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1. Introduction
Self-powered photodetectors (PDs) have the advantages of no external power

requirement, wireless operation, and long life. Spontaneous ferroelectric
polarizations can significantly increase built-in electric field intensity, showing

Photodetectors (PDs) are widely used in var-
ious fields of the national economy and
military, such as environmental monitor-

great potential in self-powered photodetection. Moreover, ferroelectrics
possess pyroelectric and piezoelectric properties, beneficial for enhancing
self-powered PDs. 2D metal halide perovskites (MHPs), which have
ferroelectric properties, are suitable for fabricating high-performance
self-powered PDs. However, the research on 2D metal halide perovskites
ferroelectrics focuses on growing bulk crystals. Herein, 2D ferroelectric
perovskite films with mixed spacer cations for self-powered PDs are
demonstrated by mixing Ruddlesden—Popper (RP)-type and Dion—Jacobson
(D))-type perovskite. The (BDA, ;(BA,)o.3)(EA),Pb;Br;, film possesses, overall,
the best film qualities with the best crystalline quality, lowest trap density,
good phase purity, and obvious ferroelectricity. Based on the
ferro—pyro—phototronic effect, the PD at 360 nm exhibits excellent
photoelectric properties, with an ultrahigh peak responsivity greater than 93 A
W' and a detectivity of 2.5 x 10'° Jones, together with excellent
reproducibility and stability. The maximum responsivities can be modulated
by piezo—phototronic effect with an effective enhancement ratio of 480%. This
work will open up a new route of designing MHP ferroelectric films for

ing, image sensing, and automatic indus-
trial control.[}?] Self-powered PDs have the
advantages of no external power require-
ment, wireless operation, and long life, and
so, can be used in low-energy optoelectronic
fields,># such as wireless environmental
sensing, intelligent wearable chemical and
biological sensing, and human-machine
interface. Among the multiple methods that
can enhance the performance of the self-
powered PDs, spontaneous ferroelectric po-
larizations in photo—ferroelectrics can sig-
nificantly increase the built-in electric field
intensity; thus, effectively separating the
photogenerated carriers, showing great po-
tential in self-powered photodetection.>7]
Ferroelectrics also possess pyroelectric and
piezoelectric properties. The overall perfor-
mance of self-powered PDs can be sig-

high-performance PDs and offers the opportunity to utilize it for various

optoelectronics applications.
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nificantly improved by utilizing the pyro—
phototronic effect, a three-way coupling
effect among pyroelectricity, photoexcita-
tion, and semiconductors!®'? or piezo-
phototronic effect!!>1®] because polarized
charges at the interfaces can modulate the photoelectric pro-
cess. However, traditional inorganic ferroelectrics such as BaTiO,
show poor photoelectric properties, which are unsuitable for
high-performance PDs. Developing semiconducting materials
with synergy and coupling functions of excellent ferroelectric and
photoelectric properties is still challenging.

Recently, metal halide perovskites (MHPs) such as MAPDI,
have become ideal materials for constructing optoelectronic
devices such as solar cells, light-emitting diodes, and PDs
due to their high absorption coefficient, low defect den-
sity, high mobility, and high tolerance to defects.'*!?! Fur-
ther, some MHPs possess ferroelectric properties while main-
taining excellent photoelectric properties,?*?!l which are very
suitable for fabricating self-powered PDs. However, 3D per-
ovskites usually suffer from poor chemical and structural
stability.??) On the contrary, 2D perovskites with a structural
formula of L,A,_;M,X; (Ruddlesden—Popper, RP-type) or

n+1
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L“A,_ 1M, X, ., (Dion—Jacobson, DJ-type), where L is mono am-
monium cation; L” is diammonium cation; A is small cations
such as MA*; M is Pb%t, Sn?tor Ge?t; X is halide; and » is
the number of inorganic layers formed by the [MX,] octahedron
between two long chains,[?*?*] have higher structural stability,
chemical stability, and good flexibility, suitable for fabricating
high-performance PDs.[?>*?] More importantly, the synergistic
effect of the ordered arrangement of organic components in 2D
MHPs and the relative displacement of the octahedron [MX;]
make them easier to generate spontaneous polarizations.[?®] Cur-
rently, a variety of 2D MHPs has been confirmed to show ferro-
electric properties.[2-33]

Currently, the research on 2D MHPs ferroelectrics focuses on
growing bulk crystals, whose time-consuming, uncontrollable,
and small-scale growth procedures result in poor reproducibil-
ity of the devices. From the perspective of industrialization, the
large-scale and repeatable growth of 2D ferroelectric MHP films
has become a key research focus. However, the disordered ar-
rangement of organic layersi**°l and the random well-width dis-
tribution (n value)*® in 2D perovskite films will significantly re-
duce the optoelectronic properties of the entire devices, as well as
the spontaneous polarizations. Therefore, controlling the phase
purity and orientation of the 2D MHPs films is critical to ob-
taining excellent ferroelectric and photoelectric properties. Our
previously reported work demonstrated the RP phase perovskite
ferroelectric films for self-powered PDs.”! However, the nonuni-
form distribution of the RP films’ quantum wells makes it hard to
achieve higher photosensing performance and thermal stability.
Owing to the shorter interlayer distance, the D] phase perovskites
exhibit better thermal stability and more uniform quantum wells
than the RP phase perovskites. Therefore, it is essential to bal-
ance the structural rigidity, phase purity, and defect-tolerance ca-
pability of the 2D perovskitel*#3°] by mixing the two types of 2D
MHPs, which is beneficial for guaranteeing the ferroelectric and
photoelectric properties.

