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HIGHLIGHTS

• Uniaxial orientation and single-grain penetration of quasi-2D and 3D perovskite films were achieved via a general thermal-pressed 
(TP) strategy.

• The TP-perovskite-based self-powered photodetectors (SPPDs) exhibit one of the best results among the 3D and quasi-2D perovskite 
SPPDs, respectively.

• These unpackaged TP-based devices exhibit ultrahigh humidity, optical and heat stability.

ABSTRACT Organic–inorganic hybrid perovskite materials have been focusing 
more attention in the field of self-powered photodetectors due to their superb 
photoelectric properties. However, a universal growth approach is required and 
challenging to realize vertically oriented growth and grain boundary fusion of 2D 
and 3D perovskite grains to promote ordered carrier transport, which determines 
superior photoresponse and high stability. Herein, a general thermal-pressed (TP) 
strategy is designed to solve the above issues, achieving uniaxial orientation 
and single-grain penetration along the film thickness direction. It constructs the 
efficient channel for ordered carrier transport between two electrodes. Combining 
of the improved crystal quality and lower trap-state density, the quasi-2D and 3D 
perovskite-based self-powered photodetector devices (with/without hole trans-
port layer) all exhibit giant and stable photoresponse in a wide spectrum range 
and specific wavelength laser. For the  MAPbI3-based self-powered photodetectors, the largest Rλ value is as high as 0.57 A  W−1 at 760 nm, 
which is larger than most reported results. Meanwhile, under laser illumination (532 nm), the  FPEA2MA4Pb5I16-based device exhibits 
a high responsivity (0.4 A  W−1) value, which is one of the best results in 2DRP self-powered photodetectors. In addition, fast response, 
ultralow detection limit, and markedly improved humidity, optical and heat stabilities are clearly demonstrated for these TP-based devices.
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1 Introduction

Nowadays, rapid growth of the Internet of Things has 
aroused strong demand for low-cost, high-performance 
photodetectors, which can be deployed in optical commu-
nication, image sensing, security, biological detection and 
intelligent monitoring [1, 2]. The ideal detector nodes should 
be requested to work with ultra-low detection limitation in 
self-powered mode [3], which relies on a built-in electric 
field generated by Schottky contacts or heterojunctions. Sep-
aration of photo-generated electron–hole pairs gives rise to 
a circuit current, which certainly requires active materials 
with excellent photoresponse behavior.

Organic–inorganic hybrid perovskite materials have been 
extensively studied in the field of self-powered photode-
tectors (SPPDs) due to their superb photoelectric proper-
ties, including large optical absorption coefficient, adjust-
able bandgap and long exciton diffusion length [4–6]. For 
example, Yang’s group reported a  CH3NH3PbI3-xClx-based 
inverted device [7]. The performance is comparable to or 
even better than photodetectors fabricated from vacuum-
processed inorganic materials. A  MAPbI3-based self-driven 
narrowband photodetector with tunable spectral response 
was designed on the basis of the charge collection narrow-
ing mechanism [8]. Zeng’s group reported bionic detectors 
based on low-bandgap inorganic perovskite, which was 
applied for selective NIR-I photon detection and imaging [9]. 
Despite the stunning development in three-dimensional (3D) 
perovskite-based SPPDs with high responsivity [10–12], 
the intrinsic issue of disordered microcrystal active layers, 
derived from rapid crystallization of precursor films, eas-
ily results in relatively poor thermal and moisture stability 
[13, 14]. Meanwhile, the abundant intragrain and interface 
defects are believed a major cause of carrier recombination, 
negatively affecting the photoresponse behavior. Recently, 
2D Ruddlesden-Popper (2DRP) perovskites ((RNH3)2(A)
n-1MnX3n+1) have come to the fore to promisingly achieve the 
balance between performance and stability owing to attrac-
tive quantum-well structure, flexibly tunable bandgap, and 
improved long-term stability compared with 3D counterparts 
[15–18]. Unfortunately, owing to habitual growth of 2DRP 
perovskites along in-plane direction, these insulating ligands 
 (RNH3) restrain interlayer charge transport and inefficient 
charge collection. Thus, these improvements in stability have 
commonly been accompanied by degraded photoelectrical 
performance of photovaoltaic SPPDs [19–21].

Apparently, whether 3D or quasi-2D perovskite-based 
SPPDs, it is required to minimize the energy loss when the 
carriers transport through the active layers. For accelerat-
ing carriers transport and collection along the electric field 
direction in photovoltaic SPPDs, the achievement of uniaxial 
orientation of perovskite grains against the substrates can be 
an expectant solution to greatly enhance the photoelectrical 
performance of the devices. Here, the uniaxial orientation is 
defined as the crystals with the same out-of-plane orienta-
tion and without grain boundaries (GBs) in the film-thick-
ness direction. In such case, the single-crystal channel with 
low intragrain and structural defects is constructed, which 
is favorable for photogenerated-carriers transport and elec-
tron–hole separation between two electrodes [22]. With the 
purpose of tuning the nucleation and crystallization process 
of perovskite thin films, some approaches have been devel-
oped, such as solvent-assisted annealing [23, 24] and additive 
engineering [25, 26]. Despite the remarkable improvement 
in film quality, the closely dependent relationship of specific 
strategy and perovskite system greatly limits their develop-
ment. Facing a variety of 3D and 2D perovskite films with 
different composition and structures, it is still a tough chal-
lenge to prepare a series of uniaxial-orientation perovskite 
thin films via a general strategy.

In terms of grain-boundary fusion-growth thought, 
through introducing a key driving force of thermal-pressed 
(TP) effect in the spin-coated precursor films, several 
kinds of perovskite films with uniaxial orientation, includ-
ing typical 3D  CH3NH3PbI3  (MAPbI3), and quasi-2D 
 (C6H5CH2CH2NH3)2(CH3NH3)4Pb5I16  (PEA2MA4Pb5I16) 
a n d  4 - F - C 6H 4C H 2C H 2N H 3) 2( C H 3N H 3) 4P b 5I 1 6 
 (FPEA2MA4Pb5I16), are prepared directly on ITO glass and 
transport layers, respectively. The optimized thin films all 
present ultra-high smoothness close to that of single-grain 
one. The perovskite grains are uniformly oriented growth and 
vertical span in the entire film thickness, generating markedly 
lowered trap-state density and longer carrier lifetime. Subse-
quently, they present markedly enhanced responsivity (Rλ) 
value under illumination of white light. For the  MAPbI3-based 
SPPDs, the largest Rλ value is as high as 0.57 A  W−1 at 760 nm, 
which is larger than most reported results. Meanwhile, under 
laser illumination (532 nm), the  FPEA2MA4Pb5I16-based 
devices exhibit high responsivity (R, 0.4 A  W−1) value, which 
is one of the best results in 2DRP perovskite-based SPPDs. In 
addition, fast response time, and enhanced stability are also 
clearly demonstrated for these SPPDs.
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2  Experimental Section

2.1  Materials

Methyl-ammonium iodide (MAI), phenylethyl-ammonium 
iodide (PEAI) and 4-Fluoro-phenylethyl-ammonium iodide 
(FPEAI) were offered from Greatcell Solar Materials Pty 
Ltd.  (NH4SCN) was offered from Sigma-Aldrich. Bahocu-
proine (BCP) was ordered from J&K,  PbI2 was offered from 
TCI. Chlorobenzene (CB) and isopropyl alcohol (IPA), N, 
N-dimethylformamide (DMF) and N, N-dimethylsulfoxide 
(DMSO) were offered from Alfa Aesar. Silver was purchased 
from 3AChem. (6,6)-Phenyl-C61-butyric acid methyl ester 
(PC61BM) was offered from Lumtec. Poly (3,4-ethylen-
edioxythiophene): poly-(styrenesulfonate) (PEDOT:PSS) 
aqueous solution (Al 4083), Bphen were offered from Xi’an 
Polymer Light Technology Corporation.

