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A B S T R A C T   

2D Ruddlesden-Popper (RP) perovskites have attracted enormous attention in optoelectronic fields compared 
with their 3D counterparts. However, most of the reported perovskite ferroelectrics-based self-powered photo-
detectors (PDs) are fabricated from bulk single crystals rather than perovskite thin films with improved repro-
ducibility, flexibility, and less preparation time. Nevertheless, the defect sites at surfaces and grain boundaries of 
2D perovskites polycrystalline films make them vulnerable to humidity. Herein, the highly crystallized 2D RP 
perovskite ferroelectric films are successfully obtained. Then, a passivation method is applied on 2D perovskite 
film by an in-situ reaction with 4-fluoro-phenylethylamine iodide (4-FPEAI), which reduces the defect sites and 
endows the perovskite films with the outstanding hydrophobic property. Then, the as-prepared 2D-perovskite 
ferroelectric thin films were fabricated into self-powered PDs. Boosted by the ferro-pyro-phototronic effect, 
the self-powered PDs demonstrate excellent optoelectronic performances at 360 nm, with dark current less than 
1 × 10− 12 A, a peak responsivity over 1 A W− 1, a detectivity of 1.5 × 1014 Jones and fast response/recovery 
speed. The photoresponsivity and specific detectivity are both enhanced by 67.8 times regarding the relative 
peak-to-peak current, compared with those only based on the photovoltaic induced photocurrent. Further, the 
PDs show high stability towards high humidity and thermal treatment.   

1. Introduction 

3D metal halide hybrid perovskites have attracted enormous atten-
tion in the field of optoelectronic devices, owing to their excellent 
photoelectric properties, including high absorption coefficient, tunable 
bandgap, and long charge diffusion length [1–4]. However, the hybrid 
perovskites are hindered by the inherent drawbacks of instability to-
wards moisture and oxygen. 2D RP perovskites with a chemical formula 
of A′

2An− 1MnX3n+1, where A′ is a long aliphatic or aromatic alky-
lammonium cation, A is MA+ (CH3NH3

+), Cs+ or FA+ (NH2CH3NH3
+), M 

is Pb2+ or Sn2+, X is Cl− , Br− , or I− , and n is the number of [MX6]4−

octahedral monolayers between the organic spacer A′ layers, have 
emerged as a promising system for fabricating high-performance opto-
electronic devices with long-term stability [5–7]. Compared with 3D 

perovskites, 2D RP perovskites exhibit significantly improved humidity 
stability owing to their hydrophobic terminating ligands. Besides, their 
structure diversity and tunability endow the rational designing of fer-
roelectrics [8], such as (PMA)2PbCl4 [9] (PMA = benzylammonium), 
(BA)2(MA)2Pb3Cl10 [10] (BA = C4H9NH3

+), and (BA)2CsPb2Br7 [11]. In 
such perovskite ferroelectrics, the combination of multi-functional 
ferroelectricity and outstanding optoelectronic properties will 
generate photoferroelectrics featuring switchable spontaneous polari-
zation (Ps), which can create a built-in electric field to separate the 
photo-generated carriers without applying external bias, very favorable 
to fabricating self-powered PDs [12]. When the 
photoferroelectrics-based p-n junctions or schottky junctions are sud-
denly exposed to light illumination, the light-induced temperature rise 
will result in a disturbance of ferroelectric potential along the 
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polarization direction, instantly generating a photovoltaic-pyroelectric 
coupled current. When light is turned off, an opposite pyroelectric 
current induced by a fall of temperature will be generated. What’s more, 
the changes of ferroelectric polarization charges near the interface can 
effectively modulate the photoelectric process of photo-generated car-
riers. Therefore, the ferro-pyro-phototronic effect can significantly boost 
the performance of the PDs [13,14]. However, most of the reported 
perovskite ferroelectrics-based self-powered PDs are fabricated from 
bulk single crystals [15,16] rather than perovskite thin films with 
improved reproducibility, flexibility, and less preparation time. There-
fore, the preparation of high-quality 2D RP perovskite ferroelectric films 
with high crystallinity, vertical orientation, excellent optoelectronic 
properties, and high operational stability is in urgent need. 

The performance of 2D RP perovskite films-based devices is mainly 
restricted by two factors: 1, the crystallographic orientation; 2, the phase 
distribution or well width (n value). The former determines the charge 
transport efficiency since the insulating organic ligands hinder charge 
transport and thus impair devices’ performance [17,18]. The latter de-
cides the optical and electrical properties of 2D RP perovskite [19]. In 
addition to changing the composition of the 2D RP perovskite compo-
nent, the goal of developing multi-functional ferroelectrics can be ach-
ieved by regulating the n value. Up to now, many efforts have been made 
to control the crystallographic orientation or distribution of quantum 
wells width for fabricating high-performance optoelectronic devices 
[20]. Zhang et al. demonstrated a uniform thickness distribution of 
quantum wells via hot-casting method, which could greatly enhance 
carrier transport along the perpendicular direction [21]. Huang’s group 
reported phase-pure quantum well films with microscale vertically 
aligned grains by introducing molten salt spacer n-butylamine acetate 
(BAAc) as the precursor. Since Ac− can coordinate with the perovskite 
framework [22]. The strong interactions between Pb2+ and carboxylate 
groups effectively promote the vertical growth of grains, which is also 
applied in the preparation of high-stable α-FAPbI3 perovskite films [23], 
and compact tin perovskite films with a preferential crystal orientation 
and enhanced stability [24]. Therefore, it is a great way to introduce the 
carboxylate-based ionic liquid to control the perovskite crystallization 
toward high-quality films. 