Herein, we demonstrate 2D ferroelectric perovskite films with
mixed spacer cations for self-powered PDs. The rigid diva-
lent DJ-type spacer cation of 1,4-butanediamonium (BDA?*) is
incorporated into the n-butylammonium (BA*)-based RP-type
perovskite matrix, resulting in the (BDA,(BA,),_,)(EA),Pb;Br,,
(0< x <1) 2D ferroelectric perovskite films. The introduc-
tion of the BDA?* spacer cations greatly influences the film
properties, including phase distribution, defect density, pho-
toelectric performance, and stability, while maintaining ferro-
electric properties. The (BDA,(BA,)q;)(EA),Pb,Br,, film pos-
sesses, overall, the best film qualities. Further, self-powered UV
PDs based on 2D perovskite/PC61BM heterojunction are fab-
ricated. Significantly, based on the ferro—pyro-phototronic ef-
fect, (BDA,;(BA,),3)(EA),Pb;Br,, film-based PD at 360 nm ex-
hibits excellent photoelectric properties, with a dark current of
less than 3 x 10712 A, an ultrahigh peak responsivity of more
than 93 A W1, a detectivity of 2.5 X 10" Jones, and rise/fall
times in the microsecond level, together with the excellent re-
producibility and stability. After applying pressures to the PDs,
the maximum responsivities can be modulated by the piezo—
phototronic effect with an effective enhancement ratio of 480%.
Our work will open up a new route of designing MHP fer-
roelectrics for high-performance PDs and offers the opportu-
nity to utilize it for various applications, including photoelec-
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tric synapse, neuromorphic vision sensors, and emergency alert
systems.

2. Results and Discussion

The multiple-quantum-well structures in RP MHP films limit the
performances of the RP MHP-based optoelectronic devices. It is
expected to prepare high-quality films with narrower phase dis-
tribution and improved carrier transport by mixing the proper
amount of the D] phase with the RP phase. To guarantee the
ferroelectricity of the as-prepared films with different composi-
tions, a typical RP-type ferroelectric MHP with the nominal com-
position of BA,EA,Pb;Br, [*”) and DJ-type ferroelectric MHP
with the nominal composition of (BDA)(EA),Pb,Br,,*!! were se-
lected to prepare the mixed 2D perovskite ferroelectric films be-
cause they possess the same small cation (EA*, ethylamine),
halide ion (Br~), and n number (< n > = 3). The chemical for-
mula of the 2D films with mixed spacer cations is described as
(BDA,(BA,),_,)(EA),Pb;Br,,, where x = 0 or 1 corresponds to
pure RP or DJ phase perovskite film, and x = 0.6, 0.7, 0.8, and
0.9 corresponds to the mixed perovskite films. The 2D perovskite
films made from pure DJ or RP phase film, and the mixed films
with different ratios are defined as BA,, BDA;, BDA,;, BDA,
BDA, y, and BDA, respectively.

As shown in Figure 1a, a one-step spin-coating method un-
der a constant heating temperature (70 °C) was used to prepare
the 2D MHP films in the ambient environment (24 °C, 35 +
10 RH%), which overcame the dependence of the glove box. An
additive of methanamine acetate (MAAc) ionic liquid was intro-
duced into the precursor solution after the complete dissolution
of the salts because acetate (Ac™) can form a strong ionic coordi-
nation with the perovskite framework;*¢#! thus, regulating the
orientation and phase purity of the perovskite crystalline grains.
The optimized ratio of MAAc to EA* was determined to be 1:1.
First, the microscopic morphologies of the six perovskite films
were investigated via scanning electron microscopy (SEM). From
the top-view SEM images in Figure S1, Supporting Information,
all six films show smooth surfaces and full coverage on the sub-
strates, with a large average grain size of ~#3 pm, among which
BDA,, film shows the fewest pinholes. Specifically, the intro-
duction of the BDA?* makes the films’ grain boundaries diffi-
cult to distinguish, reducing the invading pathways of humidity
and oxygen. Figure S2, Supporting Information shows the cross-
sectional SEM images of the six perovskite films. Some small
voids were found in the interface between BA, and BDA,, per-
ovskite films and ITO electrodes. While the proportion of BDA**
was not less than 0.7, voids were no longer seen in the perovskite
films, demonstrating the good contact between the perovskite
film and ITO electrodes. Besides, all the films demonstrated iden-
tical monolithic grains from top to bottom, with the thickness
ranging from 250 to 280 nm. The 2D perovskite films with ex-
cellent crystallinity and close contact with the substrates induced
by BDA%** doping were highly suitable for optoelectronic devices.
As the degree of vertical growth orientation significantly affects
the carrier transport characteristics of the 2D MHP, the crys-
tallographic structures of the perovskite films were first studied
by X-ray diffraction (XRD) patterns. Figure 1b shows the XRD
patterns of the six films. The BA, film displays eight diffrac-
tion peaks, with two strong diffraction peaks at 14.2° and 28.45°,
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Figure 1. Characterizations of the BA,, BDAy ¢, BDAy 7, BDAj 3, BDA; 4, and BDA perovskite films. a) Schematic diagram of the one-step spin-coating
method to prepare the 2D perovskite films. b) XRD patterns, c) absorption spectra, steady-state PL spectra excited from d) top side and e) bottom side,
f) time-resolved PL decay curves, and g) trap densities for the hole and electron of the BA,, BDAy 4, BDA, ;, BDAy g, BDA 4, and BDA perovskite films.

