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Hybrid perovskite ferroelectrics produce a revival of interest in ferroelectric photovoltaics because of the robust
ferroelectricity coexisting with superior semiconducting properties. An electric field via perovskite ferroelectrics
can affect their photovoltaic behavior; however, the fundamental understanding of the electric-field-induced
effects remains comparatively elusive. Herein, (EA)2(MA)2Pb3Br;q single-crystalline microwire arrays (MWs)
are synthesized for the fabrication of self-powered photodetectors and characterized with evident in-plane
multiaxial ferroelectricity by piezoresponse force microscopy (PFM) measurements. Upon systematic in-
vestigations via a dynamic poling process, including electrical-poling-dependent photocurrent, Kelvin probe
force microscopy (KPFM) mapping and ferroelectric polarization switching, we reveal that the coupling of ion
migration and ferroelectric photovoltaic effect dominate the photovoltaic behavior within (EA)2(MA)2PbsBrig
MWs. Such electric-field-induced effects are responsible for the self-powered ability in (EA)2(MA)2PbsBrig MWs-
based photodetectors with accelerated response time, switchable photoelectric responses and large short-circuit
current density. Our findings provide fundamental insight into the photovoltaic behavior under an electric field
in perovskite ferroelectrics, and the electrical-poling-manipulated dynamics pave the way for innovative self-
powered optoelectronic devices.

1. Introduction

The discovery of ferroelectric photovoltaics can date back to the
1970s, which has been extensively exploited in a variety of ferroelectric
materials [1-3]. Unlike conventional junction solar cells, a steady-state
photovoltaic response can be generated along the ferroelectric polari-
zation direction due to the strong inversion symmetry breaking. Such a
unique mechanism endows ferroelectric photovoltaics with several
exceptional properties, such as switchable photoelectric responses,
above-bandgap photovoltage, and polarization-dependent activity,
which are especially attractive for the applications of solar cells, pho-
todetectors and self-powered electronics [4-10]. Unfortunately, the
prototypical ferroelectric materials such as perovskite oxides still suffer
from wide bandgaps (2.7-5 eV) that lead to the limitation of absorbing
solar spectrum with only 8-20%. Their further advancement in solar
cells is hindered by their relatively low power conversion efficiency and
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photocurrent density in the order of ~nA cm™2. In this context, the
search and design of a new system of ferroelectrics is put on the agenda
that should encompass suitable bandgaps in the visible regions and
enable efficient photovoltaic outputs.

In recent years, hybrid perovskites have attracted tremendous
attention due to their superior semiconducting properties that are
promising for photovoltaic applications [11-14]. Benefiting from their
structural flexibility, the family of hybrid perovskites can be enriched
with a broad diversity and versatile functionalities through rational
design and  compositional  engineering. Among  them,
Ruddlesden-Popper (RP)-type 2D perovskites as a vital subset have a
general formula of RyA, 1B;X3,.1, where both R and A are organic
cations, B is metal anion, X is halogen, and n determines the layer
number of inorganic frameworks [15-17]. Relaxing from the Gold-
schmidt’s tolerance factor, long-chain alkylammonium spacer cation (R)
is allowed to be adopted into perovskite layered metal-halide slabs,
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which may result in the inversion symmetry breaking and therefore
favor the generation of ferroelectricity inside hybrid perovskites.
Nowadays, 2D perovskite ferroelectrics have emerged as a new branch
of ferroelectrics that show great appeal in the field of ferroelectric
photovoltaics for their robust ferroelectricity containing high sponta-
neous polarization, tunable bandgap and multiaxial features, as well as
excellent photoexcitation and semiconducting characteristics [18-22].
Switchable photoelectric responses in self-powered photodetectors
based on 2D perovskite ferroelectrics have been observed, and can be
ascribed to the separation and flipping of polarization-related photo-
excited carries [23-27]. From the structural viewpoint, polarization
switching arises from the dynamic reorientation of bulky organic cations
combined with the tilting motions of inorganic frameworks.

Significantly, ion migration effects have been identified as the
intrinsic property of hybrid perovskites, having a strong influence on the
device operation [28-31]. Analyses reveal that ion migration of cations
or anions enables to induce p- and n-type doping in the vicinity of
electrodes, thus yielding a flipped p-i-n structure after an inverting
electrical poling. As suggested by the experimental evidence, the ion
migration is speculated to be an important contributing factor for those
unusual observations, such as photocurrent-voltage hysteresis, photo-
induced self-poling effect and switchable photovoltaic effect, which are
analogous to the ferroelectric photovoltaic effect. However, for perov-
skite ferroelectrics with robust ferroelectricity, whether ion migration
would also affect the photovoltaic behavior remains largely unknown.
The in-depth understanding of these electric-field-induced effects is
necessary, since it might provide hints for the development of novel
ferroelectric photovoltaics and also expand hybrid perovskite ferro-
electrics for self-powered electronics.