Besides, the long-term operational stability, especially wet stability, 
has become the most severe challenge for halide perovskites optoelec-
tronic devices. Although 2D perovskites polycrystalline films exhibit 
improved humidity stability compared with their 3D counterparts, the 
defect sites located at surfaces and grain boundaries make the decom-
position of the 2D perovskite easier, resulting from the invasion of 
moisture and oxygen [25]. For example, Min et al. demonstrated a 2D 
perovskite-based PD with large responsivity and ultrafast response 
speed [26]. However, the PD maintained only 60% of its initial response 
after being stored in 70% relative humidity (RH) conditions at room 
temperature (RT) for just seven hours. Therefore, a passivation method 
that can reduce the defect sites through chemical treatment of the 
undercoordinated surface lead centers and endue the perovskite films 
with an outstanding hydrophobic property at the same time is needed to 
improve the stability of 2D perovskite-based PDs [27]. 

Herein, we successfully prepared the highly crystallized 2D RP 
perovskite films ((BA)2(MA)n-1PbnBr3n+1, <n > =2–5 in this study) with 
microscale, defect-free, and vertically aligned grains by introducing 
ionic liquid BAAc into the precursor solution, optimizing the solvent 
composition and spin-coating temperature. The optimized phase distri-
bution, crystalline orientation, and high crystallinity endow the 2D 
perovskite films with favorable optoelectronic properties and desired 
ferroelectricity. In addition, an in-situ passivation method further 
reduced the defect sites and improved hydrophobic property of the 2D 
perovskite film. Finally, the 2D perovskites/PC61BM heterojunction- 
based self-powered PDs demonstrate excellent optoelectronic perfor-
mances. Especially, the self-powered PDs with <n >= 4 showed a lower 
dark current of 1 × 10− 12 A, a higher peak R of 1 A W− 1, a lower D* of 
1.5 × 1014 Jones and fast response speed of 240 μs under 360 nm 

illumination. Compared with photocurrent induced only by photovol-
taic effect, the R and D* are both enhanced by 67.8 times regarding the 
relative peak-to-peak current. More than that, PDs exhibited high 
reproducibility and stability under the high humidity (80 ± 5%) and 
high temperature (80 ◦C) conditions for 32 days. 

2. Experimental 

2.1. Materials 

The SnO2 colloid solution oxide (15 wt% in H2O colloidal disper-
sion), N, N-Dimethylformamide (DMF, 99.9%), Dimethyl sulfoxide 
(DMSO, 99.9%), 4-Fluorophenethylamine (4-FPEA, 98%), Hydroiodic 
acid (57 wt%), Anisole (99.9%), Polyethylneimine (PEIE, 80% ethoxy-
lated solution), Chlorobenzene (99.5%), Cyclohexane (99.5%) and Tert- 
amyl alcohol (99.5%) were purchased from Shanghai Macklin 
Biochemical Co., Ltd. Lead bromine (PbBr2, 99.99%), Methylammonium 
bromine (MABr, 99.99%), Butylamine acetate (BAAc, 99.99%), [6,6]- 
Phenyl C61 butyric acid methyl ester (PC61BM), Poly[(9, 9-dioctylfluor-
enyl-2, 7-diyl)-alt-(4, 4′-(N-(4-butylphenyl) (TFB), and Poly(3, 4-ethyle-
nedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS 1000) were 
purchased from Xian Polymer light Technology Corp. All the chemicals 
were used as received without further purification. 4-FPEAI was pre-
pared by the reaction of 4-FPEA with HI. Indium tin oxide (ITO)/glass 
substrate (sheet resistance ≤ 6 Ω) were purchased from South China 
Science & Technology Co., Ltd. 

2.2. Preparation of precursor solution 

The BA2MAn-1PbnBr3n+1 (<n> =2, 3, 4, 5) perovskite precursor so-
lution was prepared by fully dissolving BAAc, MABr and PbBr2 in DMF 
and DMSO (volume ratio: 1:1, 2:1, 3:1, 4:1). For the <n>= 2–5 systems, 
the detailed concentrations are listed in Table 1. 

2.3. Fabrication of the PDs 

The devices with a structure of ITO/ BA2MAn-1PbnBr3n+1/PC61BM/ 
Bi/Ag were fabricated in ambient air (temperature~23 ◦C, RH~40%). 
Firstly, ITO substrates were ultrasonically washed in acetone, ethanol, 
and deionized water for 15 min successively. After blowing with dry N2 
flow, the substrates were treated with O2 plasma (80 W) for 10 min. 
Then the substrates were treated with PEIE solution following the 
literature [28] to enhance the wettability of the precursor solution and 
decrease hydroxyl groups which create charge traps and voids [29]. 
Briefly, the ITO substrates were fully immersed in 0.4 wt% PEIE aqueous 
solution for 30 s and then rinsed in deionized water for 3 s, followed by 
rapid thermal annealing at 100 ◦C for 10 min. Perovskite precursor so-
lution was then spin-coated at 4000 r.p.m. for 20 s with 4000 ramp with 
substrate temperature fixed at a constant temperature (60–120 ◦C). 
After spin coating, the substrates were quickly removed from the spin 
coater and annealed at 100 ◦C for 10 min. After annealing, the perov-
skite films were cleaned and healed according to the literature with 
some modifications [30]. Cleaning solutions were prepared by mixing 
cyclohexane and tert-amyl alcohol in a volume ratio of 4:1. Healing 
solutions were prepared by adding 0.2 mg mL− 1 MAI and 0.2 mg mL− 1 

4-FPEAI to the above solutions. Then, PC61BM in chlorobenzene solu-
tion (10 mg mL− 1) was deposited onto the perovskite films. Finally, 20 

Table 1 
The concentration of the precursor solutions.  

<n > BAAc MABr PbBr2 

2 0.32 M 0.48 M 0.32 M 
3 0.213 M 0.426 M 0.32 M 
4 0.16 M 0.4 M 0.32 M 
5 0.128 M 0.384 M 0.32 M  
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nm Bi and 80 nm Ag were deposited by a thermal evaporator (0.5 Å s− 1) 
using a shadow mask. Here, Bi layer acts as a permeation barrier that 
both insulates the perovskite from intrusion by moisture and protects 
the metal electrode from halide corrosion. 