2.2  Fabrication of Perovskite Films and Devices

2.2.1  Fabrication of PEA2MA4Pb5I16 Perovskite Films 
and Devices

The control film: first, clean the ITO glass ultrasonically 
with deionized water and ethanol, irradiate it with a UV 
lamp for four minutes, and then dry it with nitrogen. PEAI, 
MAI and  PbI2 were mixed in 1 ml DMF at a molar ratio of 
2:4:5 to prepare a precursor solution of perovskite, which 
was stirred at 70 °C overnight. The precursor solution was 
spin-coated with 5,000 rpm for 45 s to prepare the precursor 
film. Then, when it was annealed under 100 °C for 15 min. 
The obtained film was named as control film.

The SCN film:  NH4SCN, PEAI, MAI and  PbI2 are at a 
molar ratio of 2:2:4:5 to prepare a precursor solution of 
perovskite. The precursor solution was spin-coated with 
5,000 rpm for 45 s to prepare the precursor film. Then, when 
it was annealed under 100 °C for 15 min. The obtained film 
was named as SCN film.

The SCN-TP film: the precursor SCN film is covered with 
a silicon wafer with good hydrophobicity, and then wrapped 
with a polytetrafluoroethylene film. Then it is transferred to 
a hot autoclave filled with simethicone, and the tempera-
ture and pressure of the film are given. During the pres-
sure–thermal process, the pressure applied to the autoclave 

is 200 MPa, and it is maintained at all time. The temperature 
is first raised from 30 to 150 °C, kept for 12 h, and then 
cooled to 30 °C at a rate of 1 °C  min−1. The prepared per-
ovskite film is named as SCN-TP film.

The preparation of perovskite device: PCBM was depos-
ited on the prepared perovskite film at a speed of 3,000 rpm 
for 30 s. Subsequently, BCP was spin-coated at 5,000 rpm 
for 30 s. Finally, 100 nm Ag is deposited on the top layer. 
The photodetector area is 0.04  cm2 with the metal mask.

2.2.2  Fabrication of FPEA2MA4Pb5I16 Perovskite Films 
and Devices

The FPEA-control film: clean the ITO glass ultrasonically 
with deionized water and ethanol, irradiate it with a UV lamp 
for four minutes, and then dry it with nitrogen. PEDOT: PSS 
layer is spin-coated with 6000 rpm for 30 s, and annealed in 
an air environment at 150 °C for 15 min.  NH4SCN, FPEAI, 
MAI and  PbI2 are mixed in 1 mL DMF and 30 μL DMSO 
at a molar ratio of 2:2:4:5 to prepare a precursor solution 
of perovskite, which was stirred at 70 °C overnight. The 
precursor solution is spin-coated with 5,000 rpm for 45 s to 
prepare the precursor film. Then, when it is annealed under 
100 °C for 15 min. The obtained film was named as FPEA-
control film.

The FPEA-TP film: During the pressure–thermal process, 
the pressure applied to the autoclave is 200 MPa, and it is 
maintained at all time. The temperature is first raised from 
30 to 150 °C, kept for 12 h, and then cooled to 30 °C at a 
rate of 1 °C  min−1. The prepared perovskite film is named 
as FPEA-TP film.

The preparation of perovskite device: PCBM was depos-
ited on the prepared perovskite film at a speed of 3,000 rpm 
for 30 s. Subsequently, BCP was spin-coated at 5,000 rpm 
for 30 s. Finally, 100 nm Ag is deposited on the top layer. 
The photodetector area is 0.04  cm2 with the metal mask.

2.2.3  Fabrication of MAPbI3 Perovskite Films 
and Devices

The MA-control film: clean the ITO glass ultrasonically with 
deionized water and ethanol, irradiate it with a UV lamp for 
four minutes, and then dry it with nitrogen. PEDOT: PSS 
layer is spin-coated with 6,000 rpm for 30 s, and annealed 
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in an air environment at 120 °C for 10 min. MAI and  PbI2 
are mixed in 1 mL of DMF/DMSO (volume ratio, 9:1) at a 
molar ratio of 1.1:1 to prepare a precursor solution of per-
ovskite and a concentration of 2 M, which was stirred at 
70 °C overnight. The precursor solution is spin-coated with 
6,000 rpm for 30 s, after the 10 s, 300 μL sec-butanol were 
added. Then, the film was pre-annealed at 75 °C for 10 min. 
The obtained film was named as FPEA-control film.

The MA-TP film: During the pressure–thermal process, 
the pressure applied to the autoclave is 150 MPa, and it is 
maintained at all time. The temperature is first raised from 
30 to 100 °C, kept for 5 h, and then cooled to 30 °C at a rate 
of 0.058 °C  min−1. The prepared perovskite film is named 
as FPEA-TP film.

The preparation of perovskite device:  PC61BM was depos-
ited on the prepared perovskite film at a speed of 3,000 rpm 
for 30 s. Subsequently, Bphen was spin-coated at 6,000 rpm 
for 30 s. Finally, 100 nm Ag is deposited on the top layer. 
The photodetector area is 0.04  cm2 with the metal mask.

2.3  Measurements and Characterization

High resolution X-ray diffractometer (XRD) patterns were 
acquired on a SmartLab3 KW diffractometer. ZEISS G300 
emission scanning electron microscope was performed for 
SEM images. Ultraviolet-2600 spectrophotometer recorded 
the ultraviolet–visible absorption spectrum. AFM was meas-
ured by Dimensional Icon atomic force microscope. The 
impedance analyzer (CHI 660E) was used to characterize 
the electrochemical impedance spectroscopy (EIS) under 
dark conditions. 532 nm laser diode is employed as the light 
source of photodetector, and the incident irradiation power 
is surveyed by power meter (PM400, thorlabs). The noise 
measurement system (DA platform, NC 300A) records the 
noise power spectrum from 1 Hz to 100 kHz. For SCLC 
measurement, the dark current–voltage (I-V) curves were 
measured on a Keithley 4200-SCS semiconductor parameter 
analyzer. Photoelectric features of the 2DRP film photode-
tectors were recorded on a Keithley 4200-SCS semicon-
ductor parameters analyzer at room temperature in air. The 
GIWAXS measurements were performed of Xeuss 2.0 using 
X-ray with a wavelength of 1.54189. The polar diagram was 
characterized by PANalytical X’Pert3 MRD. The external 
quantum efficiency (EQE) was tested employing an EQE 
system (Enlitech QE-R3011) equipped with a xenon lamp.