In this work, high-quality (EA)2(MA)2Pb3Br; o MWs were utilized and
fabricated through a template-assisted space-confined method. Their in-
plane ferroelectric nature is investigated by PFM measurements,
exhibiting randomly distributed domains with multiaxial domain tex-
tures. Impressive photodetection performance is obtained from the
photodetectors based on (EA)2(MA)2PbsBr;g MWs with a high respon-
sivity of 415 mA W™ and detectivity of 3.23 x 102 cm Hz/2 W1, After
an electrical poling, (EA)2(MA)2PbsBr;g MWs-based photodetectors
exhibit an obvious self-powered ability with accelerated response time,
switchable photoelectric responses and large short-circuit current den-
sity. Systematic investigations, including electrical-poling-dependent
photocurrent, KPFM mapping and ferroelectric polarization switching,
are further carried out to reveal the photovoltaic behavior via a dynamic
poling process. Upon a high-electric-field poling, the electric field is able
to trigger ion migration and polarization switching within
(EA)2(MA)2PbsBrigp MWs, thus inducing space-charge doping and
aligning the ferroelectric polarization, assessed by KPFM and PFM
measurements. Consequently, the coupling of ion migration and ferro-
electric photovoltaic effect is confirmed to be responsible for the
photovoltaic behavior in perovskite ferroelectrics. Our findings bring
fundamental and practical insights into the electric-field-induced effects
on tailoring the photovoltaic behavior in perovskite ferroelectrics, and
highlight the significance of the electrical-poling-manipulated dynamics
for the development of self-powered electronics with markedly
improved performance.

2. Material and methods
2.1. Materials

All raw materials were purchased from the commercial supplier of
Sigma-Aldrich, Inc. and used without any purification. Ethylammonium
bromide (EABr, 98%), methylammonium bromide (MABr, 98%), lead
bromide (PbBry, 99%), N,N-dimethylformamide (DMF, 99%), octade-
cyltrichlorosilane (OTS, >90%), Buffered oxide etchant (BOE, 6 : 1).
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2.2. Si template fabrication

The Si template was fabricated through standard photolithography
with the following steps: (1) silicon substrate with 100 nm SiOy layer
was covered by a photoresist layer (AZ 5214 E, MicroChemicals) that
was spin-coated at 3000 r/min; (2) microchannel pattern was obtained
using the standard photolithography (Suss MA6 Aligner) and performed
on the photoresist through a mask; (3) wet etching (Buffered oxide
etchant, 6: 1, and time is 75 s) was then used to etch the SiO; layer and
transferred the photoresist mask patterns to the Si substrate; (4)
photoresist mask was completely removed in acetone, and microchannel
array patterns with a period of 10 pm and 50% duty cycle were con-
structed on the Si template.

2.3. Growth Of (EA)2(MA)2Pb3Brig MWs

The template-assisted space-confined growth method was developed
to grow (EA)2(MA).Pb3sBry single-crystalline microwire arrays that was
described with details in Fig. S1. The precursor solution of
(EA)2(MA),PbsBrig (0.25 M) was prepared by dissolving EABr, MABr
and PbBr; at a molar ratio of 2: 2: 3 in DMF solvent and stirring at 55 °C
for 6 h. The substrates used in the growth were washed with acetone,
ethanol, and deionized water in turn, and finally dried by nitrogen gas
flow. The OTS-surface modification was carried out on the Si template
before the growth.

2.4. Characterizations of (EA)2(MA)2PbsBrig MWs

The prepared (EA)2(MA)2Pb3Briy MWs were characterized by SEM
(JSM-6490, JEOL), XRD (Rigaku SmartLab), UV-Vis absorption spectra
(UV-2450, Shimadzu), and UPS (Thermo Scientific Nexsa). PL spectra
and time-resolved PL measurements were performed with a time-
correlated single-photon counting system of the FLS920 Edinburgh
spectrometer, which was equipped with a 379 nm ps diode laser to
excite the samples (Edinburgh Instruments EPL-375). TEM, high-
resolution TEM and EDX analysis were performed on JEM-2100F,
JEOL. SHG signals were obtained from a confocal microscope (Leica
Microsystems) equipped with a Ti: sapphire femtosecond laser to excite
the samples at the wavelength of 1000 nm. AFM, PFM and KPFM mea-
surements were conducted using the Asylum Research MFP-3D Infinity
(Oxford Instrument). Conductive probes (Pt/Ir-coating) with different
spring constants were utilized for acquiring lateral PFM (CONTPt-10,
0.2 N/m) and KPFM (EFM-20, 2.8 N/m) images. Sample surface po-
tential can be determined by KPFM which is operating at AC mode and
NAP mode with a delta height of 50 nm. Generally, the
(EA)2(MA)2Pb3Brig MWs used for PFM and KPFM measurements were
grown on Pt-coated SiOy/Si substrates in order to minimize the effects of
electrostatic interactions. The dynamic poling process was carried out
by applying voltage pulses to the two-terminal electrodes of photode-
tectors. The voltage pulses with different bias were applied for about 10
min on the devices with a 50% duty cycle and a duration of 0.1 s.

2.5. Calculations

Density functional theory calculations were performed using the
plane-wave pseudopotential code Quantum Espresso (QE) [60]. The
exchange and correlation energy were described by the generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
parametrization [61]. Electron-ion interactions were described by ul-
trasoft pseudopotentials. Electrons from Pb 5d, 6s, 6p; N and C 2s, 2p; H
1s and Br 4s, 4p shells are explicitly included in the calculations.
Plane-wave basis set cutoffs for the wave function and the electron
density were set to 25 and 200 Ry, respectively. The van der Waals
interaction between the organic molecules and the inorganic framework
was considered by employing the DFT-D3 dispersion correction from
Grimme [62]. The Brillouin-zone was sampled for integrations
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according to the scheme proposed by Monkhorst-Pack [63]. K-point grid
with a separation of 0.15 A~! is used. The Quantum Espresso was also
employed for the Berry phase method by adding the contributions of
both electrons and nuclei to calculate the spontaneous polarization of
(EA)2(MA),Pb3Bry, and the detailed computational setup was described
in the reference. [42] The (EA)2(MA),Pb3sBrj crystallographic structure
used in this paper has been downloaded free of charge from the Cam-
bridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge
CB21EZ, UK and quoted the depository numbers CCDC-1923166
(http://www.ccde.cam.ac.uk). During the calculations, the atomic po-
sitions were fully relaxed to their equilibrium positions until there were
no forces larger than 0.05 eV A™L.