which are attributed to (040) and (080) crystallographic planes of
2D perovskite. The diffraction peaks at 15.2° and 30.3°, respond-
ingto (111) and (202) crystal planes, also exist. The multiple peaks
belonging to different crystal planes indicate the random crys-
tal orientation of the pure RP BA, film. While for mixed films
and pure D] BDA film, all the five films exhibit only two obvi-
ous diffraction peaks at 15.2° and 30.3°, responding to (111) and
(202) crystal planes, respectively. Generally, the (111) and (202)
crystal planes denote the inorganic [MX6] octahedral layer per-
pendicular and inclined to the substrate, respectively.[**~**] The
higher (202)/(111) diffraction intensity ratio means the more ver-
tical orientation of 2D perovskite to the substrate. Among the
BDA-based films, BDA, , film maintains the highest diffraction
intensity, minimum full width at half maximum, and highest
(202)/(111) diffraction intensity ratio of 0.477 (0.375 for BDA
film, 0.278 for BDA, film, and 0.265 for BDA film), demon-
strating the enhanced crystallinity and improved growth orien-
tation toward the out-of-plane direction. Further increasing the
content of BDA** would lead to the decreased intensity of diffrac-
tion peaks. Properly mixing the proportion of flexible BA* cations
and rigid BDA?* cations could ease the lattice distortions and
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enhance the film quality. To further determine the crystal ori-
entation of the films relative to the substrate, grazing incidence
wide-angle X-ray scattering (GIWAXS) measurements were per-
formed on the three typical films (BA,, BDA, ;, and BDA). Figure
S3a, Supporting Information for the BA, film demonstrates arc-
like peaks corresponding to (060), (080), and (0100) planes, in-
dicating partially ordered crystallographic orientation. Besides,
diffraction ring-like scattering signals of the (111) plane were ob-
served, indicating considerable randomness of the crystalline ori-
entation, which agrees well with the X-ray diffraction results. The
GIWAXS images for BDA,;, and BDA films were similar, with
sharp ellipse-like signals such as (111), (002), and (202) diffrac-
tions, suggesting much-enhanced crystallinity and preferential
vertical orientation, offering an efficient carrier-transport chan-
nel between the two electrodes, favorable for high-performance
PDs. The XRD and GIWAXS results proved that mixing DJ-type
perovskite with RP-type perovskite can effectively regulate the
crystal grain orientations in the films. Besides, the phase purity
of the 2D perovskite films is critical for the ferroelectricity and
photoelectric properties. Therefore, the six films’ UV-visible ab-
sorption and photoluminescence (PL) spectra were measured.
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As shown in Figure 1c, the BA, film exhibits exciton peaks at
~400 nm (n = 2) and 433 nm (n = 3), while the BDA film exhibits
only one exciton peak at 425 nm (n = 3), showing its high phase
purity. A main exciton peak at 428.5 nm (n = 3) is observed for
the four mixed films, along with a weaker peak at 450 nm (n =
4), demonstrating the different phase distribution among pure
RP film, mixed films, and pure D] film. No exciton absorption
peaks for n = oo are found for all of the six films. More obvious
differences among different films can be found from the PL spec-
tra excited from the top and bottom sides of films (Figure 1d,e).
For BA, film, obvious PL peaks at 445 nm (n = 2) and 483 nm (n
= 3) are observed when excited from the top side. In contrast, the
PL peaks for BDA-based films differ quite from that of the BA,
one. Only peaks at ~#495 nm (n = 4) can be found when excited
from the top. For the bottom condition, the PL spectrum of the
BA, film is similar to the top condition. Two peaks at 457 nm (n
= 3) and 495 nm (n = 4) are observed for the mixed films when
excited from the bottom side. With the increase of the BDA**
content, the intensity of the peaks for n = 3 gradually decreases,
demonstrating the enhanced phase purity or more uniform dis-
tribution of the quantum well’s widths. Time-resolved photolu-
minescence (TRPL) measurements were performed to analyze
the fluorescence carrier dynamics of perovskite films (Figure 1e).
By a double exponential decay fitting of the TRPL curves, the PL
lifetimes of the different films could be obtained, with the smaller
one corresponding to surface recombination and the larger one
corresponding to bulk recombination. All the lifetimes are listed
in Table S1, Supporting Information. The lifetimes of 2 and 40 ns
were measured for BDA,; film, significantly longer than those
of other films, demonstrating the lowest defect density and high-
est film quality of BDA, film. Then, the trap densities of the
six 2D perovskite films were measured via a space charge lim-
ited current (SCLC) method by fabricating both hole-only devices
and electron-only devices; and thus, measuring the dark current—
voltage (I-V) curve (Figure S4, Supporting Information). The trap
densities could be calculated according to the following equation:

2e4€, Vg
Pirap = T (1)

where ¢, is the vacuum permittivity, ¢, is the relative dielectric
constant, Vi is the trap-filled limit voltage, e is the electron
charge, and L is the film thickness. Here, e, was calculated ac-
cording to the equation:

T

CgL 5
“=7 @

where C, is geometric capacitance, L is the film thickness, ¢, is
the vacuum permittivity, and A is the effective area of devices.
The C, was determined from the capacitance—frequency mea-
surements plotted in Figure S5, Supporting Information. There-
fore, the six films’ calculated trap densities for holes and elec-
trons were plotted in Figure 1g. The trap densities of mixed film
(6 X 10 cm~3 for electrons and 6.6 X 10** cm~2 for holes) were
much lower than those for BDA and BA-based films (Table S2,
Supporting Information), meaning lower non-radiative recombi-
nation rates.
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From the characterizations above, one can see that the BDA,
film showed the best crystallinity, the lowest trap density, fa-
vorable orientation, and phase purity. However, as MA* from
MAAcC exists in the precursor solution, perovskite films with
mixed MA* and EA* cations may be obtained. Therefore, the
actual components in the BDA;, film were determined via
the 1H nuclear magnetic resonance (IHNMR) spectroscopy.
Figure S6, Supporting Information shows the signals of chem-
ical shift peaks belonging to MA* and EA™" in the film, with
the area ratio of 0.16: 1, namely, the component ratio of MA*
and EA*. Therefore, the composition of BDA,, film may be
(BDA,;BA()(EA), ;(MA),;Pb;Bry,. To determine the role of
MAAc, we also prepared the BDA,, film without MAAc, and
with different levels of MAAc. From the XRD patterns in Figure
S7a, Supporting Information, one can see that the introduction
of MAACc can enhance crystallinity. MAAc can also greatly influ-
ence the phase distribution of 2D perovskite. As shown in Figure
S7b, Supporting Information, for BDA,, film without MAAc,
four PL peaks at 440 nm (n = 2), 473 nm (n = 3), 497 nm (n
=4), and 522 nm (n = 5) are observed when excited from the top
side, demonstrating much lower phase purity than the MAAc-
based one. Moreover, the content of MAAc in precursor solu-
tion plays an important role in controlling phase distribution.
Excessive or insufficient MAAc will change phase distribution,
generating non-ferroelectric phases (Figure S8, Supporting In-
formation). Finally, the BDA,, film with MAAc: EA* = 1:1 was
selected for further in-depth study. Then, the overall properties
of the BDA,, film were systematically studied. First, the energy
level distributions of the BDA,,; film from top to bottom were de-
termined from the ultraviolet photoelectron spectroscopy (UPS)
measurements. From the UPS spectra in Figure 2a, the valence
band edge position of the film top surface at —6.56 eV and fermi
level at —4.84 eV were estimated, respectively, relative to the vac-
uum level. As the 2D phase belonging to n = 4 existed at the
film’s top surface, the conduction band edge position at —3.98 eV
could be determined. Further, the Fermi level and valence band
of the BDA,, film at different depths could be determined by
etching the films with Ar plasma and conducting the UPS mea-
surements. When the etching depth was less than 60 nm, the
Fermi level and valence band gradually decreased with the in-
creased depth, forming a gradient energy level. When further in-
creasing the etching depth, the Fermi level and valence band al-
most remained unchanged, consistent with the results of optical
characterizations, indicating phase homogeneity within the film.
The corresponding X-ray photoelectron spectra (XPS) for Pb and
Br are shown in Figure S9, Supporting Information, with no ob-
vious peak for Pb°, proving the bromine vacancy-free feature of
the perovskite films. To further testify to the phase purity of the
BDA,, film, the ultrafast transient absorption (TA) spectroscopy
was employed to determine the phase distributions from both
the top side (perovskite film side) and the bottom side (substrate
side) with an excitation wavelength at 360 nm. A main bleaching
peak was located at 426 nm (n = 3) for the bottom side (Figure 2¢;
Figure S10a, Supporting Information), while two peaks located
at 426 nm (n = 3) and 451 nm (n = 4) were observed for the top
(Figure 2d; Figure S10b, Supporting Information). The TA results
indicate the uniform quantum well distribution from the bot-
tom to the top of the perovskite films, consistent with the PL and
UPS results. The phase purity (ferroelectric phase, n = 3) of the
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Figure 2. Optical and electrical properties of the BDA, ; film. a) UPS spectra of the top side of the BDA ; film. b) Energy level diagram of BDA; film
with different etching depths (from 0 to 280 nm). The TA spectra of BDA0.7 film are excited from the c) bottom side and d) top side. e) Out-of-plane
PFM hysteresis loops measured in the film surface, showing a hysteresis loop and a butterfly curve. f) Topographic image, g) amplitude image, and h)

PFM phase image of the BDA ; film.

films would ensure the ferroelectric property of the 2D films. To
confirm the ferroelectricity of the three films (BA,, BDA,, and
BDA), polarization-electric field (P-E) hysteresis loops were car-
ried out (Figure S11, Supporting Information). All three curves
showed typical ferroelectric behaviors with both residual polar-
izations (P,) and strong coercive fields (E.) along the vertical di-
rection from ITO to the top electrode, which provides the basis for
the ferro—pyro—phototronic effect. Further, piezoresponse force
microscopy (PFM) measurements were conducted to investigate
the ferroelectric properties of BA, , film. As shown in Figure 2e,
a typical hysteresis loop and a butterfly loop obtained by out-of-
plane PFM demonstrate the polarization switching of ferroelec-
tric domains. The topographic image of the BDA,, film shows
smooth and pinhole-free surface characteristics (Figure 2f). The
corresponding amplitude and phase images obtained with verti-
cal PFM mode are shown in Figure 2g,h. The out-plane ferroelec-
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tric domains with different polarization orientations can be dis-
tinguished by the clear color contrast (reddish yellow and dark
brown colors) with clear domain walls showing a phase differ-
ence of ~180°. In addition, the same domain textures can be ob-
served in amplitude images. To testify the Curie temperature of
the BDA,, film, the temperature-dependent dielectric constant
and P-E hysteresis loops measurements were also conducted. As
shown in Figure S12, Supporting Information, the dielectric con-
stant € shows a significant peak at 371 K, which demonstrates the
ferroelectric—paraelectric phase transition. In addition, Figure
S13a, Supporting Information shows the P-Eloops of the BDA,,
film obtained at 298, 332, and 373 K. For the 298 and 332 K, the Ps
were estimated to be 2.05 and 1.37 uC cm™2, respectively. While
for 373 K, the loops were closed, further confirming the ferro-
electric to paraelectric phase transition at Curie temperature. The
temperature dependent P, obtained from P-E loops was plotted
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Figure 3. The working mechanism of the self-powered PDs. a) The schematic diagram showing the device structure. Inset: chemical structure of BA*
and BDAZ™. b) Cross-sectional SEM images of the PD based on the BDA, ; film. c) Energy band diagram of the PD. d) I~V characteristics under 360 nm
laser with different power densities ranging from 0 to 1273 pW cm™2. e) I~ characteristics of the PD under 360 nm laser, showing typical pyroelectric
and photoelectric responses. f) The schematic diagram of the fundamental working mechanism of ferro—pyro—phototronic effect-based self-powered
PDs. Energy band diagrams of the self-powered PD at g) equilibrium state and h) under 360 nm illumination conditions.

as a function of temperature in Figure S13b, Supporting Infor-
mation. With the increase of the temperature, the P, gradually
decreased, reaching 0 at 372 K. As the pyroelectric coefficient is
the gradient of the polarization versus temperature, the theoreti-
cal pyroelectric coefficient was calculated from Figure S13a, Sup-
porting Information. The corresponding pyroelectric coefficient
as a function of temperature is also plotted in Figure S13b, Sup-
porting Information. All the above results prove the presence of
ferroelectricity in the mixed film. The spontaneous polarization
of the mixed film was derived from the orderly arrangement of
the positive cations (EA*, BA*, and BDA?"), leading to symmetry
breaking. Such ordering of the dynamic three positive cations en-
abled the rearrangement of the molecular dipoles and facilitated
the generation of electric polarization, resulting in significant fer-
roelectricity. Therefore, the mixed film with low trap density, high
phase purity, and good ferroelectricity was suitable for fabricating
high-performance self-powered PDs.