3  Results and Discussion

3.1  Structural Characterization of Perovskite Films

The positive effect of pressure for the crystal growth of per-
ovskite grains is shown in Fig. 1a. Combining of the “soft” 
characteristic of perovskite grains, the uniform pressure 
along the vertical direction can drive the ion diffusion at the 
GBs (as red arrows labeled) to achieve fusion growth of adja-
cent grains. The formed single-crystal channel is favorable 
for fast carrier transport. First, taken  PEA2MA4Pb5I16 thin 
film for example, optimizing uniaxial orientation was illus-
trated by the growth of thin film on ITO substrate directly, 
which could be designed as hole-free photodetector device. 
The control film is prepared by a conventional one-step spin-
coating and annealing process. Because the  SCN− ions can 
be coordinated with  Pb2+ ions in perovskite film, the crystal-
lization and oriented growth of  PEA2MA4Pb5I16 perovskite 
films can be regulated during annealing [27]. The  NH4SCN 
additive can be removed completely after annealing (Fig. 
S1). Meanwhile, because high pressure could promote ion 
migration at solid-phase interface owing to the higher ther-
mal energy [28], GBs fusion along the pressure direction 
could be expected to achieve single-grain penetration in the 
oriented thin films. The obtained  PEA2MA4Pb5I16 thin film 
is named as SCN-TP film. The corresponding preparing pro-
cess is schematically illustrated in Fig. S2.

X-ray diffraction (XRD) patterns are used to study the 
crystallinity and oriented feature of  PEA2MA4Pb5I16 thin 
films. The main diffraction peaks at 14.1° and 28.4° cor-
respond to (111) and (202) planes of 2DRP perovskite, 
respectively (Fig. 1b) [29]. The control film shows very low 
crystallinity as indicated by the weak and broad peaks. In 
contrast, the diffraction peaks of SCN-TP film show greatly 
enhanced intensity with a factor of ~ 150. Only two strong 
peaks can be observed in the XRD pattern of the SCN-TP 
film. These XRD result preliminarily demonstrates high 
crystallinity of the SCN-TP film [30]. Oriented growth 
measurements are further investigated. As shown in Fig. 
S3, the rocking curve around the growth axis of (111) plane 
of the control film displays no peak feature. In contrast, the 
SCN-TP film exhibits a sharp peak in the corresponding 
rocking curve, confirming favorable orientation ascribed 
to the positive effect of TP treatment. We further measure 
the orientation of the film through phi-scan measurement. 
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The (202) plane is selected for test. The sample was rotated 
azimuthally from 0° to 360° (Fig. 1c). The phi-scan of the 
SCN-TP film shows a pair of strong peaks at the interval 
of ~ 180°, which corresponds to the twofold symmetry of 
(202) plane. On the contrary, no peak can be observed in 
the curve of the disorder control film. Furthermore, the ori-
entation growth characteristic of the SCN-TP film is further 
demonstrated by the X-ray pole figure (Fig. 1d). Discrete two 
spots are separated azimuthally by 180°, which corresponds 
to a twofold symmetry axis [31].

Furthermore, cross-sectional scanning electron micro-
scope (SEM) is performed to characterize the morphology 
of the film. For the SCN-TP film, the grains are grown into 
regularly columnar structure with uniaxially perpendicular 
orientation (Fig. 1e), which is much better than the control 
and SCN films (Fig. S4). It is conducive to charge transfer 
in the vertical direction, which is beneficial to enhanced per-
formance of perovskite-based devices [32]. The orientation 
structure of the films was further measured by grazing inci-
dence wide-angle X-ray scattering (GIWAXS). The 2D scat-
tering pattern of the control film shows typical diffraction 
rings (Fig. 1f), indicating random orientation of the grains in 
the film. When  NH4SCN additive was added in the precur-
sor solution, the diffraction spots instead of rings appears, 
indicating the vertical orientation of the SCN film (Fig. S5). 
However, the spots are distorted and markedly elongated, 
which should be attributed to some degree of disordered 

characteristic. In contrast, for the SCN-TP film, the distor-
tion and elongation of the diffraction spots are greatly miti-
gated (Fig. 1g), which demonstrates enhanced orientation 
structure [33]. Meanwhile, owing to pressure-enhanced ion 
diffusion, fusion growth of the grains and isostatic pres-
sure on the SCN-TP film, the pinhole-free surface with 
ultralow root mean square roughness (RMS: 0.49 nm) is also 
achieved (Fig. S6). The smooth surface is also favorable for 
the formation of uniform spin-coated transport layer, thereby 
improving the interface contact between active layer and 
transport layer, and then benefiting for the carrier transport.

For demonstrating the relative universality of the TP-
enhanced orientation growth strategy, other 2D and 3D 
perovskite systems were also investigated. Interestingly, 
analogous results are emerged. Then, the typical quasi-2D 
 FPEA2MA4Pb5I16 and 3D  MAPbI3 thin films grown on the 
PEDOT: PSS layers via the TP growth strategy are named as 
FPEA-TP (Fig. 1h) and MA-TP (Fig. 1i) films, respectively. 
Taken  MAPbI3 for example, the effect of pressure on the 
crystal growth of perovskite grains is simply illustrated. As 
the side-view images shown in Figs. 1i and S7, when pres-
sure along the vertical direction is applied on the MA-control 
film, the disordered multicrystal structure along thickness 
direction (Fig. S7) converts into single-grain penetration, 
forming regularly columnar structure (Fig. 1i). In addition, 
as the top-view images shown in Fig. S8, the MA-control 
film is composed of small grains. After pressure-induced 

Fig. 1  a Schematic diagram of thermal-pressure effect. b X-ray diffraction patterns and c Phi-scans of control and SCN-TP films. d Pole fig-
ure and e cross-sectional SEM image of SCN-TP film. GIWAXS images of f control film and g SCN-TP film. Cross-sectional SEM image of h 
FPEA-TP film and i MA-TP film
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fusion growth, the lateral grain size of MA-TP film is mark-
edly increased (Fig. S8). The GB and trap-state concentra-
tion are effectively reduced, which is potentially conducive 
to improving the carrier transport efficiency and the stability 
of thin film devices. The uniaxial orientation of them is also 
demonstrated via the corresponding XRD patterns and rock-
ing curves (Fig. S9).

The photo-physical properties of these films are fur-
ther investigated. The carrier recombination dynamics of 
these films are studied by time-resolved photoluminescence 
(TRPL). The fast and slow decays are related to the quench-
ing of charge transfer at the interface and the recombination 
of free carriers, respectively. As shown in Fig. 2a–c, the 
average recombination lifetimes (τavg) of the control films are 
57.9 ns (PEA-control), 7.99 ns (FPEA-control) and 25.17 ns 
(MA-control), respectively. In contrast, the τavg values of the 
corresponding TP films are markedly improved to 155.17, 
21.82 and 482.91 ns, respectively, which agrees with the 
enhanced uniaxial orientation and crystallinity [34]. The 
significantly increased τavg demonstrates the remarkable 
reduction of trap-state density, determining excellent photo-
electrical performance of the TP film devices. Furthermore, 

the trap-state densities (Ntrap) of these films are evaluated 
by space charge limited current (SCLC) analysis with the 
following equation [35]:

where VTFL is the onset voltage of the trap-filled limit region, 
ε0, εr are the vacuum dielectric constant and the relative 
dielectric constant, q is the elementary charge, L is the thick-
ness of the film. Electron-only devices (ITO/SnO2/perovs-
kite/PCBM/BCP/Ag) are designed. Figure 2d–f shows the 
corresponding dark J-V characteristics of them. Clearly, 
when the low bias voltage exceeds trap-filled limit, a sharp 
increase is followed for the J-V curves. According to the 
equation, the calculated Ntrap values of the control films are 
3.17 ×  1016  cm−3 (PEA-control), 7.5 ×  1015  cm−3 (FPEA-
control) and 6.85 ×  1015  cm−3 (MA-control), respectively. 
In comparison, the calculated Ntrap values of the correspond-
ing TP films decreases sharply to 4.87 ×  1015, 3.45 ×  1015, 
and 4.6 ×  1015  cm−3, respectively, which should be ascribed 
to the enhancement of crystallinity, the removal of GBs 
especially along the vertical direction and reduced surface 
defects due to greatly lowered surface roughness. Thus, sup-
pressed non-radiative recombination loss should be expected 
for excellent photoresponse in the device.