2.4. Characterization 

The XRD patterns were obtained by the Bruker D8 Advance X-ray 
diffractometer equipped with a Cu tube (λ = 1.5406 Å). UV-vis absor-
bance spectrum was measured using a Hitachi U4100 UV-Vis-NIR 
spectrophotometer at RT, with a wavelength range of 250-800 nm. 
UPS measurements were recorded using a photoelectron spectrometer 
(Thermo, ESCALAB 250 Xi) to analyze the working function of the 
perovskite films. Steady-state and time-resolved PL measurements were 
taken using an FLS920 (Edinburgh Instruments) fluorescence spec-
trometer with 325 nm excitation wavelength. The morphological ana-
lyses of the films and devices were examined by conducting scanning 
electron microscopy (Nova NanoSEM450). GIWAXS measurements were 
performed using small angle wide angle X-ray scatterometer (Xeuss 2.0, 
Xenocs). Samples prepared on Si/SnO2 substrates used an X-ray beam (λ 
= 1.542 Å) at an incident angle of 0.20◦ for 30 s, and the scattered light 
was collected by detector system at a distance of 150 mm vertically from 
the sample. For femtosecond TA spectroscopy, pulses at 360 nm (2 µJ 
cm− 2 pulse− 1) generated through optical parametric amplification were 
used as the pump source. The spectra were recorded by an inverted 
confocal laser microscope (CLM, Nikon Ti-E) equipped with a spec-
trometer (Acton SpectraPro SP-2300), a Si charge-coupled device (CCD) 
camera (Nikon DIGITAL SIGHT DS-Ri1). The PFM measurement was 
carried out on a commercial PFM (Bruker Multimode 8), with an AC 
voltage applied to the conductive probe (Conductive Pt/Ir-coated silicon 
probes, EFM, Nanoworld). Trap-state densities were determined using 
the SCLC method. The structure is ITO/PEDOT:PSS/perovskite/TFB/Ag 
for hole-only devices. PEDOT/PSS solution was spin-coated at 5000 r.p. 
m. for 60 s in air and then annealed at 150 ◦C for 30 min. After the spin 
coating of the perovskite layer, the TFB layer (8 mg mL− 1 in chloro-
benzene) was spin-coated at 2000 r.p.m. for 60 s. Finally, the 80 nm Ag 
electrode was deposited using a thermal evaporation through a shadow 
mask. The structure is ITO/SnO2/perovskite/PC61BM/Ag for electron- 
only devices. The dilute SnO2 solution (2.5 wt%) was spin-coated on 
the ITO at 3000 r.p.m. for 30 s and annealed at 150 ◦C for 30 min. After 
the spin coating of the perovskite layer, the PC61BM layer (10 mg mL− 1 

in chlorobenzene) was spin-coated at 2000 r.p.m. for 60 s. Finally, 80 
nm Ag electrode was deposited using thermal evaporation through a 
shadow mask. The dark I-V curves were obtained using the Keithley 
4200 source meter. 

2.5. Photodetection performance measurements and stability tests 

The I-V characteristics and the I-t curves of the PDs were recorded by 
coupling a Stanford SRS current preamplifier (SR570) and a Stanford 
SRS function generator (DS345). The temporal responses of the device 
were performed on a digital oscilloscope (Tektronix, MDO3104). The 
laser was periodically switched by transistor-transistor logic (TTL) po-
tential to generate pulsed laser beams. The 360, 405, 450, 532, 1064 and 
1550 nm lasers (Changchun New Industries Optoelectronics Technology 
Co., Ltd.) were used as the light sources and shined from the back of 
devices. The light power intensity was calibrated using a silicon 
photodiode (PM100D). All devices were stored in the ambient atmo-
sphere without any encapsulation during the measurements. The hu-
midity stability and thermal stability of the unencapsulated PDs were 
performed by storing devices in 80 ± 5% RH at RT and continuously 
heated at 80 ◦C in an N2-filled glove box. All PDs were tested under 360 
nm laser illumination (127.3 μW cm− 2) for I-t characterization at regular 
intervals. The RH in the laboratory was within 30 ± 10% during the 
entire test. 