Then, the BA,, BDA,,, and BDA films were fabricated
into the self-powered PDs with a structure of ITO/2D per-
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ovskite/PC61BM/Bi/Ag (PDs with mixed cations are schemati-
cally illustrated in Figure 3a). The cross-view SEM image of a
BDA,, film-based PD is presented in Figure 3b, with correspond-
ing energy levels of each component in self-powered PD shown
in Figure 3c. Before photoresponse measurements, a polariza-
tion voltage of 1 V was applied to the PDs for 1 min, with the
polarization direction pointing to PC61BM; namely, the positive
pole was connected to ITO, while the negative pole was connected
to the Ag electrode. Here, a bias of 1 V was used because the
output pyroelectric currents tend to become saturated when fur-
ther increasing the polarization voltage (Figure S14, Supporting
Information). Figure 3d shows the I-V curves of BDA,, film-
based PDs measured in the dark and under 360 nm laser il-
lumination with different power densities ranging from 1.3 to
1273 uW cm™2, with apparent rectifying behavior, high open-
circuit voltage, and short-circuit current, demonstrating the self-
powered photodetection ability. A 360 nm laser was chosen as
the primary light source because the PDs showed the highest
photoresponse toward the 360 nm laser (Figure S15, Supporting
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Information). Moreover, all the photoresponses demonstrate the
typical pyroelectric photo-response behaviors for the seven wave-
lengths ranging from 320 to 1064 nm. Further, we evaluated the
light-induced temperature change of the BDA,), film using an in-
frared camera. Figures S16-S20, Supporting Information show
the thermal images of the BDA,; film coated on quartz slice illu-
minated with 320, 360, 405, 532, and 785 nm lasers, respectively,
all showing temperature rise when increasing the laser illumi-
nation power. As shown in Figure S21, Supporting Information,
under laser illumination with the same power (120 pW), a tem-
perature change of 6 °C was obtained for 360 nm, much higher
than other wavelengths. In addition, no significant differences
were found when lasers were illuminated on to the top surface
or bottom surface (quartz slice side). When photons of sufficient
energies excited the perovskite, electron-hole pairs were gener-
ated with energies surpassing the bandgap. In semiconductors,
the recombination of charge carriers can result in the release of
phonons instead of photons, leading to increased heat loss and a
subsequent rise in local lattice temperature.[*] Higher excess en-
ergies correspond to increased kinetic energies of individual car-
riers and carrier scattering rates, thereby promoting the process
of carrier thermalization.l*’] However, in practical scenarios, it is
necessary to account for the light absorption characteristics of the
entire film. By measuring the thickness-dependent absorptance
(Figure S22, Supporting Information), it was found that a thick-
ness of ~130 nm is a critical thickness for just perfect absorption
for 320 nm laser. Here, the average film thickness for fabricating
PDs was ~250 nm. For thermal imaging measurements using
films with a thickness of 250 nm, 320 nm photons can only pene-
trate nearly half the film thickness, not enough to heat the entire
film. For 360 nm photons with larger energies, they can be ab-
sorbed by the films more effectively, resulting in the maximum
temperature change. Besides, the trend of temperature variation
versus laser wavelength is consistent with the spectral photore-
sponses in Figure S15, Supporting Information, proving that the
pyro—phototronic effect causes the current spikes of the PDs. For
photoresponses measurements, the absorption of ITO also in-
fluences the photoresponses of the PDs. From the transmission
spectrum of the ITO glass in Figure S23, Supporting Informa-
tion, one can see that ITO can strongly absorb the 320 nm light
with a transmittance of 43%. While for 360 nm, the transmit-
tance is close to 80%. Most of the 320 nm photons can’t be ab-
sorbed by perovskite films, leading to the weaker photoresponse
than 360 nm laser. The time-dependent It curves in Figure 3e
show highly repeatable and stable photoresponses under 360 nm
laser illumination (0 V, 127 uW cm~2). The pyroelectric response
behavior in Figure 3e can be explained by the working mecha-
nism of the ferro—pyro—phototronic effect in the schematic dia-
gram (Figure 3f) and the energy band diagram in Figure 3g,h. In
the equilibrium state (Figure 1d), a heterojunction is formed be-
tween 2D perovskite film and PC61BM, with the positive polar
charges located at the interface between perovskite and PC61BM
and the negative charges located at the interface between per-
ovskite and ITO. To maintain electric neutrality, the holes in
the ITO side and the electrons in the PC61BM side act as com-
pensating charges. The depletion layer at the interface between
perovskite and PC61BM is a barrier to prevent the recombina-
tion of the compensating charges. Under dark conditions, only
dark current existed when an external circuit was formed. Due to
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the photo-excitation, the electron-hole pairs were generated and
driven by the built-in electric field, generating the photocurrent
(Iphoto) When the laser was turned on. In the meantime, the photo-

thermal effect induced by light absorption led to the temperature
rise of the PDs. Therefore, the temperature rise induced by laser
illumination led to a decrease in the intensity of ferroelectric po-
larization within the 2D ferroelectric perovskite film. Hence, the
charge redistribution occurred, generating a positive pyroelectric
current flow (I,,,) from the ITO electrode to the Ag electrode
through the external circuit. The total output current was defined
as Lpotorpyro- When the temperature kept unchanged, the inten-
sity of ferroelectric polarization no longer changed; thus, leaving
only a photocurrent platform. Finally, when the laser was turned
off, the cooling of the PDs led to the increase of ferroelectric po-
larization, along with the vanish of photocurrent.