2.6. Device fabrication and electrical measurements

(EA)2(MA),PbsBriy MWs-based photodetectors were achieved by
electron-beam deposition of a couple of Au electrodes (60 nm) onto the
MW arrays through a shadow mask. The channel length and width of the
photodetectors were controlled to be 50 and 250 pm, respectively,
through the shadow mask. Electrical measurements were carried out by
a semiconductor characterization system (Keithley 4200A-SCS) via a
probe station (Lakeshore, CRX-6.5K). Monochromatic LED with a
wavelength of 400 nm was used during the photodetection measure-
ments, and a power meter (Thorlabs GmbH., PM 100D) was employed to
calibrate the light intensity. The temporal response was measured via a
low noise current preamplifier (Stanford Research Systems, SR570)
connecting to a digital storage oscilloscope (LeCroy WaveRunner
Oscilloscope, 44MXI). The LED was driven by a signal generator that can
generate pulsed light at different frequencies. The noise spectrum of the
photodetector was extracted by doing a Fourier transform of the dark
current that was recorded by the semiconductor analyser.

3. Results and discussion

(EA)2(MA),Pb3sBr( adopts a typical RP-type perovskite framework
that consists of trilayered inorganic [PbBrg]*~ octahedra incorporated
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with the MA™ cations acting as “perovskitizer” and bulky EA™ cations
acting as the “spacer” between two adjacent inorganic trilayers via weak
van der Waals (vdW) bonds [23-25]. As shown in Fig. la,
(EA)2(MA),PbsBrig can be regarded as a derivative of the prototype 3D
MAPDBr3 that is sliced into 2D layered structure by alloying of EA™
cations. The complete unit cell (uc) of (EA)2(MA)2PbsBr;g contains two
perovskite trilayers with a thickness of ~4.63 nm. The
(EA)2(MA),PbsBrip MWs were synthesized using a template-assisted
space-confined method, which possess well-aligned structures with
excellent crystallinity and controlled thickness [32-40].
Single-crystallinity with fewer grain boundaries and minimum struc-
tural defects provides adequate media to reveal the intrinsic properties
of hybrid perovskites [32-36]. In addition, high crystallographic
orientation of microwire arrays creates an effective in-plane exciton
transporting path that can suppress undesirable scattering and trapping,
and thus enjoy an active photoconductive gain [37-40]. During the
fabrication, a piece of Si template with microchannel arrays was utilized
to construct the confined space by imprinting the template onto a target
substrate (Fig. 1b). Crystallization of (EA)2(MA)y;PbsBrig occurred
within these microchannels upon thermal evaporation of the precursor
solution. The fabrication processes were schematically illustrated in
Fig. S1 and described in detail. As shown in Fig. 1c, the well-aligned
(EA)2(MA),PbsBrip MWs have decently replicated the microstructures
of Si template with lengths up to hundreds of micrometers along the
lateral dimension. X-ray diffraction (XRD), scanning electron micro-
scopy (SEM), high-resolution transmission electron microscopy
(HRTEM), and selected-area electron diffraction (SAED) analyses were
taken to characterize the crystallography and surface morphology of the
(EA)2(MA),PbsBrig MWs. A series of periodic sharp diffraction peaks in
the XRD diagram can be indexed to the diffraction of the (I00) lattice
planes of the 2D layered (EA)2(MA)2PbsBr; (Fig. 1d), which implies a
single-crystalline nature with pure crystallographic orientation [24].
Moreover, the high crystallinity of the MWs was further validated by
HRTEM and SAED (Fig. 1e). The corresponding SAED pattern displays
sharp diffraction spots indicating a preferential growth direction of the
perovskite MWs. Elemental composition of the MWs was attained from
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Fig. 1. (a) Perspective view of 2D perovskite (EA)2(MA),PbsBrjq in ferroelectric phase. EA and MA molecules are shown in an enlarged view. (b) Schematic
illustration of template-assisted space-confined method for producing (EA)>(MA),PbsBrip MWs. (c) Optical microscopy image, (d) XRD pattern of the
(EA)2(MA),PbsBrig MWs. (e) HRTEM image of the (EA)2(MA),PbsBrio MWs. Inset is the corresponding SAED pattern.
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the energy-dispersive X-ray spectroscopy (EDS) element mappings. The
lead and bromine are readily confirmed with the atomic ratio of ~1:
2.95 (Fig. S2), which is close to the stoichiometry of (EA)2(MA);PbsBryg.
The SEM image shown in Fig. 2a also reveals that the as-synthesized
(EA)2(MA),PbsBrip MWs possess uniform morphology without
apparent pinholes and grain boundaries on the top surface. Atomic force
microscopy (AFM) measurements reveal that our space-confined-grown
microwire arrays are fabricated with stringent alignment, defined duty
cycle, and controlled thickness. The AFM image and height profile of the
MWs in Fig. 2b and c displays a regular height of 100 nm and a 50% duty
cycle with the same width and interval length of 5 pm. The surface
topography of MWs was also inspected by the root-mean-square (RMS)
roughness, which exhibited a small value of 162 pm pointing to their
excellent crystallinity (Fig. S3). The decent replication of the micro-
structures in the Si template can be further confirmed by the charac-
terizations of the Si template, as shown in Fig. S4. By comparing the
height profiles, (EA)2(MA);PbsBrip MWs have fully replicated the
morphologies of the Si template. In general, this template-assisted space-
confined crystallization guarantees the precise control of dimension,
position, and alignment for single-crystalline perovskites, which
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facilitates a further step for the perovskite development with well-
defined structures.