3. Results and discussion 

2D RP perovskites (BA)2(MA)n− 1PbnBr3n+1 were chosen as the model 
materials to prepare RP perovskite ferroelectric films since 
(BA)2(MA)2Pb3Br10 [31], and (BA)2(MA)Pb2Br7 [16] singe crystals had 
been proven to possess prominent ferroelectric properties. 
(BA)2(MA)n− 1PbnBr3n+1 films, with different designed well widths 
(<n> =2, 3, 4, 5), were prepared via one-step hot spin-coating method. 
BAAc was used to provide butylamine ions to replace BABr. The absent 
bromine ions were offered by adding additional MABr into the solution.  
Fig. 1a illustrates the schematic procedures for the preparation of 2D 
perovskite film. First, the solvent composition of the precursor solution 
and the optimum spin-coating temperature during the hot-casting pro-
cess were systemically explored. The 2D perovskite precursor solutions 
(<n> = 3) were firstly prepared by dissolving stoichiometric BAAc, 
MABr, and PbBr2 in DMF/DMSO binary solvent with different volume 
ratio (0:1, 1:1, 2:1, 3:1, 4:1, 6:1 and 1:0). The preliminary spin-coating 
temperature was set at 90 ◦C. The morphologies of the 2D perovskite 
films were studied by scanning electron microscopy (SEM), and the 
crystallinity and crystal orientation of the 2D perovskite films were 
investigated by X-ray diffraction (XRD) patterns. From Fig. S1, one can 
see that all the seven films show dense and smooth surfaces with 
microscale grains whose average size decreases with the increase of DMF 
content. In the meantime, from the XRD patterns of insets in Fig. S1, two 
dominant diffraction peaks at 14.1◦ and 28.4◦, corresponding to the 
(111) and (202) crystal planes of 2D perovskite, respectively, were 
observed, indicating good crystal orientation. With the increase of the 
DMF content, the intensities of the two peaks gradually increase, sug-
gesting the enhanced crystallinity of perovskite films. Meanwhile, the 
peaks which belong to (0k0) crystal planes gradually disappear, indi-
cating that the crystal orientation of the perovskites is enhanced, elim-
inating grains with orientation not perpendicular to the substrates. 
However, further increasing the DMF content will lead to the decrease of 
the peak intensity since DMSO can retard the crystallization rate [32], 
resulting in a better crystallinity. Therefore, the optimized volume ratio 
of DMF and DMSO is fixed at 4:1. Then, the influence of spin-coating 
temperature was investigated, set at 60, 70, 80, 90, 100, 110, and 
110 ◦C, respectively. From the SEM images in Fig. S2, one can see that as 
the spin-coating temperature rises, the grain size gradually increases. 
However, when the temperature reaches 110 ◦C, many cracks occur at 
the grain boundaries, which may lead to current leakage. Besides, higher 
temperatures will lead to more volatilization of the organic components 
in 2D perovskite films. The highest XRD intensity was obtained for the 
film prepared at 100 ◦C. Therefore, the final spin-coating temperature 
was 100 ◦C. Then, (BA)2(MA)n− 1PbnBr3n+1 films (<n> =2, 3, 4, 5) were 
prepared using the above-mentioned optimized conditions. Further, the 
optical and electrical properties of the films were systematically studied. 
The (BA)2(MA)n− 1PbnBr3n+1 films with <n> =2, 3, 4, and 5 are defined 
as P2, P3, P4, and P5, respectively. Fig. 1b illustrates the morphology of 
2D perovskite films (<n> =4) from the top-view and cross-section view 
SEM images, respectively, with an average grain size of 3.1 µm and a 
thickness of 295 nm. The P4 film was composed of identical monolithic 
grains throughout the films, essential for efficient charge transporting in 
PDs. The SEM images of the P2, P3 and P5 films are shown in Fig. S3, all 
showing smooth and pinhole-free surfaces with the grain sizes of 1.8, 2.2 
and 4.1 µm, respectively. The corresponding thicknesses are 290, 278, 
and 265 nm, respectively. 

Fig. 1c shows the XRD patterns of the P2, P3, P4, and P5 films. For 
films with <n> =3, 4, 5, only two diffraction peaks at 14.1◦ (111) and 
28.4◦ (202) were observed. Diffraction peaks that belong to (0k0) crystal 
planes don’t exist in the above three XRD patterns, indicating that the 
three obtained films barely contain small-n phase compositions which 
are not perpendicular to the substrates. However, for the P2 film, in 
addition to the above two peaks, clear two-dimensional crystallographic 
planes (0k0) were observed, meaning the appearance of a more 
randomly distributed crystal orientation, which is consistent with 
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previous reports [22,33]. To further reveal the orientation of the RP 
perovskite, grazing-incidence wide-angle X-ray scattering (GIWAXS) 
analysis was conducted. The scattering patterns of the P4, P2, P3, and P5 
films are shown in Figs. 1d and S4, respectively. The preferential crystal 
growth of the (111) and (202) planes with discrete Bragg spots were 
observed. The apparent and sharp Bragg spots were also observed in our 
films, such as (060), (080), and (0100) diffractions, demonstrating more 
crystal orientation perpendicular to the substrate. The high quality of 
the RP perovskite films was further confirmed by photographs mea-
surement (Fig. S5). 

To characterize the phase distribution in the four films, in-depth 
optical characterizations were conducted. The normalized absorption 
spectra of the P2, P3, P4, and P5 films taken through top-excitation and 

bottom-excitation are shown in Fig. 2a and d, respectively. Both top- 
taken and bottom-taken absorption spectra show multiple exciton ab-
sorption peaks at ≈ 430, 450, 475, and 515 nm, which can be assigned 
to (BA)2MAn− 1PbnBr3n+1 of n = 2, 3, 4, and ∞ phase compositions, 
respectively, indicating that the films have random well width distri-
bution. Furthermore, the transient absorption (TA) tests were conducted 
to reconfirm the phase distribution in 2D perovskite films samples from 
both the top and bottom. The relative contributions of different n phases 
were quantified by their amplitude of the photobleaching (PB) peaks. 
Upon bottom excitation, P4 film exhibited initially strong PB peaks 
owing to lower-n phases (Figs. 2b and S6a), while the intensities of PB 
peaks for lower-n phases remarkably decreased when undergoing top 
excitation (Figs. 2e and S6b). The TA results verify that lower-n phases 

Fig. 1. (a) Schematic diagram of the film preparation procedures. (b) The top view and cross-sectional view (inset) SEM images of the P4 film. (c) XRD patterns of P2- 
P5 films. (d) GIWAXS image of the P4 film with Miller indices; color scale is proportional to X-ray probing signal intensity. qz and qxy represent in-plane and out-of- 
plane directions, respectively. 

Fig. 2. The absorbance spectra of P2-P5 films taken from (a) the top side and (d) the bottom side. Chirp-corrected photo-induced changes in absorption (ΔA) spectra 
of P4 film taken from (b) the top side and (e) the bottom side. Steady-state PL spectra of P2-P5 films illuminated from (c) the top side and (f) the bottom side. 
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(n = 2, 3, 4) and n = ∞ phase are vertically distributed from the bottom 
to the top surface. This phase alignment along the perpendicular di-
rection is consistent with previously reported 2D perovskite films [26, 
34]. Then, the top-excited and bottom-excited photoluminescence (PL) 
spectra were conducted to further check the distribution of the phase 
compositions in the vertical direction of these films under the excitation 
of 360 nm light with the same optical power. When excited from the top 
surface of the perovskite films, only the emission peaks at the wave-
length corresponding to n = ∞ phase were observed, undergoing a 
redshift from 510 to 525 nm with n rising. This redshift is induced by the 
weakening of the quantum confinement effect dominated by the small-n 
phase compositions [35], which is beneficial to the transport of charge 
carriers. When excited from the bottom, besides the emission peaks 
corresponding to n = ∞ phase, other emission peaks located at 430, 460, 
and 480 nm corresponding to the n = 2, 3, and 4 phase compositions 
also appeared, once again proving that lower dimensional phases tend to 
locate at the interface between perovskite films and ITO electrodes. The 
peak positions of film of n = 2 and n = 3 matched well with the values 
obtained from the reported single crystals. The mixed-phase distribution 
and vertical orientation guarantee the ferroelectricity throughout the 
film, facilitating the separation and extraction of charge carriers in 2D 
RP perovskites, which is beneficial to fabricating the 
ferro-pyro-photoelectric effect based self-powered PDs. 