Based on the ferro—pyro—phototronic effect, the figures of
merit of the three PDs based on BA,, BDA,,, and BDA film were
carefully examined. Figure 4a shows the [-V curves of the three
PDs under light illumination, among which the BDA,, , one pos-
sessed the highest V. and highest photocurrents. The ;o4 pyro
as a function of power density for the three PDs is presented in
Figure 4b in which one can see that the BDA,; film-based PDs
show much higher output currents than other PDs. As shown in
Figure 4c, the response times of BDA,, film-based PDs are deter-
mined as 270 ps for the rise and 920 ps for decay under 360 nm
laser with a power density of 0.4 mW cm~2, faster than the BA,
film-based PD but a little slower than the BDA film-based PD.
The corresponding responsivities (R) are shown in Figure 4d,
where all three R show a decreasing tendency as a function of
power density. The R and detectivity (D*) were calculated follow-
ing the equations below:

(Iphoto - Id) /S
P

R = &)
(Bs)l/z B R(BS)l/Z
NEP ~— /2

15

n

D" =

“)

where I, is the photocurrent, I, is the dark current, S is the
active area, P is the light power density, B is the bandwidth, NEP

is the noise equivalent power, and 12 v is the root mean square
value of the noise current. Here, the noise currents of the three
PDs were obtained by doing a Fourier transform of the dark
currents*’] plotted in Figure S24a—c, Supporting Information,
among which the BDA, film demonstrated the lowest dark cur-
rent of #2.65 X 10712 A at 0 V bias. As shown in Figure S24d-f;
Supporting Information, the noise current of the BDA,, film PD
at a bandwidth of 1 Hz is ~2.3 x 107> A Hz /2. Besides, for
all three PDs, the noise current depends on the frequency, indi-
cating that the 1/fnoise dominates the noise currents. To evalu-
ate the average responsivities and detectivities of the three PDs,
the statistics of device performance were conducted by measur-
ing I jotospyro under 360 nm illumination with the lowest power
density (1 nW for our measurements) from ten different devices.
As shown in Figure 4e, the BDA,, film-based self-powered PD
presents a high average R of 89.2 + 1.8 A W~! and correspond-
ing D* 0f 2.25 x 10" Jones (cm Hz!/2 W~1), much higher than the
BA, or BDA film-based PDs. Such excellent performances can be
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Figure 4. Comparison of performance of PDs based on BA,, BDA;; and BDA films. a) -V curves of PDs under laser illumination conditions with a
power density of 0.4 mW cm~2. b) Power density-dependent output currents of the three PDs measured under an on—off frequency of 0.2 Hz. c) Temporal
responses of three PDs. d) Power density-dependent responsivities of the three PDs measured under an on—off frequency of 0.2 Hz. e) Statistics of
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Figure 5. Self-powered performance of the interfacial pyroelectric effect enhanced PD toward 360 nm laser. a) Photoresponses of the PD with differ-
ent power densities from 0.12 to 1273 uW cm™2. Two output currents b) extracted from the corresponding responsivities (a) and c) corresponding
detectivities of e) the PD as a function of the power density. d) Enhancement factor for (R, 4photo) / Rphoto @Nd Royrophoto/ Rphoto-

attributed to the low trap density, high ordered orientation, and
good ferroelectricity of the BDA,; film. Therefore, all the pho-
toresponse performances above prove the advancement of the 2D
perovskite ferroelectric films with mixed spacer cations.

