12 h to
generate the PMA2PbCl4 precursor solution (0.05−0.1 M). The
solution was then filtered using 0.22 μm PTFE filters before crystal
growth. A Si/SiO2 wafer was cut into 1 cm × 1 cm slices, and the
slices were washed with deionized acetone, absolute ethyl alcohol, and
water successively, then been dried with purged N2 flow, followed by
10 min O2 plasma treatments. For the growth of the PMA2PbCl4
MMBs, a small amount of precursor solution (2−3 μL) was dropped
onto the Si/SiO2 slice. Then another slice was placed onto the
precursor solution drop, and a large pressure (∼150 kPa) was applied
onto the slices using an adjustable clamp. Then the apparatus was
transferred into a sealed desiccator containing 500 mL of anisole
solvent placed inside a 40 °C oven. The MMBs would gradually grow
up with anisole vapor diffusing into the solution. After 48 hours
growth, the DMF solvent will totally volatilize, and the MMBs will be
obtained after the separation of the two slices.
Fabrication of the PMA2PbCl4 Planar PDs. Planar PDs were

fabricated by depositing interdigital electrodes (Au electrode: 100 nm
thickness; Bi/Ag electrode: 20/150 nm thickness.) via vacuum
evaporation method onto the PMA2PbCl4 MMBs using the metal
mask. The gap between two electrodes is about 20 μm.
Characterization. XRD patterns were collected using a Bruker D8

Advance X-ray diffractometer equipped with a Cu tube (λ = 1.5406
Å) operated at 40 kV and 20 mA. UV−vis absorbance spectrum was
measured using a Hitachi U4100 UV−vis-NIR spectrophotometer.
UPS was performed on a photoelectron spectrometer (Thermo,
ESCALAB 250 Xi) to analyze the working function of the
PMA2PbCl4 MMBs. Steady-state and time-resolved PL measurements
were taken using an FLS920 (Edinburgh Instruments) fluorescence
spectrometer with 275 nm excitation wavelength. The thickness of the
PMA2PbCl4 MMBs was measured using a stylus profiler (Bruker,
DektakXT). The morphology and structure characterizations of the
PMA2PbCl4 MMBs were performed using SEM (Nova Nano-
SEM450) and HRTEM (JEOL, JEM-ARM200F).
SCLC Measurements. The electron-only, and hole-only devices

were fabricated to determine the trap-state density using the SCLC
method. The PMA2PbCl4 MMBs in around 300 nm thickness on SiO2
(500 nm)/Si substrate were patterned with two electrodes. The
structures are Au/PMA2PbCl4/Au for hole-only devices and Ag/
PC61BM/PMA2PbCl4/PC61BM/Ag for electron-only devices. The
dark I−V curves were measured using the Keithley 4200 source meter,
and then cutoff voltages deduced from the curves were used to
calculate the trap-state density.
Photodetection Performance Measurements. The I−V

characteristics were measured using the Keithley 4200 semiconductor
characterization system under dark and illumination conditions. The
I−t curves were recorded by coupling a Stanford SRS current
preamplifier (SR570) and a Stanford SRS function generator
(DS345). To measure the response and recovery speed, the temporal
response of the device was measured using a Mixed Domain
Oscilloscope (Tektronix, MDO3104). A chopper (SR540, Stanford)
was used to generate pulsed laser beams. The 320 nm laser
(Changchun New Industries Optoelectronics Technology Co., Ltd.)
was used as the major laser source. For wavelength-dependent
photocurrent measurement, the monochromatic lights were provided
by a mercury lamp equipped with a monochromator (NBeT,
omno3001000). The light power intensity was measured using an
optical power meter (PM100D) and calibrated with a silicon PD.
Stability Test. The humidity stability of the unencapsulated PDs

was performed by storing devices in 70 ± 10% humidity conditions at
RT. Light soaking stability of the unencapsulated PDs was carried out
under continuous 320 nm laser illumination (159 μW/cm2) in
ambient air at RT. The thermal stability of the unencapsulated PDs
was performed by continuous heating of the devices at 85 °C in a N2-

filled glovebox. All PDs were tested under 320 nm laser illumination
(31.8 μW/cm2) for I−t characterization at regular intervals. The RH
in the laboratory was within 70 ± 10% during the entire aging test.
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