In addition to the better crystallinity and phase distribution, the 
passivation effect is vital to the performance of the PDs. Therefore, a 
trace amount of 4-FPEAI was introduced to the films by a simple solution 

method whose detailed procedures can be seen in Experimental Section. 
From the SEM image and XRD patterns in Fig. S7, one can see that there 
was no detectable change in the surface morphology as well as crystal-
linity, indicating the 4-FPEAI treatment did not destroy the perovskite 
films. The defects at surface and grain boundaries can effectively be 
reduced by 4-FPEAI treatment, as confirmed by both PL spectra and 
time-resolved PL (TRPL) measurements. Fig. 3a shows the top-excited 
PL spectrum of the P4 film before and after 4-FPEAI treatment. The PL 
intensity for the 4-FPEAI treated film is higher than that of untreated 
one. The PL lifetimes of the P4 films before and after 4-FPEAI treatment 
were evaluated using TRPL measurement (Fig. 3b). Both the decay 
curves show a biexponential feature, with the shorter one representing 
the surface recombination and longer one representing the bulk 
recombination, respectively. The 4-FPEAI treated P4 film showed a 
longer lifetime than that of the untreated film, once again indicating 
suppressed surface trap density. Furthermore, the 4-FPEAI treatment 
allows the perovskite films with an excellent hydrophobicity, which 
could protect the films from the invasion of humidity and oxygen. We 
compared the water-resistance of the untreated and 4-FPEAI treated P4 
films by recording time-dependent contact angle, as shown in Fig. S8. 
The contact angle for water on the surface of the untreated P4 film has 
significantly decayed from 58◦ to 22.3◦ within 1 min, indicating the 
severe corrosion by water. While the 4-FPEAI treated P4 film can hold a 
large contact angle (> 95◦) during the same period, confirming the 
excellent hydrophobicity, forming a strong contrast with the untreated 
one. The PL lifetimes of the four (BA)2(MA)n− 1PbnBr3n+1 films were also 

Fig. 3. (a, b) Steady-state and time-resolved PL spectra of P4 film with and without 4-FPEAI modification under an excitation wavelength of 360 nm. (c) XPS spectra 
of Pb 4f and Br 3d for P4 film. (d) UPS spectrum of the P4 film. The inset is the corresponding energy band diagram. (e) Dependence of phase and amplitude signals 
with applied DC bias of the P4 film, showing a hysteresis loop and a butterfly curve. I-V curves of the (f) electron-only device and (g) hole-only device based on P4 
film. h) trap density (calculated from SCLC) of the P2-P5 film. 
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evaluated using TRPL (Fig. S9a). The lifetimes of P4 film are larger than 
those of P2, P3, and P5 films (Fig. S9b), proving the suppressed carrier 
recombination in the P4 film. In addition, the chemical states of Pb and 
Br in the perovskite films were determined using X-ray photoelectron 
spectroscopy (XPS) spectrum (Fig. 3c). The peaks of Pb 4f (138.40 and 
143.25 eV) and Br 3d (68 and 65 eV) can be attributed to the Pb-Br 
bonds. Peak rising from Pb0 (uncoordinated Pb2+) was not observed, 
confirming there exists no bromine vacancies. Besides, the peaks of I 4d 
(630.7 and 619.2 eV) were also found (Fig. S10), proving the successful 
modification of 4-FPEAI. 

From ultraviolet photoelectron spectroscopy (UPS) results in Fig. 3d, 
the valence band edge position and the Fermi level of the top of P4 film 
were estimated, with the Fermi level and the valence band edge locating 
at − 4.66 eV and − 6.36 eV, respectively, relative to the vacuum level. 
Therefore, the conduction band located at − 4.02 eV will be deduced 
according to the bandgap (Fig. S11). To verify the ferroelectricity of our 
2D perovskite films, piezoresponse force microscopy (PFM) was utilized 
to characterize the P4 film. Fig. S12 demonstrates the vertical amplitude 
image and PFM phase image in the P4 film. As shown in the amplitude 
image of Fig. S12b, one can see that only a few regions have strong 
signals while the others have weak signals, behaving dark features in the 
amplitude contrast. Besides, the phase signals are very evident, showing 
a clear contrast with faint yellow and dark brown colors, indicating the 
presence of domain walls (Fig. S12c, red circles). Moreover, the polar-
ization switching behavior is further verified by conducting PFM in 
spectroscopy mode and the results are shown in Fig. 3e. Clear hysteresis 
and butterfly loops are observed with a window bias of ± 10 V, 
demonstrating the room temperature ferroelectric polarization switch-
ing in the P4 film. Here, the hysteresis loop is characterized by a shift 
towards a positive voltage up to 20 V. The direction of the electric field 
is vertical to the surface of the P4 film, parallel to the direction of the 
spontaneous polarization. Then, the ferroelectricity of the four films was 
certified by the polarization-electric field (P-E) hysteresis loops. The 
loops in Fig. S13 all behave as evident ferroelectric hysteresis that 
possesses residual polarization (Pr) and coercive field (Ec). Among the 
four films, the P4 film possesses the highest Pr. The corrected electric 
field (Ec) of P4 film is − 16.6 kV cm− 1, with the corresponding voltage 
of the 0.42 V. From the absorption and PL spectra in Fig. 2, it is known 
that all four films contain ferroelectric phases (n = 2 and 3). The highly 
oriented perovskite grains result in ferroelectric phases perpendicular to 
the substrate. Therefore, the four films behave with ferroelectric prop-
erties, providing a foundation for ferro-pyro-phototronic effect boosting 
PDs. The trap densities of the four perovskite films were determined by 
space charge limited current (SCLC) method. Both hole-only devices 
(ITO/PEDOT:PSS (4083)/perovskite/TFB/Ag) and electron-only de-
vices (ITO/SnO2/perovskite/PC61BM/Ag) were fabricated, and the 
dark current-voltage (I-V) curves of P4 devices were recorded (Fig. 3f 
and g). The dark I-V curves for the other three PDs are shown in Fig. S14. 
Trap densities can be calculated by the following equation: 