Further, the overall performances of the BDA; film-based PD
toward the 360 nm laser were measured and plotted in Figure 5.
As shown in Figure 5a, all the on—off photoresponses of the PD
at 0 bias under 360 nm laser with power density ranging from
0.12 to 1273 uW cm~2 demonstrate transient pyroelectric out-
put currents. Under low power densities (0.12-6.36 pW cm™2),
no evident photocurrent plateaus were found, accompanied by
obvious pyroelectric currents. Then, the L g pyo a0d Lo, €X-
tracted from Figure 5a were plotted in Figure 5b as a function of
the power density. Both output currents monotonously increased
with the increase of the power density. The photocurrents showed
a nearly linear response from 0.12 to 1273 uW cm~2, quite differ-
ent from the power density-dependent increasing trend of pyro-
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electric currents. Then, the R and D* were calculated and plotted
in Figures 5c and 5e, respectively, as a function of power den-
sity. Both the R and D* tended to decrease rapidly with the in-
crease of the power density due to the higher charge recombi-
nation rate under higher illumination intensity. Moreover, the
ferro—pyroelectric effect could significantly increase the ability
of the self-powered PDs toward light with low power density.
As shown in Figure 5d, the pyroelectric currents increased the
output currents, with a maximum enhancement of ~800 com-
pared with the photocurrent plateau. The enhancement factor
was larger than 100 with a power density of less than 4 pW cm—2.
The maximum R and D* were obtained with a value of 89.2 +
1.8 A W' and 2.25 X 10" Jones, respectively, at the lowest in-
tensity of 0.12 yW cm~2. In addition, the overall performances of
the BA, film and BDA film-based PDs toward 360 nm laser were
measured and plotted in Figures S25 and S26, Supporting Infor-
mation, respectively. Figure S27, Supporting Information shows
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the averaged maximum R and D* of the PDs based on the BDA,,,
film with good repeatability, behaving with small performance
distribution. In addition, we evaluated the impact of several fac-
tors such as bias voltage, light switching frequency, temperature
change rate, and operating temperature on the performances of
the PDs because they can influence the ferro—pyro—phototronic
effect. The corresponding results are shown in Figures S28-S31,
Supporting Information, respectively. Figure S28, Supporting In-
formation shows that the pyroelectric currents will vanish when
bias voltage (either positive bias or reversed bias) exceeds 1 V. The
frequency-dependent rise/fall times are shown in Figure S29b,
Supporting Information, showing the faster response and recov-
ery speeds with the increase of light-switching frequency. Figure
S30, Supporting Information shows the pyroelectric responses
toward a change of temperature using a 10.6 pm laser as the
heating source. Figure S31, Supporting Information shows the
temperature dependence of the ferro—pyro—phototronic effect in
BDA,, film-based PD. With the increased operating tempera-
ture, the output currents undergo a continuous declination. The
pyroelectric current would vanish between 357 and 378 K, just
covering the curie temperature of 371 K, as shown in Figure
S13, Supporting Information. In other words, the disappearance
of ferroelectricity leads to the vanishing of pyroelectric currents.
The above results demonstrate the high-temperature dependence
of the ferro—pyro—phototronic effect. In addition, the reversible
property of spontaneous polarization allows the modulation of
the output current by applying polarization voltage in the op-
posite direction (Figure S32, Supporting Information). Further-
more, as EA* can either act as an L or A cation, and doping
of MA* may influence the composition of the final films, hy-
brid perovskites such as BA,EA,Pb,Br,,, EA,MA,Pb,Br,,, and
BA,MA, Pb,Br,, may exist in the BDA,; film, which may domi-
nate the performance of the final PDs. Therefore, we prepared
another two perovskite films, with the structural formula of
EA,MA,Pb,Br,, and BDA,,BA, MA,Pb,Br,,, respectively, us-
ing the same spin-coating process. Figure S33a,c,e, Supporting
Information plots the I-t curves of the BDA,,BA,;EA,Pb,Br,,
film, EA,MA,Pb,Br,, film, and BDA,,BA, ;MA,Pb,Br,, film-
based PDs, respectively. The corresponding I, ,noe and
Lot are extracted and plotted in Figure S33b,d.f, Support-
ing Information as a function of power density. Although
the EA,MA,Pb,Br,, film-based PD shows pyroelectric photore-
sponse behaviors, the output currents are over two orders of mag-
nitude smaller than the BDA,BA, ;EA,Pb;Br,, film-based PD.
For the BDA;BA, ;MA,Pb;Br,, film, as this perovskite is non-
ferroelectric, no pyroelectric responses were observed. In addi-
tion, the photocurrents of BDA,,BA,;MA,Pb,Br;, film-based
PD are much smaller than the BDA,,BA, EA,Pb,Br,, film-
based one. For another possible component of BA,MA,Pb,Br,,,
the performances of the BA,MA,Pb,Br,, film-based PD can
be seen in our previous report,?’! with the peak R of 0.4 A
W1, much lower than that of the BDA,;BA, ;EA,Pb,Br,, film-
based PD, as high as 93 A W~L. From the above results, we can
determine that the ferroelectric phase BDA,;BA,,;MA,Pb;Br,,
rather than other components played a decisive role in self-
powered photoresponses. Moreover, we fabricated the PD based
on BDA,,BA,EA,Pb,Br,, film prepared without MAAc. The
on—off photoresponses of the PD w/o MAAc at 0 bias under
360 nm laser with power density ranging from 0.12 to 636.9
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uW cm~2 are shown in Figure S34a, Supporting Information.

Figure S34b,c, Supporting Information compares the 1., hoto
and Ry, photos TeSPectively, from which one can see that the in-
troduction of MAAc significantly improves the overall perfor-
mances of the PDs. This is due to the enhanced crystallinity
and phase purity. In addition, a peak R of 7 A W! is still much
higher than those of EA,MA,Pb,Br,, film, BA,MA,Pb,Br,,, and
BDA,,BA,;MA,Pb,Br,, film-based ones.

As the BDA,, film shows ferroelectric properties, a com-
bination of ferroelectricity and piezoelectricity is an excellent
strategy to further boost the performances of PDs utilizing the
piezo—phototronic effect.3#8] Therefore, the photoresponses of
the BDA,, film-based PDs modulated by the piezo—phototronic
effect under 360 nm illumination were systematically studied.
The vertical pressures were applied using a homemade device
(Figure 6a). The pressures were modulated by a moving stage
and measured by a digital push and pull tester (HP-50). First, the
I-V characteristics of the PD under different pressures with a
360 nm laser power density of 300 pW cm~2 were measured and
shown in Figure 6b. The photocurrent first increases and then
decreases with the increase of compressive pressure. Then, the
photoresponses of the PD toward 360 nm laser with different
power densities (0.12, 127, and 1273 uW c¢m~2) under different
pressures were measured and plotted in Figure 6¢; Figure S35,
Supporting Information, respectively. For all three power densi-
ties, the pyroelectric currents and photocurrents increased with
the pressure increase from 0 to 45 kPa; and thus, decreased with
further increasing the pressure to 60 kPa, showing the effective
modulation of piezo-phototronic effect on the ferro—pyro—
phototronic effect (Figure S36a, Supporting Information). The
corresponding pressure-modulated R, ,o,phote 20d R/R, ratios
(R, is the responsivity without pressure) are shown in Figures 6d
and Ge, respectively. Under a pressure of 45 kPa, R, ;.o With
a power density of 0.12 pW cm~2 could be significantly enhanced
from 89 to 497 A W~! when a pressure of 45 kPa was applied
and further decreased to 234 A W~! when further increasing
to 60 kPa. For the other two power densities (127 and 1273 uW
cm™2), peak responsivities were also obtained under a pressure
of 45 kPa. The highest R, .., enhancement ratio was as high
as 480% under a pressure of 45 kPa with a low power density
(0.12 yW cm™?). The enhancement ratio decreased with the
increase of power density, reaching to 234% under a pressure
of 45 kPa with a higher power density (1273 uW cm=2). The
corresponding pressure-dependent D* is shown in Figure S36Db,
Supporting Information. In addition, the piezo—phototronic
effect can greatly modulate the photocurrent plateau, with the
corresponding results shown in Figure S37, Supporting Infor-
mation. The performances of our PDs and those of previously
reported perovskite-based self-powered PDs are compared and
summarized in Table S3, Supporting Information, showing that
our PDs demonstrate the highest photoresponsivity, detectivity,
and comparable response/recovery times. The working mecha-
nism of the modulation function of the piezo—phototronic effect
under pressure can be explained by schematic energy band dia-
grams in Figure S38, Supporting Information. Compared with
pressure-free conditions (Figure S34a, Supporting Information),
when a moderate compressive pressure was applied to the PD,
positive and negative piezoelectric polarization charges were
generated at the interface between 2D perovskite/PC61BM and
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Figure 6. The piezo—phototronic effect of the enhanced performance of the BDA, ; film-based PDs. a) The schematic diagram shows how pressures
were applied to the PDs. b) -V curves of PDs under laser illumination conditions with a power density of 300 uW cm~2, applied with different vertical
pressures. c) |-t photoresponses of the PD under different compressive pressures, with a power density of 0.12 uW cm~2. d) Responsivity of the PDs
as a function of pressure, with power densities of 0.12, 127, and 1273 uW cm~2, respectively. e) Corresponding pressure dependence of enhancement