At room temperature, (EA)o(MA)oPbsBriy will crystallize in ferro-
electric phase and exhibit a polar structure with orthorhombic space
group of Cmc2;, as shown in Fig. 1a [24]. Owing to the strong hydrogen
bonds (N-H---Br), the MA™ cations are tightly confined inside the
corner-sharing [PbBre]*~ octahedra and the bilayers of EA™ cations are
arranged head-to-tail within the vdW interlayer space. The oriented
organic moieties may enhance the distortion of [PbBr6]4’ octahedra and
greatly favor the generation of electric polarization [19,20]. Conse-
quently, the combination of these dynamic motions destroys the su-
perposition of the positive and negative charge centers, contributing to
the non-zero spontaneous polarization of (EA)2(MA)sPbsBr;o along the
in-plane direction. As the temperature increases above its Curie tem-
perature (393 K), (EA)2(MA),PbsBr;( will transform to the paraelectric
state adopting a centrosymmetric tetragonal space group of I4/mmm
[24]. The symmetry breaking in (EA)2(MA)2PbsBr;o meets the require-
ment of the Aizu notation 4/mmmFmm?2, which is one of the 88 potential
ferroelectric phase transitions [41]. Accompanying the phase transition
from paraelectric to ferroelectric, the number of symmetry operations

Fig. 2. (a) SEM image of the (EA)2(MA),;Pb3Brig
MWs. (b) AFM image and (c) the corresponding
height profile of the (EA)3(MA),PbsBrio MWs. (d)
Topographic, amplitude and phase images of the
(EA)2(MA),PbsBr;g MWs by lateral PFM. Randomly
distributed ferroelectric domains are overlaid on top
of an (EA)2(MA),Pb3Br;g MW. (e) Lateral cantilever
frequency response acquired from the
(EA)2(MA)2Pb3Br;p MWs at an AC voltage bias of 2 V.
(f)  Polarization-switching  behavior of the
(EA)>(MA),PbsBrig MWs obtained from lateral PFM
phase images via a scanning biased probe.
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decreases from 16 (I4/mmm) to 4 (Cmc2;), indicating a biaxial feature of
(EA)2(MA)oPbsBriy with four equivalent in-plane directions. Second
harmonic generation (SHG) technique was employed to identify the
non-centrosymmetric structure of (EA)2(MA)2PbsBrig. Fig. S5 depicts
that (EA)2(MA),Pb3Brig MWs are SHG-active at room temperature. The
emerging SHG peak at 500 nm corresponds to the half wavelength of the
1000 nm laser excitation and provides solid evidence of the broken
inversion symmetry in (EA)2(MA)2Pb3Br . The Berry phase method was
further used to evaluate the ferroelectric polarization of
(EA)2(MA)oPbsBrip. It is noted that both organic cations and
metal-halide frameworks contribute to the ferroelectric polarization. We
considered the substitution of EA"™ and MA™ cations with K™ at N*
atomic positions, but keeping the [PbBrg]*~ octahedra positions of the
relaxed structure. Details of the computational parameters used for the
calculation can be found in the reference. [42] The polarization along
in-plane direction was theoretically predicted to be about 2.28 pC cm 2.

PFM measurements were then used to explore the nanoscale ferro-
electric properties of (EA)2(MA)oPbsBryg. Fig. 2d presents the topo-
graphic image as well as the corresponding lateral PFM amplitude and
phase images overlaid on top of an (EA)2(MA)2Pb3Br;o MW. Noted that
lateral PFM reflects the torsional motion of the AFM cantilever caused by
the shear piezoelectric effect [43]. While in contact with the
(EA)2(MA),PbsBriy MWs, the lateral piezoresponse signal can be
strongly detected at a frequency of around 250 kHz (Fig. 2c). Randomly
distributed ferroelectric domains at the micrometer scale can be
distinguished from the associated amplitude and phase images. Because
of the zero polarization along vertical vector, there is no obvious domain
textures shown in the corresponding vertical PFM images (Fig. S6). Clear
domain walls of the (EA)2(MA);PbsBrig MW can be found in Fig. S7
based on the distinct amplitude intensities and 180° phase contrast,
which exhibit different domain orientations [44-46]. Meanwhile, the
domains in Fig. S8 manifest three different color tones in phase contrast.
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The multiaxial polarization directions of (EA)2(MA);PbsBrip can be
inferred from the probe scanning direction, which is in agreement with
multiaxial feature of ferroelectric (EA)2(MA)oPb3Bryg [44-46]. Switch-
ing characteristics of the ferroelectric domains are then investigated by
applying a stray field from a biased AFM probe. As shown in Fig. 2f, the
AFM probe was applied with a positive bias of 20 V and scanned along
the dashed arrow. A so-called “trailing field” will be generated aside the
probe movement to switch the proximate domains [47,48]. Most of the
ferroelectric domains within the labelled region can be switched and
shown in the opposite color tone as a function of the trailing field. Based
on these observations, in-plane multiaxial merit of ferroelectricity is
confirmed inside (EA)2(MA);PbsBrip MWs, which may facilitate their
operation in lateral-type devices.