(1)Ntrap = 2�0�rVTFL∕qL
2

Fig. 2  Time-resolved PL decay curves of a PEA-based films b FPEA-based films and c MA-based films. The electron-only devices of d PEA-
based films e FPEA-based films and f MA-based films
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3.2  Characterization of Perovskite Film Devices

To illustrate the positive effect of ordered carrier transport 
for the photoresponse enhancement of perovskite film-based 
devices, the device configurations were adopted (Fig. S10). 
Because the SCN-TP film was directly grown on ITO sub-
strate, a hole-free 2DRP perovskite device was designed. 
The optical transmittance spectrum of ITO substrate (Fig. 
S11) shows uniform and high transmittance in visible region, 
demonstrating that the influence of ITO substrate for light 
absorption of perovskite films can be ignored. The external 
quantum efficiency (EQE) and spectral responsivity (Rλ) are 
two important factors to assess the photodetector perfor-
mance. The EQE and Rλ can be calculated by the following 
equations [36]:

where ΔI is the photocurrent, q is elementary charge, P is the 
illumination light intensity, A the effective illuminated area, 
h is the Planck constant and ν is the frequency of incident 
light. Figure 3a shows that the self-powered device based on 
the SCN-TP thin film exhibits dominantly improved EQE 

(2)EQE = (ΔI∕q)(PA∕hv)

(3)R
�
= EQE(q∕hv)

compared to those of the control and SCN films. Although 
the 2DRP perovskite device is hole-free, the self-powered 
SCN-TP film photodetectors still present a broad photore-
sponse with EQE over 50% from 370 to 700 nm, which is 
mainly ascribed to high-quality perovskite film. Based on 
the EQE spectrum of the SCN-TP film device, the calculated 
Rλ of the self-powered photodetector at different wavelength 
is shown in Fig. 3b. It exhibits a Rλ over 0.2 A  W−1 at a 
broad range of 400–750 nm with a peak value of 0.29 A  W−1 
at 550 nm, which is much better than the peak values of 
the control (0.03 A  W−1) and SCN (0.2 A  W−1) devices. 
This hole-free SCN-TP photodetector is comparable to and 
even better than the reported perovskite works (Table S1). 
These results preliminarily demonstrate the positive effect 
of optimized film structure for self-powered photoresponse 
behavior.

However, compared to PEA in 2DRP perovskite films, 
FPEA has a larger steric hindrance contribution [37], allow-
ing it to pack more ordered cation layers and form a more 
extended structure than PEA. FPEA can enhance the orbital 
interaction between the inorganic layers compared to PEA, 
resulting in more effective charge transfer through adjacent 
inorganic layers [38]. The lack of electronous F atoms and 
the interlayer electrostatic attraction between the adjacent 
benzene rings is arranged along with the confirmed dipole 

Fig. 3  a EQE of PEA-based devices. b Rλ of PEA-based devices. c EQE of FPEA-based devices and d Rλ of FPEA-based devices. e EQE of 
MA-based devices. f Rλ of MA-based devices
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interaction [39]. Thus, combining of the TP oriented growth 
strategy, more excellent photoresponse performance can be 
expected for the 2DRP perovskite-based SPPDs after PEA 
was replaced by FPEA. In addition, the PEDOT: PSS is one 
of the most important HTL materials in inverted devices 
because of its high conductivity, good transparency in the 
visible range, good coverage, adjustable wettability, etc. 
[40]. The planar heterojunction device of ITO/PEDOT: PSS/
perovskite/PCBM/BCP/Ag was adopted as illustrated in Fig. 
S12. The EQE spectrum and corresponding Rλ at different 
wavelength of the FPEA-TP device are shown in Fig. 3c,  
d. Based on the EQE spectrum, the calculated maximum 
Rλ is 0.36 A  W−1 at 650 nm, which is higher than that of 
the FPEA-control device. The Rλ value greater than 0.31 
A  W−1 is also observed in a wide wavelength range from 
500 to 700 nm. Furthermore, the device configuration of 
ITO/PEDOT: PSS/MAPbI3/PC61BM/Bphen/Ag structure 
was also adopted to study its self-powered photoresponse 
performance. As shown in Fig. 3e,  f, compared to the MA-
control film, the EQE of the MA-TP film SPPD is signifi-
cantly improved. More significantly, the EQE value exceeds 
85% in a broad range from 430 to 770 nm with a maximum 
value of 93.2% at 760 nm that is much higher than that of the 
MA-control film (maximum: 81.7%). The wide absorption 
range is conducive to the generation and separation of a large 
number of electrons and holes. Based on the EQE spectrum, 
the calculated maximum Rλ of MA-TP based SPPDs is 0.57 
A  W−1 at 760 nm, which is higher than that of the MA-con-
trol device and even much close to the theoretical value (0.61 
A  W−1), demonstrating giant photoelectrical performance. 
As reported, the self-powered behavior of the MA-TP film 
has been one of the best results among the perovskite-based 
SPPDs (Table S2). For these TP-based SPPDs, the excel-
lent photoresponse behaviors should be attributed to longer 
charge carrier lifetime and lower trap density (Fig. 2). In 
addition, the Nyquist plots were also investigated to dem-
onstrate the superior photoresponse behaviors (Fig. S13). 
Charge carrier transport of the MA-TP photodetectors is also 
enhanced and the charge recombination process is effectively 
reduced. Thus, for the 2D and 3D perovskite films, the TP 
effect is universally favorable for charge carrier transport and 
suppresses nonradiative recombination loss to achieve more 
excellent photoresponse.

Furthermore, the self-powered photoresponse behaviors 
based on the SCN-TP and FPEA-TP perovskite thin films 
were further studied under 532 nm laser illumination. As 

shown in Fig. 4a, the SCN-TP device exhibits a signifi-
cantly improved photocurrent. At a power density of 625 
mW  cm−2, the photocurrent is as high as  10–3 A (Fig. 4b). 
Accordingly, the SCN-TP SPPD displays an ultrahigh on/off 
ratio (1.8 ×  108) at 625 mW  cm−2 and 0 V (Fig. S14), which 
is more superior than these of the control and SCN devices. 
In the practical application of photodetectors, the photocur-
rent is required to be proportional to the power density and 
has a wide response range. It is usually characterized by 
linear dynamic range (LDR), which is given by the following 
formula [41, 42]:

where Iph is the photocurrent and Id is the dark current. The 
measured LDR value of the SCN-TP device calculated by 
the dark current (11 pA) is as high as 165.1 dB (Fig. 4b). 
Furthermore, the responsivity (R) is calculated via the fol-
lowing equation [43, 44]:

where B is modulation frequency, and in is noise current 
dominated by 1/f noise (Fig. S15). When the power den-
sity is as low as 150 nW  cm−2, the R value is as high as 
0.34 A  W˗1 (Fig. 4c), which are more superior than those of 
the control (0.022 A  W˗1) and SCN (0.22 A  W˗1) devices. 
Besides, the SCN-TP device also exhibits rapid response rate 
(Fig. S16). In addition, the FPEA-TP device also exhibits a 
markedly improved photocurrent, which is even higher than 
that of the PEA-TP SPPD (Figs. 4d and S17). The meas-
ured LDR value calculated by the dark current (0.17 nA) 
is as high as 143 dB (Fig. S18), exhibiting a wide linear 
photoresponse range from 150 nW  cm−2 to 625 mW  cm−2. 
In Fig. 4e, R value is also calculated for further evaluat-
ing the device performance with a modulation frequency 
of 100 Hz (Fig. S19). When the power density reduces 
to 150 nW  cm−2, the corresponding R value is as high as 
0.4 A  W˗1, which is more excellent than mostly reported 
perovskite-based SPPDs (Table S3). The R value of FPEA-
control is only 0.29 A  W−1. Meanwhile, the performance of 
the FPEA-TP devices exhibit excellent repeatability (Fig. 
S20). Although the  NH4SCN and DMSO additives have 
been demonstrated to effectively prompt oriented growth 
of 2DRP perovskite films, when TP growth strategy was 
further conducted on the FPEA-control film, persistently 
enhanced responsivity was achieved for the FPEA-TP film 
device. The FPEA-TP device also presents rapid response 
rate due to ordered charge carriers transport and interface 
extraction abilities (Fig. S21). The detection limit is also a 

(4)LDR = 20log
Iph

Id

(5)R =
(

Iph − Id
)

∕PA
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critical parameter of SPPDs for practical applications, which 
refers to the acquisition ability of weak optical signal [45]. 
Interestingly, the detection limit of 150 nW  cm−2 is lower 
than mostly reported perovskite-based SPPDs (Fig. 4f). The 
inset in Fig. 4a shows that although the power density is as 
low as 150 nW  cm−2, obvious current enhancement is still 
exhibited between the corresponding photocurrent (1.7 nA) 
and dark current. Thus, a detection limit lower than 150 nW 
 cm−2 can even be expected, which can be potentially applied 
in the weak optical detection.

The excellent performance of TP-based devices derived 
from ordered carrier transport should be closely related with 
the film structure and quality. Firstly, the TP films exhibit 
single-crystal-like smooth surface and single-grain penetra-
tion in the film thickness direction, which can limit the leak-
age current and cause low dark current [46]. It can improve 
the photoconductivity and transportation for photogenerated 
carriers. Secondly, because the smooth surface and increased 
crystallinity facilitate the reduction of the surface traps and 
the limitation of nonradiative recombination, the leakage 
of unfavorable electrons can be minimized [46]. Thirdly, 
the low trap-state density (Fig. 2) is also favorable for high 

photocurrent as well as low noise current (Figs. S16 and 
S19). Fourthly, compared to the control film, the TP film can 
effectively improve the carrier lifetime and transport (Fig. 2), 
minimizing the carrier recombination in the active layers. 
Thus, excellent photoelectrical performance is achieved in 
the TP-based self-powered photodetectors.

The effective removal and fusion of GBs in the perovs-
kite films with single-crystal-like surface can be reasonably 
expected to improve the films and corresponding devices sta-
bility. Thus, representative TP films were selected to investi-
gate the humidity, optical and thermal stabilities, respectively. 
First, SCN-TP device without any encapsulation and protec-
tion indeed exhibits stable photocurrent in an environment 
with a relative humidity of 30% within 30 days (Fig. 5a). The 
photocurrent attenuation is only 8% after 30 days. On the 
contrary, the photocurrent of the control film device can be 
significantly reduced by 50% 30 days later (Fig. S22). Cor-
respondingly, the XRD patterns of the SCN-TP and control 
films maintained for 1 and 30 days, respectively, are inves-
tigated (Fig. S23). There is an obvious peak at 12.6° for the 
control film after 30 days, confirming part degradation of per-
ovskite into  PbI2. In contrast, the SCN-TP film kept excellent 

Fig. 4  a Transient photoresponse properties of PEA-based photodetectors for 532  nm of 1 mW  cm−2 with 0 bias. b Linear dynamic range 
of SCN-TP photodetector. c R values of PEA-based photodetectors. d Transient photoresponse properties of FPEA-based photodetectors for 
532 nm of 1 mw  cm−2 with 0 bias. e R values of FPEA-based photodetectors. f Detection limit of different photodetectors
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humidity stability after 30 days and no new impurity phase 
appeared. The similar phase and photoresponse stabilities 
were also observed in the FPEA-TP film and device in an 
environment with a relative humidity of 40% within 40 days 
(Figs. 5b and S24). The efficient improvement for humidity 
resistance should be attributed to the improved hydrophobic-
ity of the TP film (Fig. S25), which could be promising to 
retard the degradation of device performance. In addition, 
during the on/off cycles, the hardly fluctuated photocurrent of 
the FPEA-TP device also demonstrates excellent operational 
durability of it (Fig. S26). Second, take MA-TP film for exam-
ple, although the TP device is continuously illuminated, it still 
exhibits relatively stable photoresponse. As shown in Fig. 5c, 
the current of MA-control device degrades significantly for 
18% of the initial value after 200 s continuous illumination. In 
contrast, that of the MA-TP device maintains superior stabil-
ity after 200 s and only decreased ~ 6% even after continuous 
illumination for 3,600 s. Ion migration under illumination is 
one of the reasons of optical instability of perovskite films. 
As reported [47], ion migration in polycrystalline perovskite 
films dominates through GBs, inducing strong hysteresis both 
for photocurrent and dark current at the GBs. Thus, we meas-
ured the local current hysteresis in grain and at GBs using a 

conductive atomic force microscope (c-AFM). A large current 
hysteresis would commonly demonstrate a fast ion migration 
locally during the current scanning process. Figure S27 shows 
the c-AFM setup for current measurement. The dark current 
measured at the GBs area of the MA-control film shows 
clear hysteresis (Fig. 5d). In sharp contrast, the measured GB 
dark current in the MA-TP film shows negligible hysteresis 
(Fig. 5e), which is commonly observed in grain interior and 
further verified by that in grain of the MA-control film (Fig. 
S28). Thus, the ion migration at GBs area is effectively sup-
pressed by the TP strategy, which drives secondary grain 
growth and deep fusion of the adjacent GBs, thereby enhanc-
ing the optical stability of the TP-based perovskite device. 
Third, thermal stability of perovskite film device was also 
investigated. In the testing procedure, the non-encapsulated 
perovskite-based SPPDs were heated continuously at 60 °C 
for a different time. After that, these preheated devices were 
immediately tested in an environment with 20 °C and a rela-
tive humidity of 30%. When the SCN-TP film photodetectors 
were heated for 350 h under 60 °C, the photocurrent attenu-
ation was only ~ 8% (Fig. 5f). On the contrary, that of the 
control film device was significantly reduced to 56% of the 
initial photocurrent. It should be attributed to the crystallinity 

Fig. 5  a SCN-TP and b FPEA-TP photodetectors without encapsulation in ambient air. c Light stability of MA-based photodetectors. I-V curves 
at the grain boundary of d MA-control film and e MA-TP film. f Thermal stability of PEA-based photodetectors at 60 °C
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improvement of the TP film markedly. Visibly, these TP films 
and devices all exhibit superior environmental stability.