ntrap =
2ε0εrVTFL

eL2 (1)  

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 
film thickness. Here, εr was determined from the capacitance-frequency 
measurement by impedance analyzer (Fig. S15), VTFL is deduced from 
the dark I-V curves. Therefore, the hole-trap densities and electron-trap 
densities for the four films were calculated and plotted in Fig. 3h. The 
trap densities of the perovskite films are comparable with the single 
crystals, which may derive from reduced carrier recombination induced 
by good crystallinity, surface passivation, and intrinsic ferroelectricity. 

Later, we introduced organic semiconductor PC61BM to fabricate 
self-powered PDs, with a device structure of glass/ITO/perovskite/ 
PC61BM/Bi/Ag. Here, the Bi layer is introduced to protect the Ag 
electrode from bromine corrosion [36]. During the spin-coating 

procedure, 4-FPEAI with benzene ring will promote the self-assembly of 
PC61BM layer [37] and be beneficial for charge transport via π-π 
stacking [38]. As shown in Fig. S16a, upon 4-FPEAI treatment, the PL 
intensity of perovskite/PC61BM is greatly quenched compared with that 
without 4-FPEAI. This PL quenching indicates the higher charge carrier 
extraction efficiency across the interface. As a result, the PL lifetimes are 
also substantially shortened (Fig. S16b). The schematic structure of the 
self-powered PD is illustrated in Fig. 4a. From the cross-sectional SEM 
image of a typical P4 film-based device in Fig. 4b, one can see a 
well-formed interface between PC61BM and perovskite film, which will 
result in outstanding rectification behavior of the perovskite/PC61BM 
heterojunction. The relevant energy band diagram of the PD at zero bias 
is shown in Fig. 4c, relative to the vacuum energy level. The energy level 
obtained from UPS spectra of P4 with different etching depths is shown 
in Fig. S17. Due to the different phase distribution at the top and bottom 
of the perovskite film, the gradient energy level will be formed, which 
can promote the separation and transport of carriers. The highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) of PC61BM are − 6 and − 4 eV, respectively. Since the 
2D perovskite films possess ferroelectricity, the ferro-pyro-phototronic 
effect is anticipated to boost our PDs. Then, the systematic research 
and summary on photoresponses of the four self-powered PDs towards 
laser illumination were measured. Before testing, 0.5 V bias was applied 
to the devices for at least 1 min to obtain positive ferroelectric polari-
zation. Figs. 4d and S17 show the I-V curves of the P4, P2, P3, and P5 
film-based PDs under 360 nm laser illumination with different power 
intensities. The rectification characteristic in dark conditions indicates 
the formation of heterojunction. Besides, evident photoresponses 
induced by photovoltaic effect were found. It is worth noting that the P4 
film-based PD not only exhibited a low dark current of less than 10− 12 A, 
but also a large open-circuit voltage (0.5 V), guaranteeing the 
self-powered photodetecting ability. The dark currents of the four PDs 
without external bias were shown in Fig. S19. Fig. 4e shows the pho-
toresponse of the P4 film-based PD under 360 nm laser periodical illu-
mination (0.245 μW cm− 2) without external bias, behaving a typical 
four-stage photoresponse behavior. To understand the variation of 
output current under light and dark conditions, one typical cycle of the 
current curve is extracted from Fig. 4e and plotted in Fig. 4f. The 
mechanism is shown in Fig. 4g. Firstly, the sharp current peak at stage I 
is induced by pyroelectric current and photovoltaic current when light is 
turned on. The corresponding maximum output current is labeled as 
Ipyro+photo. The pyroelectric currents are generated since the 
light-induced temperature rise will disturb the random oscillation state 
of electric dipoles in the ferroelectric perovskite films. Thus, the total 
spontaneous polarization charges are reduced, resulting in current flow. 
Then, the temperature stays stable as the laser illumination continues. 
As a result, the pyroelectric current disappears, and only photovoltaic 
current stays at a steady plateau labeled as Iphoto. When turning off the 
laser, a reverse pyroelectric current (Ipyro’) induced by the temperature 
decrease of the perovskite films was observed, owing to the raised 
spontaneous polarization charges. Finally, the temperature remains at 
RT without illumination. Thus, the pyroelectric current vanishes, and 
the output current returns to dark current. The energy band diagrams of 
the heterojunction under dark and 360 nm illumination conditions are 
shown in Fig. 4h and i. Upon UV illumination, photo-generated electrons 
and holes are produced at the interface between 2D perovskite and 
PC61BM, separated by the built-in electric field induced by the hetero-
junction and ferroelectricity, and finally collected by the ITO and Bi/Ag 
electrodes, respectively, forming the corresponding photocurrent. Be-
sides, the reduced negative polarization charges at the heterojunction 
interface will lead to an downward bending of the energy band diagram 
of PC61BM and perovskite layers (orange line in Fig. 4i). Moreover, the 
ferroelectric potential and downward bending of the energy band are 
beneficial to the transport of charge carriers, resulting in a larger output 
current. To further confirm the existence of pyroelectricity, the I-t curves 
of the PD under dark conditions by raising the temperature (using a 
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10.6 µm CO2 laser as the heating source) are measured (Fig. S20), from 
which one can see that positive current peaks appeared when the tem-
perature increased. When laser was turned off, the temperature drop 
would lead to a negative pyroelectric current. 