The RP-type 2D layered architecture endows (EA)2(MA);PbsBrig
with great advantages, such as multiple quantum wells and dielectric
confinement effect, which hold great promise for optoelectronic devices
[49]. Herein, the investigation of optical properties of
(EA)2(MA),PbsBrip MWs was launched prior to the photodetector
fabrication (Fig. 3a). KPFM was first used to examine the photoresponse
of (EA)2(MA),PbsBrip MWs by mapping out the surface potential. The
dynamics of surface charge on semiconductors can be directly deter-
mined by the contact potential difference (CPD) between the AFM probe
and the sample [50,51]. Fig. 3b exhibits the AFM image of
(EA)>(MA)-PbsBri; MWs on the Pt-coated SiO,/Si substrate and the
corresponding KPFM images under dark and light illumination. As
illustrated, there is a clear CPD contrast obtained between the
(EA)2(MA),PbsBrip MWs and the substrate. When photons are absorbed
within (EA)2(MA)2PbsBr;g MWs, excess hole-electron pairs will be
generated and separated by the ferroelectric polarizations, producing a
change in the surface potential [37,51]. Upon light illumination, the
CPD underwent an apparent reduction from —450 mV to —550 mV due
to the accumulated photogenerated charges on the MW surface. Fig. S9

lllumin
nm mV
150 -80
75 -360
0 -640
e
T r 10° T T T T T
44 —— E)Dggke —o—gg;g 10°] @ Photocurrent o° 9. -9-EQE g
44 2 B i Q- -9- ivi
E 0.470 —o—0.801 = - ) Responswlty‘ P % o\o @- Detectivity .
=2 ] —90—1.239 ——2034 k= e P, e
2 21 unit mwieme = 152 PP l,cEm, o] @ o | T
5] c 0% .o 10° = 210 10
= o .~ > 0\ ° e
3 9 T e Sw o e s
8 o ~ o O ~Q. >
- S 10* C S =Tl Q. OQ =
o -2 3 1 [- RS o 2, =
£ 2 . - o > 9 3]
o 1079 - 102 © \O~ 2
-4 ~Q_ e 0~° ©
10°4 %a,, %y a]
11
4 7 - 104 9 10
6 T T T T T 10 T T T T T T T T T T
-4 -2 0 2 4 10* 10° 107 10" 10° 10" 10° 10? 107 10°

Voltage (V)

Light intensity (mW/cm?)

Light intensity (mW/cm?)

Fig. 3. (a) Schematic illustration of (EA)5(MA)2PbsBr;o MWs-based photodetector. The inset is an enlarged optical image of active area. (b) Topographic and KPFM
images of the (EA)>(MA),PbsBr;o MWs on Pt-coated SiO,/Si substrate. The contact potential difference is obtained under dark and illumination conditions. (c)
Photocurrent-voltage curves of the photodetectors measured under dark and light illuminations of 400 nm wavelength by varying light intensities. (d) Plots of
photocurrent and responsivity of the photodetectors within the incident light intensities ranging from 1 x 10~ to 2.61 mW cm 2 at 5 V bias. (e) The corresponding

EQE and detectivity of the photodetectors.



R. Ding et al.

shows the correlated KPFM profiles of Fig. 3b and the CPDs in both dark
and light illumination exhibited a gradual potential transition. Due to
the significant potential difference between the (EA)y(MA)oPbsBrig
MWs and the substrate, there appears an obvious boundary under light
illumination due to the yellow-green-blue color tone. This
charge-separation process provides direct proof of (EA)3(MA)2PbsBrig
MWs as the photon-sensitized substance for photodetection application.

Absorbance and photoluminescence (PL) spectra performed on
(EA)2(MA);Pb3Br;o MWs present an absorption cut-off at 497 nm and PL
peak at 507 nm, of which the bandgap can be extracted to be 2.5 eV from
the absorption edge (Fig. S10) [24]. Based on the density functional
theory (DFT) calculations, the conduction band minimum (CBM) and
valence band maximum (VBM) of (EA)3(MA)2PbsBr;o coherently locate
at the G point, indicating a direct bandgap feature for efficient electronic
transition (Fig. S11). The partial density of states analysis discloses that
the electronic structure near the Fermi level mainly originates from Pb
6p and Br 4p states (Fig. S12). To further confirm the electronic structure
of (EA)2(MA)2Pb3Brg, ultraviolet photoelectron spectroscopy (UPS)
measurement was employed. The VBM and CBM were determined to be
—5.98 eV and —3.48 eV, respectively, as shown in Fig. S13. The PL decay
curve of the (EA)3(MA)2PbsBrig MWs in Fig. S14 was also measured and
fitted by a biexponential curve with a fast decay component (1) of 6.52
ns and slow component (z2) of 42.3 ns. This long PL lifetime implies high
crystallinity and suppressed trap states inside (EA)2(MA)2PbsBrig MWs
[39,40]. As expected, single-crystalline (EA)2(MA),PbsBr;o MWs exhibit
excellent photoresponse, moderate bandgap and long carrier lifetime,
making them an ideal candidate for use in photodetection devices.