4  Conclusions

In summary, uniaxial orientation of quasi-2D and 3D per-
ovskite thin films directly grown on ITO glass and transport 
layers, respectively, were all realized through the general 
TP growth strategy. Pressure-enhanced ion diffusion effect 
promotes grain boundaries fusion along the pressure direc-
tion. The formed single-grain penetration in the thickness 
direction is crucial for the ordered carrier transport and elec-
tron–hole separation in photovoltaic self-powered device. 
Combining of the improved crystallinity, self-fused bounda-
ries, longer carrier lifetime and lower trap-state density, the 
optimized TP-based self-powered photodetectors exhibit 
high responsivity in a wide wavelength range under white 
light and laser illumination, respectively. Moreover, they all 
present overall improved stability, reproducibility, ultralow 
detection limit and fast response. Thus, this work provides 
a universal opportunity to achieve uniaxial orientation of 
perovskite thin films to construct efficient and stable self-
powered photodetectors and other photoelectrical devices.

Acknowledgements The authors are grateful to the National 
Natural Science Foundation of China (NSFC, No. 51872172, 
51972197), Natural Science Foundation of Shandong Province 
(ZR2019MEM021), and Young Scholars Program of Shandong 
University.

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 023- 01087-5.

References

 1. C. Bao, J. Yang, S. Bai, W. Xu, Z. Yan et al., High perfor-
mance and stable all-inorganic metal halide perovskite-based 
photodetectors for optical communication applications. Adv. 
Mater. 30(38), 1803442 (2018). https:// doi. org/ 10. 1002/ adma. 
20180 3422

 2. Z. Zhang, C. Xu, C. Zhu, X. Tong, C. Fu et al., Fabrication 
of  MAPbI3 perovskite/Si heterojunction photodetector arrays 
for image sensing application. Sens. Actuat. A Phys. 332(2), 
113176 (2021). https:// doi. org/ 10. 1016/j. sna. 2021. 113176

 3. Y. Ma, J. Wang, Y. Liu, S. Han, Y. Li et al., High performance 
self-powered photodetection with a low detection limit based 
on a two-dimensional organometallic perovskite ferroelectric. 
J. Mater. Chem. C 9(3), 881–887 (2021). https:// doi. org/ 10. 
1039/ d0tc0 4777e

 4. H. Tahara, T. Aharen, A. Wakamiya, Y. Kanemitsu, Photore-
fractive effect in organic–inorganic hybrid perovskites and its 
application to optical phase shifter. Adv. Opt. Mater. 6(11), 
1701366 (2018). https:// doi. org/ 10. 1002/ adom. 20170 1366

 5. K. Liu, Y. Jiang, Y. Jiang, Y. Guo, Y. Liu et al., Chemical for-
mation and multiple applications of organic–inorganic hybrid 
perovskite materials. J. Am. Chem. Soc. 141(4), 1406–1414 
(2019). https:// doi. org/ 10. 1021/ jacs. 8b095 32

 6. X. Huang, Q. Guo, S. Kang, T. Ouyang, Q. Chen et al., Three-
dimensional laser-assisted patterning of blue-emissive metal 
halide perovskite nanocrystals inside a glass with switchable 
photoluminescence. ACS Nano 14(3), 3150–3158 (2020). 
https:// doi. org/ 10. 1021/ acsna no. 9b083 14

 7. L. Dou, Y. Yang, J. You, Z. Hong, W.-H. Chang et al., Solu-
tion-processed hybrid perovskite photodetectors with high 
detectivity. Nat. Commun. 5(1), 5404 (2014). https:// doi. org/ 
10. 1038/ ncomm s6404

 8. J. Wang, S. Xiao, W. Qian, K. Zhang, J. Yu et al., Self-driven 
perovskite narrowband photodetectors with tunable spectral 
responses. Adv. Mater. 33(3), 2005557 (2021). https:// doi. org/ 
10. 1002/ adma. 20200 5557

 9. F. Cao, J.D. Chen, D.J. Yu, S. Wang, X.B. Xu et al., Bionic 
detectors based on low-bandgap inorganic perovskite for selec-
tive NIR-I photon detection and imaging. Adv. Mater. 32(6), 
1905362 (2020). https:// doi. org/ 10. 1002/ adma. 20190 5362

 10. C. Bao, W. Zhu, J. Yang, F. Li, S. Gu et al., Highly flexible 
self-powered organolead trihalide perovskite photodetectors 
with gold nanowire networks as transparent electrodes. ACS 
Appl. Mater. Interfaces 8(36), 23868–23875 (2016). https:// 
doi. org/ 10. 1021/ acsami. 6b083 18

 11. T.M.H. Nguyen, S. Kim, C.W. Bark, Solution-processed and 
self-powered photodetector in vertical architecture using 
mixed-halide perovskite for highly sensitive UVC detection. 
J. Mater. Chem. A 9(2), 1269–1276 (2021). https:// doi. org/ 10. 
1039/ d0ta0 8738f

 12. S. Qiao, Y. Liu, J. Liu, G. Fu, S. Wang, High-responsivity, 
fast, and self-powered narrowband perovskite heterojunction 
photodetectors with a tunable response range in the visible 
and near-infrared region. ACS Appl. Mater. Interfaces 13(29), 
34625–34636 (2021). https:// doi. org/ 10. 1021/ acsami. 1c096 42

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01087-5
https://doi.org/10.1007/s40820-023-01087-5
https://doi.org/10.1002/adma.201803422
https://doi.org/10.1002/adma.201803422
https://doi.org/10.1016/j.sna.2021.113176
https://doi.org/10.1039/d0tc04777e
https://doi.org/10.1039/d0tc04777e
https://doi.org/10.1002/adom.201701366
https://doi.org/10.1021/jacs.8b09532
https://doi.org/10.1021/acsnano.9b08314
https://doi.org/10.1038/ncomms6404
https://doi.org/10.1038/ncomms6404
https://doi.org/10.1002/adma.202005557
https://doi.org/10.1002/adma.202005557
https://doi.org/10.1002/adma.201905362
https://doi.org/10.1021/acsami.6b08318
https://doi.org/10.1021/acsami.6b08318
https://doi.org/10.1039/d0ta08738f
https://doi.org/10.1039/d0ta08738f
https://doi.org/10.1021/acsami.1c09642


 Nano-Micro Lett.          (2023) 15:115   115  Page 12 of 13

https://doi.org/10.1007/s40820-023-01087-5© The authors

 13. H. Si, Q. Liao, Z. Kang, Y. Ou, J. Meng et al., Deciphering 
the  NH4PbI3 intermediate phase for simultaneous improve-
ment on nucleation and crystal growth of perovskite. Adv. 
Funct. Mater. 27(30), 1701804 (2017). https:// doi. org/ 10. 
1002/ adfm. 20170 1804

 14. J. Zhang, L. Zhang, X. Li, X. Zhu, J. Yu et al., Binary sol-
vent egineering for high-performance two-dimensional per-
ovskite solar cells. ACS Sustain. Chem. Eng. 7(3), 3487–
3495 (2019). https:// doi. org/ 10. 1021/ acssu schem eng. 8b057 
34

 15. L. Lei, D. Seyitliyev, S. Stuard, J. Mendes, Q. Dong et al., 
Efficient energy funneling in quasi-2D perovskites: from 
light emission to lasing. Adv. Mater. 32(16), 1906571 
(2020). https:// doi. org/ 10. 1002/ adma. 20190 6571