As demonstrated in Fig. S21, the output current signals of P4 film- 
based PD towards UV, visible, and near-infrared lasers illumination 
exhibit obvious four-stage photo-response dynamic behavior. The PD 
showed the highest output current towards a 360 nm laser, behaving 
with excellent UV photoresponses. Therefore, 360 nm laser was selected 
as the primary light source. Based on the systematic analysis of the 
working mechanism, we next compared the figures of merit of the four 
PDs (P2-P5). Fig. 5a presents the dark I-V curves of the four PDs. Among 
the four devices, the P4 film-based PD exhibits the lowest dark current, 
reflected by the better diffraction signals and lower measured trap 
density. From the I-V curves under 360 nm laser illumination, the P4 
film-based PD manifests the highest photocurrents and largest open- 
circuit voltage (Fig. 5b). The I-t curves of all devices were measured 
under the same intensity of 360 nm laser at 0 V bias and plotted in 
Fig. 5c. All the four PDs demonstrate obvious four-stage photoresponse 
behavior, consistent with their ferroelectric properties. Compared with 
other devices, the P4 film-based PD exhibit an improved photocurrent 
and pyroelectric current. Three currents, Ipyro+photo, Iphoto, and the 
relative peak-to-peak output current Ipyro+photo-Ipyro’ are used to eval-
uate the photosensing performances of the pyro-phototronic effect based 
PDs [39–41]. Therefore, we used the highest output current 

Ipyro+photo-Ipyro’ to compare the performances of P2-P5 PDs. The Ipyr-

o+photo-Ipyro’ of the four PDs are presented in Fig. 5d, from which one can 
see that the P4 film-based PD shows the highest output current while the 
P2 has the lowest one. The response time of P4 devices was determined 
as 260 μs for rise and 420 μs for decay under 360 nm laser illumination 
(Fig. 5e), which is much faster than those of P2, P3 and P5 films-based 
PDs (Fig. S22). The average maximum responsivities and detectivities of 
each PD are plotted in Fig. 5f. The R and D* are calculated as the 
following equations: 

R =

(
Iphoto − Id

)
∕S

P
(2)  

and 

D∗ =
R

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2eId∕S

√ (3)  

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, S is 7.85 × 10− 7 m2 (Fig. S23). As shown in Fig. 5f, the P4 film- 
based PD presents an average responsivity of 1 A W− 1, corresponding 
to detectivities of 1.5 × 1014 Jones. 

Since the P4 film-based PDs demonstrate the highest performance, 
the photoresponse behaviors of the P4 film-based PD to 360 nm laser 
illumination are systematically investigated and summarized in Fig. S24 

Fig. 4. (a) Schematic diagram of the structure of the PD. (b) Cross-sectional SEM image of a typical PD fabricated in this study. (c) Energy band diagram of the PDs, 
using the electron energy in the vacuum as a reference. (d) I-V characteristics under 360 nm illumination with different power densities ranging from 0 to 
1.27 mW cm− 2 of the P4 film-based PD. (e) Photoresponse behavior of the P4 film-based PD under 360 nm laser illumination with the power density of 0.254 μW 
cm− 2 under zero bias. (f) An enlarged view taken from (d), displaying a typical four-stage photoresponse behavior. (g) Schematic working mechanism of the ferro- 
pyro-phototronic effect of the PD as turning on and turning off the laser. Energy band diagrams of the PDs under (h) dark and (i) light conditions. 
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by changing the power densities from 0 to 2547 μW cm− 2. When power 
density is less than 1.27 μW cm− 2, the four four-stage photoresponse 
behavior is apparent (inset in Fig. S24a). Further increasing the power 
density will result in the more unobvious negative pyroelectric current 
and slower decay speed of the positive pyroelectric current. The corre-
sponding R is summarized in Fig. S24c, from which one can see that the 
R gradually decreases with the increase of power density. For lower 
power densities (less than 1 μW cm− 2), the photoresponsivity is signif-
icantly enhanced via the ferro-pyro-phototronic effect (Fig. S24d). The 
maximum R value is 1 A W− 1 at the power density of 0.12 μW cm− 2, 
with the enhancement of 20 times by the ferro-pyro-phototronic effect. 
The corresponding performances for P2, P3, and P5 films-based PDs are 
shown in Figs. S25–S27, respectively. The photodetection performances 
of the previously reported self-powered UV PDs, self-powered 

perovskite-based PDs, and the present 2D-ferroelectric film-based PD are 
listed in Table 2. It is obvious that our UV PDs demonstrate the highest 
detectivity, short response/recovery time, and high photoresponsivity. 

To further verify the enhancement and modulation function of ferro- 
pyro-phototronic effect in our PDs, we performed polarization tuning 
and switching test by varying the polarization voltage. The perfor-
mances of the PDs are highly on the electric field of the spontaneous 
polarization. From Fig. S28, one can see that the when the polarization 
voltage is less than 0.4 V, the output currents gradually increase with the 
increase of the polarization voltage. The output currents reach satura-
tion at a polarization voltage of 0.5 V. Further increasing the polariza-
tion voltage results in tiny changes of the output currents. Furthermore, 
the polarization direction switching of the ferroelectric films allow the 
modulation of output current directions. As shown in Fig. S29a, after 