To evaluate the photodetection performance, (EA)2(MA);PbsBrig
MWs-based photodetectors were fabricated with a lateral-type structure
of Au/MWs/Au by E-beam thermal evaporation through a shadow mask.
As shown in Fig. 3a, the prototype photodetector exhibits an effective
illumination area of about 6.25 x 10~° em? across a bridging-gap width
of 50 pm. The photoresponse characteristics of the (EA)2(MA)2PbsBr;g
MWs-based photodetectors were examined by measuring the
photocurrent-voltage curves under dark and light illumination of 400
nm with various light intensities (Fig. 3c). The linear curves indicate an
ohmic contact between (EA)(MA);PbsBrip MWs and Au electrodes.
Responsivity (R) represents the generation ratio of photocurrent as a
function of illumination intensity, which can be defined as [52-54].

Liight — Laark
R =8 Tdak 1
PxA M

where Ijjgh and Iyark are the photocurrent and dark current, respectively,
obtained at 5 V bias, P is the incident light intensity, and A is the active
area of the photodetector. As shown in Fig. 3d, both photocurrent and
responsivity show a linear power relationship with the increasing inci-
dent light intensities from 1 x 107* to 2.61 mW cm 2. The maximum
value of responsivity is obtained to be 415 mA W™! at the lowest in-
tensity of 1 x 107 mW cm™2 and it gradually decays with the
increasing intensity due to the sign of trapped photogenerated carriers in
(EA)2(MA)2PbsBrig MWs, which was usually observed in photocon-
ductive detectors based on hybrid perovskites [52-54]. At low light
intensity, photogenerated carriers will be captured by deep traps,
resulting in a longer carrier lifetime and hence higher responsivity.
When the light intensity increases, deep traps tend to be filled and
photogenerated carriers will be captured by shallower ones. In this case,
the decreased carrier lifetime leads to the decay of the responsivity,
which is the so-called dynamic-range enhancing gain compression.
Another two key figure-of-merits, spectral detectivity (D*) and external
quantum efficiency (EQE), can be estimated based on the following
equations [52-54].
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EQE:% 3)
gl

where fis the bandwidth, R is the obtained responsivity, and h, ¢, g and A
are Planck’s constant, the velocity of light, the electronic charge, and the

wavelength of incident light, respectively. The El/z is the root mean
square value of the noise current that can be extracted from the dark
current operated at 5 V bias (Fig. S15a). The low dark current at the level
of ~10713 A signifies the high crystallinity and suppressed trap states of
(EA)2(MA),PbsBrig MWs, which provides a low noise level for achieving
a high detectivity. After performing Fourier transform (FFT) of the
measured dark current, the noise level per unit bandwidth (1 Hz) of the
(EA)2(MA),PbsBriy MWs-based photodetectors was estimated to be
~1.013 x 10 A HzY? (Fig. SI15b)  [55,56].
Light-intensity-dependent D* and EQE of (EA)2(MA)2PbsBrig
MWs-based photodetectors are plotted in Fig. 3e. The maximum value of
D* and EQE can be calculated to be about 3.23 x 10'2 cm Hz2 w!
(Jones) and 129% at the incident light of 400 nm. These results imply
that single-crystalline (EA)2(MA)2PbsBriyp MWs with perfect crystallo-
graphic orientation and semiconducting features are superior for pho-
todetection application.

Intrigued by their in-plane biaxial ferroelectricity and excellent
photodetection performance, we set out to scrutinize the photovoltaic
behavior on the (EA);(MA),PbsBr;g MWs-based photodetectors. Prior to
the investigation, an electrical-poling process was conducted on the
photodetectors by applying a constant bias pulse for a period of poling
time (See details in experimental section) [24-27]. After a forward
high-field poling of +2 V/pm, an open-circuit voltage (Vo) and a
short-circuit current (I;c) can be observed while exposed to light illu-
mination. As shown in Fig. 4a, the V,. was fixed at 0.48 V and the
zero-bias I gradually increased with the increasing light intensities. On
reaching the intensity of 2.61 mW cm™2, the I achieved a maximum
value of ~0.15 nA at the zero bias (Fig. 4b). Under identical measuring
condition (i.e., intensity of 2.61 mW em 2 and bias at 0 V), the
time-dependent I in the light “on/off” cycles displayed an obvious
change by three orders of magnitude (Fig. S16a), indicating a promising
self-powered photoactive behavior [24-27]. Upon the electrical-poling
treatment, the temporal photocurrent response of the photodetectors
exhibited an apparent shortening in both rise and decay time. The rise
time is defined as the time interval for the response to rise from 10% to
90% of its saturated value, and the decay time is the opposite fall from
90% to 10% [52-54]. As shown in Fig. 4c, the rise time sped up to 28 ms
after poling, in contrast to the 38 ms without poling, and the decay time
showed a decrease from 62 ms to 51 ms. We further examined the
switching photovoltaics by subjecting the photodetectors to a reverse
poling of —2 V/um. As shown in Fig. 4d, the direction of both V. and I
can be reversed by the inverting electric poling, whereas the magnitude
of Vo and I; remains the same. The tunable V. and I together with the
accelerated response time signify that the fundamental understanding of
this photovoltaic behavior is of great significance in achieving
high-performance self-powered devices [24-27].