 16. X. Hong, T. Ishihara, A. Nurmikko, Dielectric confinement 
effect on excitons in  PbI4-based layered semiconductors. 
Phys. Rev. B 45(12), 6961 (1992). https:// doi. org/ 10. 1103/ 
physr evb. 45. 6961

 17. L.F. Yan, J.J. Ma, P.W. Li, S.Q. Zang, L.Y. Han et  al., 
Charge-carrier transport in quasi-2D ruddlesden-popper 
perovskite solar cells. Adv. Mater. 34(7), 2106822 (2022). 
https:// doi. org/ 10. 1002/ adma. 20210 6822

 18. Y. Wei, H. Chu, Y. Tian, B. Chen, K. Wu et al., Reverse-
graded 2D Ruddlesden-Popper perovskites for efficient 
air-stable solar cells. Adv. Energy Mater. 9(21), 1900612 
(2019). https:// doi. org/ 10. 1002/ aenm. 20190 0612

 19. I.C. Smith, E.T. Hoke, D. Solis-Ibarra, M.D. McGehee, H.I. 
Karunadasa, A layered hybrid perovskite solar-cell absorber 
with enhanced moisture stability. Angew. Chem. Int. Ed. 
53(42), 11232–11235 (2014). https:// doi. org/ 10. 1002/ anie. 
20140 6466

 20. L. Chao, T. Niu, Y. Xia, X. Ran, Y. Chen et al., Efficient and 
stable low-dimensional Ruddlesden-Popper perovskite solar 
cells enabled by reducing tunnel barrier. Phys. Chem. Lett. 
10(6), 1173–1179 (2019). https:// doi. org/ 10. 1021/ acs. jpcle 
tt. 9b002 76

 21. Z. Xu, D. Lu, F. Liu, H. Lai, X. Wan et al., Phase distribu-
tion and carrier dynamics in multiple-ring aromatic spacer-
based two-dimensional Ruddlesden-Popper perovskite solar 
cells. ACS Nano 14(4), 4871–4881 (2020). https:// doi. org/ 
10. 1021/ acsna no. 0c008 75

 22. L. Kuai, J. Li, Y. Li, Y. Wang, P. Li et al., Revealing crystal-
lization dynamics and the compositional control mechanism 
of 2D perovskite film growth by in situ synchrotron-based 
gixrd. ACS Energy Lett. 5(1), 8–16 (2019). https:// doi. org/ 
10. 1021/ acsen ergyl ett. 9b023 66

 23. S. Yuan, Z. Qiu, C. Gao, H. Zhang, Y. Jiang et al., High-
quality perovskite films grown with a fast solvent-assisted 
molecule inserting strategy for highly efficient and stable 
solar cells. ACS Appl. Mater. Interfaces 8(34), 22238–32224 
(2016). https:// doi. org/ 10. 1021/ acsami. 6b068 47

 24. C. Di, K. Lu, L. Zhang, Y. Liu, Y. Guo et  al., Solvent-
assisted re-annealing of polymer films for solution-process-
able organic field-effect transistors. Adv. Energy Mater. 
22(11), 1273–1277 (2010). https:// doi. org/ 10. 1002/ adma. 
20090 2813

 25. F. Zhang, K. Zhu, Additive engineering for efficient and 
stable perovskite solar cells. Adv. Energy Mater. 10(13), 
1902579 (2020). https:// doi. org/ 10. 1002/ aenm. 20190 2579

 26. J. Li, X. Hua, F. Gao, X. Ren, C. Zhang et al., Green anti-
solvent additive engineering to improve the performance 
of perovskite solar cells. J. Energy Chem. 66, 1–8 (2020). 
https:// doi. org/ 10. 1016/j. jechem. 2021. 06. 023

 27. Z. Li, X. Li, M. Wang, M. Cai, X. Shi et al., Enhanced 
photovoltaic performance via a bifunctional additive in tin-
based perovskite solar cells. ACS Appl. Energy Mater. 5(1), 
108 (2021). https:// doi. org/ 10. 1021/ acsaem. 1c024 88

 28. J. Wang, G. Lian, Z. Xu, C. Fu, Z. Lin et al., Growth of 
large-size SnS thin crystals driven by oriented attachment 
and applications to gas sensors and photodetectors. ACS 
Appl. Mater. Interfaces 8(15), 9545–9551 (2016). https:// 
doi. org/ 10. 1021/ acsami. 6b014 85

 29. D. Gangadharan, Y. Han, A. Dubey, X. Gao, B. Sun et al., 
Aromatic alkylammonium spacer cations for efficient two-
dimensional perovskite solar cells with enhanced moisture 
and thermal stability. Solar RRL 2(4), 1700215 (2018). 
https:// doi. org/ 10. 1002/ solr. 20170 0215

 30. D. Lu, G. Lv, Z. Xu, Y. Dong, X. Ji, Y. Liu et al., Thiophene-
based two-dimensional Dion-Jacobson perovskite solar 
cells with over 15% efficiency. J. Am. Chem. Soc. 142(25), 
11114–11122 (2022). https:// doi. org/ 10. 1021/ jacs. 0c033 63

 31. M.V. Kelso, N.K. Mahenderkar, Q. Chen, J.Z. Tubbes-
ing, J.A. Switzer, Spin coating epitaxial films. Science 
364(6436), 166–169 (2019). https:// doi. org/ 10. 1126/ scien 
ce. aaw61 84

 32. X. Li, G. Wu, J. Zhou, J. Zhang, X. Zhang et al., Non-pre-
heating processed quasi-2D perovskites for efficient and stable 
solar cells. Small 16(11), 1906997 (2022). https:// doi. org/ 10. 
1002/ smll. 20190 6997

 33. W. Fu, J. Wang, L. Zuo, K. Gao, F. Liu et al., Two-dimensional 
perovskite solar cells with 14.1% power conversion efficiency 
and 0.68% external radiative efficiency. ACS Energy Lett. 
3(9), 2086–2093 (2018). https:// doi. org/ 10. 1021/ acsen ergyl 
ett. 8b011 81

 34. F. Huang, P. Siffalovic, B. Li, S. Yang et al., Controlled crys-
tallinity and morphologies of 2D Ruddlesden-Popper perovs-
kite films grown without anti-solvent for solar cells. Chem. 
Eng. J. 394, 124959 (2020). https:// doi. org/ 10. 1016/j. cej. 2020. 
124959

 35. C. Li, Y. Pan, J. Hu, S. Qiu, C. Zhang et al., Vertically aligned 
2D/3D Pb-Sn perovskites with enhanced charge extraction and 
suppressed phase segregation for efficient printable solar cells. 
ACS Energy Lett. 5(5), 1386–1395 (2020). https:// doi. org/ 10. 
1021/ acsen ergyl ett. 0c006 34

 36. L. Li, F. Zhang, S. Ye, X. Peng, Z. Sun et al., Self-powered 
photodetectors based on  CsxDMA1-xPbI3 perovskite films with 
high detectivity and stability. Nano Energy 71, 104611 (2020). 
https:// doi. org/ 10. 1016/j. nanoen. 2020. 104611

