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Self-powered and flexible perovskite photodetectors are holding great promise owing to their potential for high-
performance wearable and portable optoelectronic applications. The light-induced ferro-pyro-phototronic effect
can boost the performances of ferroelectric materials-based photodetector systems significantly. However, the
utilization of the ferro-pyro-phototronic effect in polycrystalline halide perovskites films-based flexible photo-
detectors is rarely mentioned. Here, a ferro-pyro-phototronic effect boosted self-powered, flexible, and ultra-
stable photodetector based on 1D/3D mixed perovskite ferroelectric film/P3HT heterojunction is demon-
strated. By employing Pb(SCN), as lead source to partially for fabricating high-quality MAPbI; film and incor-
porating 1D ferroelectric perovskite TMIMPbIs, the overall optoelectronic performances were largely enhanced,
with a low dark current of 7 x 10~° A, a responsivity of 6.6 mA/W and a detectivity of 5 x 10° Jones. The PDs
displayed good folding endurance, and anti-humidity stability. The excellent performance is attributed to the
reduced trap-density and enhanced pyro-phototronic effect induced by improved crystallinity and introduced

ferroelectricity.

1. Introduction

Recently, metal halide perovskites have attracted much attention for
their various optoelectronic applications, such as solar cells, light-
emitting diodes and photodetectors (PDs), since they have excellent
characteristics such as large light absorption coefficient, high carrier
mobility, and low trap density [1-4]. However, most of the reported
perovskite PDs are fabricated on rigid substrates, which are not
compatible with wearable or flexible systems. Another issue that limits
the practical application of existing PDs is that they usually require an
external power source to separate the photogenerated carriers, which
increases the device cost and weight. One class of the common ap-
proaches to realize self-powered photodetection is construction of p-i-n,
p-n or Schottky junctions [5,6]. Those heterojunction-based self--
powered PDs’ performances depend highly on the built-in electric field
formed at the heterojunction interface [7]. Therefore, these
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self-powered PDs can be further boosted by combining other physical
mechanisms such as the ferroelectric effect [8,9] and the
pyro-phototronic effect [10,11], which can remarkably enhance the
built-in electric field.

Recently, the light-induced ferro-pyro-phototronic effect of ferro-
electrics has been utilized to significantly improve the ITO/BaTiO3/Ag
Schottky junction [12], BaTiOs/GaN heterojunction [13], and
two-dimensional perovskite single crystal [14]-based PDs’ perfor-
mances. The light-generated heating or cooling will increase or decrease
the ferroelectric polarization charges at the interface, which can effec-
tively modulate the photoelectric process of light-induced carriers.
Therefore, the overall photoelectric performances are significantly
enhanced, and self-powered photodetection can also be realized.
Ferroelectric halide perovskites, which combine excellent optoelec-
tronic performance, spontaneous polarization, and natural pyroelectric
properties [15,16], are an ideal platform to fabricate
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ferro-pyro-phototronic effect based self-powered PDs. In our previous
work, by using the ferro-pyro-phototronic effect, a self-powered
PMA,PbCl; monocrystalline microbelt-based PD with high photo-
responsivity and fast responses is demonstrated [17]. However, the
utilization of the ferro-pyro-phototronic effect in polycrystalline halide
perovskites films to enhance the performance of flexible photodetectors
is rarely mentioned. Recently, by incorporating 1D ferroelectric
TMIMPbI3 [(CH3)3NCH,IPbI3] with 3D hybrid perovskites (FAPbI3), the
overall performances of the solar cells are enhanced due to the reduced
surface recombination induced by ferroelectricity [18]. Therefore,
further research is needed to prepare 1D/3D ferroelectric perovskite
films for fabricating high performance and self-powered photodetector.

Besides, the crystallinity and orientation of grains in perovskites
films are crucial to optoelectronic and polar performances [19,20]. Chao
et al. reported a dense, pinhole-free, and high-quality perovskite film
using room-temperature molten salt, methylammonium acetate
(MAAc), as solvent [21]. However, the low-boiling point of MAAc
induced rapid crystallization process will result in smaller grain size and
more grain boundaries. Wang et al. demonstrated a non-halide engi-
neering, which simultaneously employed Pb(AC), and Pb(SCN); as lead
sources for fabricating high-quality MAPbI;3 films in ambient air [22].
Therefore, using room-temperature molten salt as the solvent and
non-halide salt Pb(SCN), to partially replace Pbly, high-quality MAPbI3
films with large grain, higher crystallinity, and preferential orientation
will be obtained.