Fig. 5. I-V curves of P2-P5 films-based PDs under (a) dark condition and (b) light illumination with a power density of 6.4 μW cm− 2. (c) On-off photoresponses of P2- 
P5 films-based PDs measured under a modulation frequency of 2 Hz. (d) Ipyro+photo-Ipyro’ of P2-P5 films-based PDs as a function of the power density. (e) Statistics of 
responsivities and detectivities of P2-P5 films-based PDs. 
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poled with opposite polarization voltage of − 0.5 V, opposite pyro-
electric currents are observed when light is turned on. Furthermore, the 
signals of the open-circuit voltage (Voc) are opposite with different po-
larization orientations (Fig. S29b). The above two results indicate that 
the photoresponse behaviors of the PDs are closely related to the 
ferroelectric polarization. Photogenerated electrons and holes will be 
driven by the spontaneous polarization induced built-in electric field. By 
changing the direction of the spontaneous polarization, the direction of 
the built-in field is reversed, leading to the photocurrents in opposite 
directions. For pyroelectric current, when the direction of the sponta-
neous polarization is reversed, the bound charges at the interface will be 
changed, leading to the opposite direction of free charges transport in 
the external circuit. Besides, we conducted another two experiments: 1, 
temperature-dependence of ferro-pyro-phototronic effect in P4 film- 
based PDs; 2, Comparison of the (BA)2(MA)3Pb4Br13 P4 film-based 
PDs with another two 2D perovskite films without ferroelectricity 
((iBA)2(MA)3Pb4Br13 and (tBA)2(MA)3Pb4Br13, iBA is isobutylamine and 
tBA is tert-butylamine). Except for the structure of butyl, all the pro-
cedures for preparation of the perovskite films and devices are identical. 
From Fig. S30, one can see that once the testing temperature is above the 
Curie temperature of the P4 film (between 357 K and 372 K), the current 
peaks no longer appear. When the testing temperature returns to the 
room temperature, the current peaks continue to appear once the laser is 
turned on/off. From Fig. S31, one can see that no peak currents were 
observed for (iBA)2(MA)3Pb4Br13 and (tBA)2(MA)3Pb4Br13 perovskite 
films based PDs. Besides, the output currents of (BA)2(MA)3Pb4Br13 
films are much larger than those films without ferroelectricity. There-
fore, the ferro-pyro-phototronic effect-based PDs is strongly related to 
ferroelectric polarization. 

In addition, we also evaluate the impact of switching frequency and 
bias voltage on photosensing performance. From Fig. S32, one can see 
that with the increase of the light switching frequency (0-30 Hz), the 
pyroelectric current gradually decreases while the photocurrent remains 
unchanged. Further increasing the frequency to 400 Hz will lead to the 
vanishing of pyroelectric current. Besides, the response time and re-
covery time decrease with the increase of frequency. The I-t curves under 
reverse bias voltages ranging from 0 to 1.6 V and forward bias voltages 
ranging from 0 to 1.6 V towards 360 nm laser illumination are shown in 
Fig. S33. With the increase of reverse bias, both the photocurrent and 
pyroelectric current are gradually decreased. The pyroelectric current 
finally vanishes when the bias exceeds − 1.6 V. This reduced output 
current can be inferred as that the reverse bias induced electric field is 
opposite to the heterojunction built-in electric field. With the increase of 
forward bias from 0.2 to 1.4 V, the photocurrent gradually increases 
while the four-stage photo-response dynamic behavior becomes more 
obvious. However, current mutation occurred at 1.6 V, where the py-
roelectric response vanishes and the dark current undergoes a sharp 
increase, indicating that the working bias for our PDs should be less than 

1.6 V. The weakened pyroelectric currents can be attributed to joule 
heat caused by the applied bias voltage [41]. 

Moreover, our PDs exhibited excellent humidity stability and ther-
mal stability. As shown in Fig. 6, P4 film-based PDs with 4-FPEAI 
modification maintained 67.5% of their initial responses after being 
stored in ambient air (80 ± 5% RH) at RT for 32 days (Fig. 6a), and 58% 
of their initial responses after continuous heating at 80 ◦C in an N2-filled 
glove box for 32 days (Fig. 6b). In contrast, the P4 film-based PDs 
without 4-FPEAI modification undergo degradation of 35% and 42% 
after 6 days under humidity and heating conditions, respectively 
(Fig. S34). In the future work, introducing the two-dimensional Dion- 
Jacobson perovskite to partially replace RP perovskite or preparing the 
methylamine-free perovskite could further enhance the stability of the 
devices. Furthermore, the PDs also demonstrated good reproducibility. 
We measured over 15 PDs’ on-off photoresponses to evaluate the PDs’ 
performances. Fig. S35 depicts averaged lowest detectable power den-
sity and maximum responsivity of the PDs, with relatively small distri-
butions, showing good consistency. 

4. Conclusion 

In conclusion, the ferroelectric perovskite films with high crystal-
linity, narrow phase distribution, and preferred perpendicular orienta-
tion were obtained by ionic solvent assisted hot-spin-coating method 
and solvent engineering. It is found that the crystallinity, orientation, 
and phase distribution of the 2D perovskites can be effectively tailored 
by simply adjusting the solvent composition of the precursors. Then, 
self-powered 2D perovskite/PC61BM PDs were fabricated using the 
optimization condition. With the improved crystal quality, P4 film- 
based PD exhibits a high average maximum responsivity of over 
1 A W− 1, and the maximum detectivity can reach 1.54 × 1014 Jones 
under 360 nm laser illumination, respectively. The device also displays a 
fast response/recovery time of 260/420 µs. Furthermore, owing to the 
ferro-pyro-phototronic effect, the corresponding photoconductive, spe-
cific detectivity, and responsivity of the photodetector can be boosted by 
over 160% at an illumination intensity of 127.6 μW cm− 2 compared to 
that only using the photovoltaic effect. Moreover, the PDs modified with 
4-FPEAI show high humidity and thermal stability. The ferro-pyro- 
photoelectric effect boosted self-powered PD based on 2D ferroelectric 
film provides a new idea and optimization method for realizing highly 
sensitive and self-powered photodetection, providing potential for 
future applications such as wearable electronics, broad spectral detec-
tion, fast optoelectronic detection and imaging. 
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Si/SnOx/ZnO heterojunction  405 3.67 × 10− 2 1.5 × 1011 3 × 10− 6 2 × 10− 6 [51] 
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