 37. M. Li, H. Li, W. Li, B. Li, T. Lu et al., Oriented 2D perovskite 
wafers for anisotropic X-ray detection through a fast tableting 
strategy. Adv. Mater. 34(8), 2108020 (2020). https:// doi. org/ 
10. 1002/ adma. 20210 8020

https://doi.org/10.1002/adfm.201701804
https://doi.org/10.1002/adfm.201701804
https://doi.org/10.1021/acssuschemeng.8b05734
https://doi.org/10.1021/acssuschemeng.8b05734
https://doi.org/10.1002/adma.201906571
https://doi.org/10.1103/physrevb.45.6961
https://doi.org/10.1103/physrevb.45.6961
https://doi.org/10.1002/adma.202106822
https://doi.org/10.1002/aenm.201900612
https://doi.org/10.1002/anie.201406466
https://doi.org/10.1002/anie.201406466
https://doi.org/10.1021/acs.jpclett.9b00276
https://doi.org/10.1021/acs.jpclett.9b00276
https://doi.org/10.1021/acsnano.0c00875
https://doi.org/10.1021/acsnano.0c00875
https://doi.org/10.1021/acsenergylett.9b02366
https://doi.org/10.1021/acsenergylett.9b02366
https://doi.org/10.1021/acsami.6b06847
https://doi.org/10.1002/adma.200902813
https://doi.org/10.1002/adma.200902813
https://doi.org/10.1002/aenm.201902579
https://doi.org/10.1016/j.jechem.2021.06.023
https://doi.org/10.1021/acsaem.1c02488
https://doi.org/10.1021/acsami.6b01485
https://doi.org/10.1021/acsami.6b01485
https://doi.org/10.1002/solr.201700215
https://doi.org/10.1021/jacs.0c03363
https://doi.org/10.1126/science.aaw6184
https://doi.org/10.1126/science.aaw6184
https://doi.org/10.1002/smll.201906997
https://doi.org/10.1002/smll.201906997
https://doi.org/10.1021/acsenergylett.8b01181
https://doi.org/10.1021/acsenergylett.8b01181
https://doi.org/10.1016/j.cej.2020.124959
https://doi.org/10.1016/j.cej.2020.124959
https://doi.org/10.1021/acsenergylett.0c00634
https://doi.org/10.1021/acsenergylett.0c00634
https://doi.org/10.1016/j.nanoen.2020.104611
https://doi.org/10.1002/adma.202108020
https://doi.org/10.1002/adma.202108020


Nano-Micro Lett.          (2023) 15:115  Page 13 of 13   115 

1 3

 38. T. Zhang, T. Nakajima, H. Cao, Q. Sun, H. Ban et al., Control-
ling quantum-well width distribution and crystal orientation 
in two-dimensional tin halide perovskites via-strong interlayer 
electrostatic interaction. ACS Appl. Mater. Interfaces 13(42), 
49907–49915 (2021). https:// doi. org/ 10. 1021/ acsami. 1c141 67

 39. F. Zhang, D.H. Kim, H. Lu, J.-S. Park, B.W. Larson et al., 
Enhanced charge transport in 2D perovskites via fluorination 
of organic cation. J. Am. Chem. Soc. 141(14), 5972–5979 
(2019). https:// doi. org/ 10. 1021/ jacs. 9b009 72

 40. R. Sun, T. Wang, Y. Wu, M. Zhang, Y. Ma et al., PEDOT: 
PSS-free polymer non-fullerene polymer solar cells with effi-
ciency up to 18.60% employing a binary-solvent-chlorinated 
ITO anode. Adv. Funct. Mater. 31(51), 2106846 (2021). 
https:// doi. org/ 10. 1002/ adfm. 20210 6846

 41. H. Zhou, Z. Song, C.R. Grice, C. Chen, X. Yang et al., Pres-
sure-assisted annealing strategy for high-performance self-
powered all-inorganic perovskite microcrystal photodetectors. 
J. Phys. Chem. Lett. 9(16), 4714–4719 (2018). https:// doi. org/ 
10. 1021/ acs. jpcle tt. 8b019 60

 42. L. Min, W. Tian, F. Cao, J. Guo, L. Li, 2D Ruddlesden-Popper 
perovskite with ordered phase distribution for high-perfor-
mance self-powered photodetectors. Adv. Funct. Mater. 33(35), 
2101714 (2021). https:// doi. org/ 10. 1002/ adma. 20210 1714

 43. C. Xie, C.-K. Liu, H.-L. Loi, F. Yan, Perovskite-based pho-
totransistors and hybrid photodetectors advanced functional 
materials. Adv. Funct. Mater. 30(20), 1903907 (2020). https:// 
doi. org/ 10. 1002/ adfm. 20190 3907

 44. C. Xie, P. You, Z. Liu, L. Li, F. Yan, Ultrasensitive broadband 
phototransistors based on perovskite/organic-semiconductor 
vertical heterojunctions. Light Sci. Appl. 6(8), e17023–e17023 
(2017). https:// doi. org/ 10. 1038/ lsa. 2017. 23

 45. M. Tian, L. Xu, H. Dan, Y. Yang, Extended linear detec-
tion range of a  Bi0.5Na0.5TiO3 thin film-based self-powered 
UV photodetector via current and voltage dual indicators. 
Nanoscale Horiz. 7, 1240–1249 (2022). https:// doi. org/ 10. 
1039/ d2nh0 0204c

 46. M. Sulaman, S.Y. Yang, A. Bukhtiar, P.Y. Tang, Z.H. Zhang 
et al., Hybrid bulk-heterojunction of collodial quantu dots and 
mixed-halide perovskite nanocrystals for high-performance self-
powered broadband photodetectors. Adv. Funct. Mater. 32(28), 
2201527 (2022). https:// doi. org/ 10. 1002/ adfm. 20220 1527

 47. E. Shirzadi, N. Tappy, F. Ansari, M.K. Nazeeruddin, A. Hag-
feldt et al., Deconvolution of light-induced ion migration phe-
nomena by statistical analysis of cathodoluminescence in lead 
halide-based perovskites. Adv. Sci. 9(13), 2103729 (2022). 
https:// doi. org/ 10. 1002/ advs. 20210 3729

https://doi.org/10.1021/acsami.1c14167
https://doi.org/10.1021/jacs.9b00972
https://doi.org/10.1002/adfm.202106846
https://doi.org/10.1021/acs.jpclett.8b01960
https://doi.org/10.1021/acs.jpclett.8b01960
https://doi.org/10.1002/adma.202101714
https://doi.org/10.1002/adfm.201903907
https://doi.org/10.1002/adfm.201903907
https://doi.org/10.1038/lsa.2017.23
https://doi.org/10.1039/d2nh00204c
https://doi.org/10.1039/d2nh00204c
https://doi.org/10.1002/adfm.202201527
https://doi.org/10.1002/advs.202103729

	A General Strategy for Ordered Carrier Transport of Quasi-2D and 3D Perovskite Films for Giant Self-Powered Photoresponse and Ultrahigh Stability
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Fabrication of Perovskite Films and Devices
	2.2.1 Fabrication of PEA2MA4Pb5I16 Perovskite Films and Devices
	2.2.2 Fabrication of FPEA2MA4Pb5I16 Perovskite Films and Devices
	2.2.3 Fabrication of MAPbI3 Perovskite Films and Devices

	2.3 Measurements and Characterization

	3 Results and Discussion
	3.1 Structural Characterization of Perovskite Films
	3.2 Characterization of Perovskite Film Devices

	4 Conclusions
	Acknowledgements 
	Anchor 17
	References