ratio of R with three power densities.

2D perovskite/ITO, respectively, attracting the electrons moving
toward and repelling the holes away from the heterojunction
interface. Therefore, a downward bending of the energy band
occurred at the interface between perovskite and PC61BM,
which could enhance the built-in electric field, beneficial for
separating photogenerated carriers and reducing carrier recom-
bination. Besides, the piezo-charges at the interface induced
by pressures were consistent with the ferroelectric-induced
bound charges. Therefore, the pyroelectric currents were greatly
enhanced due to the strengthened positive pyro-potential.
However, when pressure was larger than 60 kPa, excessive
piezo-charges were generated at the heterojunction interface,
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leading to the further downward bending of the conduction
band of the perovskite film. Thus, the bottom of the conduction
band of the perovskite film became lower than the HOMO level
of PC61BM. Therefore, a band misalignment was generated at
the interfaces,[*% hindering the charge carriers’ transport and
decreasing the I ipro @0d Lyy,. However, when a negative
polarization voltage was applied, the increased compressive pres-
sure would decrease output currents (Figure S39, Supporting
Information). This may be due to the negative piezoelectric po-
larization charges resulting in the upward bending of the energy
band at the interface between perovskite and PC61BM, which
could impair the built-in electric field, bad for the separation
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and transport of photogenerated carriers. The above results
demonstrate the superiority of coupling the ferro—pyro—
phototronic effect and piezo—phototronic effect to boost the
performances of self-powered PDs.

The long-term stability of humidity and heating treatment is
crucial for MHP-based devices. Before humidity stability mea-
surements, the water resistance of the three perovskite films
was evaluated by comparing the time-dependent contact angles
(Figure S40, Supporting Information. One can see that the ini-
tial water contact angle on the surface of BDA; film (149°) was
larger than that for BA, film (120.8°) and much larger than that
for BDA film (83.6°), indicating the increased hydrophobicity
with the mixing of BA* and BDA?". Besides, the water contact
angle on the surface of BA, film had significantly decayed from
120.8° to 82.2° in 120 s; while, the BDA,, film could hold a con-
tact angle larger than 100° during the same period, confirming
that the perovskite film with mixed spacer cations demonstrates
the strongest water resistance. Further, the long-term humidity
stability and thermal stability measurements of the three kinds of
PDs were conducted. Figure suppinfol, Supporting Information
shows that the mixed film combines the virtues of the RP-type
and DJ-type 2D perovskite. When heated at 80 °C for 38 days, the
BA, film-based PD showed the worst thermal stability, with a de-
cay of more than 40% photoresponse of the initial value. While
for the BDA,; film-based PD, the best thermal stability was ob-
tained, with a decay of less than 20% photoresponse of the initial
value within 38 days, slightly better than the BDA film-based PD.
When stored in a moist atmosphere (relative humidity of 80%
+ 5%, room temperature), the photoresponse of the BDA film-
based PDs rapidly decayed to less than 55% of the initial value
within 38 days. In addition, the mixed film-based PD maintained
80% of the initial value after 38 days of exposure to humidity,
showing the best humidity stability. The corresponding photore-
sponses of the PDs based on BDA, film, BA, film, and BDA film
to 360 nm laser with the same intensity after 0, 18, and 38 days of
exposure to humidity or thermal treatment are shown in Figures
S41,S42, Supporting Information, respectively. Therefore, from
the results above, humidity and thermal stability are greatly en-
hanced by mixing the RP-type and DJ-type perovskites.

3. Conclusion

In summary, 2D ferroelectric perovskite films with vertical ori-
entation, high crystallinity, and high phase purity were pre-
pared by mixing the RP-type ferroelectric perovskite and DJ-
type ferroelectric perovskite in the precursor solutions. The op-
timized (BDA,,(BA;),;)(EA),Pb,Br,, film demonstrated the de-
sirable microscopic surface morphology, best crystallinity, low-
est trap densities, and uniformly distributed quantum wells. Be-
sides, both P-E loops and PFM measurements confirmed the
ferroelectric feature in (BDA,,(BA,),)(EA),Pb;Br,, films, ben-
eficial for fabricating high-performance self-powered PD. Conse-
quently, by using the ferro—pyro—phototronic effect, self-powered
UV PDs based (BDA,,(BA,),;)(EA),Pb;Br,, film demonstrated
excellent performance, with the dark current less than 3 x10712
A, peak response more than 93 A W1, and a detectivity of 2.5
x 10" Jones, together with the excellent reproducibility and sta-
bility. The piezo—phototronic effect can be further coupled with
the ferro—pyro—phototronic effect to boost performance. Under a
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pressure of 45 kPa, R o, pnoto With @ power density of 0.12 pW
cm™ can be significantly enhanced from 89 to 497 A W=, with
an enhancement ratio as high as 480%. Our results offer an ef-
fective approach for preparing high-performance 2D perovskite
ferroelectric films and resultant self-powered PDs and provide
strategies for further exploration of new ferroelectrics for diver-
sified optoelectronic applications.

Supporting Information

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