With respect to the switchable photoelectric responses, there are two
relevant factors, namely ion migration and ferroelectric photovoltaic
effect that need to be considered. Ion migration and associated ion
accumulation have been proposed to introduce space-charge doping in
proximity of the electrodes, thus forming a p-i-n device structure after
electrical poling [28-31]. To identify the possible effect of ion migra-
tion, we subjected the (EA)2(MA)2PbsBr;o MWs-based photodetectors to
a dynamic poling process as a function of different poling electric fields.
It can be quantified by monitoring the typical time-dependent I, curves
of the photodetectors in the “on/off” cycles at zero bias under the light
intensity of 2.61 mW cm 2. The non-poled photodetector was measured
as a reference and exhibited a steady-state Iy, with a limited photocur-
rent value of about —0.01 nA (Fig. 5a). This zero-bias photocurrent
response has a preferential directionality, which is closely related to the



R. Ding et al.
a
0.2
<
[
= 0.0 H
c
g Unit: mW/cm?
3 021 —o—Dark
g —0—0.019
< 044 ——0.096
o 0.252
—>—0.470
-0.64 —0—0.801
& 2 4 © 1 2
Voltage (V)
Cc
,5 104 i —w/o poll:ng —Poling
S I I
> 0.8 | |
D 1 1
[ | 1
9 0.6 ! !
= 1 1
= I 1
T 044 | l
N I I
| |
£o2) | :
S I I
Z 0.0 ms! ~/28 ms||6 151 ms
0.1 0.2 0.3 0.4 0.5
Time (s)

Materials Today Physics 28 (2022) 100867

0.001 o—o—0—o—___ 0\
Z-0.03- Q,
< No
= \
§ -0.06- o\
= 9
3 -0.09- \
g-0.
B Qo
S
o -0.12- \0
—@— Short-circuit current \
-0.15- o
10 10° 107 10" 10°

Light intensity (mW/cm?)

Q

°
~
L

—o—Forward poling
—o—Reverse poling

o
N
1

Photocurrent (nA)
o
b

Voltage (V)
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in-plane spontaneous polarization inside (EA)3(MA)sPbsBriy MWs.
Interestingly, a depressed I;. was seen at first while applying a low-field
reverse poling of —0.1 V/pm, and gradually recovered to the initial
current level of around —0.01 nA, as shown in Fig. 5b. When the poling
electric field was set to be —0.2 V/um, the direction of I;. changed to the
opposite together with a current up to +0.005 nA. It is known that the
photocurrent consists of drift current and diffusion current [57,58]. Drift
current is a flow of charge carriers driven by the build-in electric field
which is mainly caused by the ferroelectric polarization inside the
(EA)2(MA),Pb3Br;g MWs. And, the diffusion current comes from the
gradient distribution of charged ions of vacancies. Carriers will diffuse
from high-density areas to low-density regions, forming the so-called
diffusion current. After poled at —0.2 V/pm, ion charges will freely
drift close to the electrodes resulting in a high gradient distribution of
charges and consequently a large diffusion current. The reverse poling
makes the direction of diffusion current opposite to the drift current.
When the diffusion current is larger than the drift current, the direction
of I, from the photodetectors changes to the opposite. Upon the
extension of the measuring time, I flipped back and returned to the
initial state again (Fig. 5c), suggesting that the poling effect can be
relaxed as the ions diffused back [59]. These observations substantiate
that ion-migration effects play a key role in modulating the device
performance [28-31]. According to previous reports, the poling electric
field is required to be higher than 0.3 V/pum, which can trigger ions to
accumulate near the electrodes and induce a doping effect [29]. On the
other hand, the high-field poling electric field enables to control the
orientation of the ferroelectric polarization of (EA)2(MA),PbsBrig to be
aligned along the electric field. As shown in Fig. 5d, the I exhibited a
strong response to the high-electric-field poling of —2 V/pm, including a

reversed direction and an enhanced photocurrent up to +0.15 nA. The
stable reverse photocurrent implies that the extension of measuring time
exerted little influence on the poling effect.

To verify this scenario, we mapped the local surface electrical po-
tential of (EA)2(MA)2PbsBrip MWs close to the Au electrodes using
KPFM measured in dark. The ion migration has been demonstrated to
induce space-charge doping in the perovskite film, giving rise to a
change of surface potential [28-31]. On the basis of the previous in-
vestigations, the accumulation of the negatively charged ions or va-
cancies was predicted to induce p-type doping, whereas positively
charged ions or vacancies result in n-type doping [28-30]. The KPFM
probe scanned across the (EA)2(MA)2PbsBr;g MWs and Au cathode with
an area of 10 pm x 20 pm, where the Au was used as a reference. The
schematic of the KPFM measurement is shown in Fig. Se. After high-field
poling of —0.2 V/pm, the CPD of the (EA)2(MA)2PbsBr;g MW shows no
obvious potential change in comparison to that of non-poled MW, as
shown in Fig. 5f. However, a striking contrast of CPD can be observed
from KPFM images after a high-field poling, indicating ion accumulation
occurring in proximity of the cathode. The CPD of the high-electric-field
poled MW exhibited a reduction of ~100 mV in surface potential at
reverse poling of —2 V/pm, whereas an increase of ~140 mV at forward
poling of +2 V/um (Fig. 5g). According to the KPFM measurements by
Asylum Research MFP-3D Infinity, the CPD can be defined as [50,51].

CcPD — D probe ;(pmmple 4

where @gample is the surface potential of the sample, @prope is the work
function of the Pt/Ir-coated probe, and e is the electronic charge. Such a
reduction or an increase of CPD coincide with the assumption of n-type
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Fig. 5. Time-dependent photocurrent response of photodetectors with periodic on/off illumination under zero bias (a) before poling, and after different electric-field
poling treatment of (b) reverse poling at —0.1 V/pm, (c) reverse poling at —0.2 V/pm, and (d) reverse poling at —2 V/um. (e) Schematic of the KPFM measurements of
the lateral (EA)2(MA),PbsBr;o MWs-based photodetectors, where the white grid lines indicate the scanning region of about 10 pm x 20 pm. (f) KPFM potential
images of the (EA)2(MA),Pb3Br;o MWs at the perovskite/Au electrode interface i) before poling, and after different electric-field poling treatment of ii) reverse poling
at —0.2 V/pm, iii) reverse poling at —2 V/pm, and iv) reverse poling at +2 V/um. (g) Correlated KPFM potential profiles along the dash lines denoted in (f).

or p-type doping in the vicinity of the cathode, resulting in the increase
and decrease of the surface potential of the (EA)3(MA);PbsBrig MWs
[28-31]. Besides the ion migration, the ferroelectric polarization
switching is also investigated by PFM after a high-electric-field poling.
As above validated in PFM measurements, ferroelectrics are endowed
with spontaneous polarization that can be switched under an external
electric field [20]. From the structural point of view, ferroelectric po-
larization of (EA)2(MA),PbsBryq arises from the horizontal off-center
ordering of bulky spacer EA" cations with respect to the trilayered
inorganic [PbBrg]*~ octahedra, which is confined within the vdW gaps
along the in-plane direction, and contributes to the separation and
transport of polarization-related photogenerated carriers (Fig. S17) [20,
24]. Starting with the non-poled (EA)3(MA)yPbsBrig MWs, irregular
ferroelectric domains with different polarization directions can be
clearly observed from the lateral PFM phase image, as shown in Fig. 6a.
After high-field poling at +2 V/pm, the local polarization switching
happened over the MWs and the polarization direction tended to be

aligned along the applied electric field. Remarkably, the enlarged PFM
amplitude and phase images strongly support the polarization reversal
by the changed domain textures (Fig. 6b). The correlated PFM phase
profile also confirmed the polarization switching by the phase signal
change of 180°, as shown in Fig. 6c.

Taking together these observations, we ascribe this photovoltaic
behavior to the coupling of ion migration and ferroelectric photovoltaic
effect under the electrical poling in the (EA)2(MA)2Pb3Br; o MWs-based
photodetectors. Upon a low-field poling, the electric field is not high
enough to trigger ions to accumulate near the perovskite/electrode
interface, or even align the ferroelectric polarization of
(EA)2(MA)2PbsBryg (Fig. 6d). Therefore, ion charges will freely drift
inside the (EA)2(MA)2Pb3Brig MWs and gradually diffuse back under the
driving force of random spontaneous polarization, resulting in the
relaxation of the poling effect. However, the high-electric-field poling is
able to drive the oppositely charged ions to accumulate in the vicinity of
the electrodes and induce the space-charge doping. Meanwhile, random
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Fig. 6. (a) Lateral PFM images of the polarization switching overlaid on the (EA)>(MA),PbsBr;o MWs-based photodetectors by using the scanning probe. The
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MWs during low-field and high-field poling, respectively.

spontaneous polarization of (EA)2(MA).PbsBrip can be switched in
response to the high-field poling and tend to be aligned along the electric
field. The dynamic reorientation of organic cations and tilting motions
of inorganic framework offer support to the origin of this ferroelectric
polarization switching, as shown in Fig. S16 [24]. As a consequence,
both  doping-induced  potential drop and  ferroelectric
polarization-dependent activity provide a driving force for the separa-
tion and flipping of photogenerated carriers, which are responsible for
the enhancement, switchability and accelerated response time of I, and
Voc. Based on such electric-field-induced effects and excellent photo-
detection performance, (EA)2(MA)2PbsBrip MWs could behave as a
promising candidate for high-performance self-powered photodetectors.
Specifically, the highest short-circuit current density can be estimated to
be ~1.2 mA cm ™2 under the light intensity of 2.61 mW cm™2 (Fig. S16D),
which is larger than that of most ferroelectric oxide and even superior to
the reported ferroelectric perovskite bulk crystals. It can be ascribed to
the excellent single-crystallinity of (EA)2(MA)2Pb3Brip MWs with low
trap density, which have suppressed the undesirable carrier scattering
and trapping. Meanwhile, the well-aligned microwire arrays with

confined thickness will support an efficient in-plane exciton transport
for achieving high photocurrent density. The photodetection
figures-of-merit compared with those of previously reported
self-powered photodetectors based on ferroelectric materials are sum-
marized in Table S1.

4. Conclusions

In summary, we have demonstrated a template-assisted space-
confined method for the growth of well-aligned single-crystalline
(EA)2(MA),PbsBrig MWs, which yielded perfect crystallinity and well
control of thickness at the nanoscale. The in-plane multiaxial ferro-
electricity of (EA)2(MA);PbsBrip was investigated by PFM measure-
ments, and randomly distributed domain textures can be observed over
the (EA)2(MA)oPbsBrigp MWs. A comprehensive set of characteristics,
including SHG signal, domain walls, and domain switchability, further
confirmed the ferroelectric nature within (EA)2(MA);PbsBrig MWs.
Together with their desirable photodetection performance,
(EA)2(MA)2PbsBriy MWs-based photodetectors provided a good
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