Herein, a self-powered, flexible, and ultra-stable photodetector

MAACc solution one-step spin-coating

Heating
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based on 1D /3D mixed perovskite ferroelectric film/P3HT hetero-
junction boosted by ferro-pyro-phototronic effect is demonstrated. First,
high-quality MAPbDI; films with large grain size and consistent orienta-
tion were obtained by a one-step hot spin-coating method using MAAc as
the solvent and partially replacing Pbl, with Pb(SCN),. Further, 1D
room temperature ferroelectric perovskite TMIMPbI3 was incorporated
into MAPDI; film to form 1D/3D mixed perovskite film. With an opti-
mized ratio of Pb(SCN),/Pbl, and incorporation of 1D ferroelectric
perovskite, the overall photo-sensing performances were largely
enhanced, with a responsivity of 6.6 mA/W, which is improved by over
2.5 times, compared with the Pbly-based film. This enhancement should
attribute to the reduced carrier recombination and enhanced pyro-
phototronic effect induced by better crystallinity and introduced ferro-
electricity. Furthermore, the PDs display good folding endurance and
anti-humidity stability. The unencapsulated PD retains 82% of initial
pyroelectric response and undergoes no photocurrent decay after being
stored in 80 + 10% humidity for 39 days. Our work will provide a new
route of utilizing the ferro-pyro-phototronic effect to efficiently enhance
the performance of perovskite films-based PDs and other optoelectronic
devices.

2. Results and discussion
MAPbDI; films with different Pbly/Pb(SCN), molar ratios (1:0, 0:1,

1:1, 3:1, 7:1 and 9:1) in precursor solution were prepared by one-step
hot spin-coating process at 90 °C under ambient conditions [25 °C, 30

Perovskite Film

Annealing

Fig. 1. (a) Schematic illustration of the fabrication procedures of perovskite film. (b-d) The top view and (e-g) cross-sectional view SEM images of the Pbl,, Pbl,/Pb

(SCN),, and PbI,/Pb(SCN),-TMIMI perovskite films on ITO substrates.
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+ 10% relative humidity (RH)]. 1, 3-Diaminopropane (DAP) was added
to the solution to enhance the resistance of films to mechanical bending,
according to the reference [23]. The brief preparation procedures are
schematically shown in Fig. 1a. The content of Pb(SCN), has a signifi-
cant influence on the morphology of the final perovskite films. From the
scanning electron microscope (SEM) image in Fig. 1b, the Pbly-based
perovskite film (PbIly/Pb(SCN), molar ratio = 1:0) was dense and uni-
form, with relatively small grain size (average grain size of 590 nm).
After the replacement of SCN’, although films with much larger grains
were obtained, however, the poor coverage with many micron-scale
pores was observed, especially when higher amounts of Pb(SCN)y
were used. From Fig. S1, one can find that with the increase of the
PbI,/Pb(SCN), molar ratio, both the number and size of pores gradually
decrease. There still exist some pinholes in the film prepared with a
PbIo/Pb(SCN); molar ratio of 7:1. Finally, homogeneous and
pinhole-free perovskite film with an average grain size of 2.2 pm could
be obtained with a Pbly/Pb(SCN), molar ratio of 9:1 (Fig. 1c). After-
ward, the 1D/3D mixed perovskite film was fabricated using the above
optimization condition except that 0.65 mol% (relative to Pb%*, 3.6 mM)
of TMIMI (Trimethyliodomethylammonium iodide) was added. Here,
the concentration of 3.6 mM is close to the limiting concentration of
TMIMI in MAAc. As shown in Fig. 1d, the 1D/3D mixed perovskite film
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also had a homogeneous and pinhole-free surface, without obvious
change in the morphology except for a degree of grain size decrease
(average grain size of 1.4 pm), which may be attributed to that TMIMI
can induce a faster nucleation rate. The perovskite films made from pure
Pbl,, Pbl,/Pb(SCN), (molar ratio of 9:1), and Pbl,/Pb(SCN), with
TMIMI doping are defined as Pbl; perovskite, Pbl,/Pb(SCN), perovskite,
and Pbly/Pb(SCN),-TMIMI perovskite, respectively. Fig. le-g present
the cross-sectional SEM images of the three perovskite films. The Pbl,
perovskite film was composed of small grains with a thickness of 300
nm, while the other two films (Pbl,/Pb(SCN);, perovskite and Pbly/Pb
(SCN),-TMIMI perovskite) exhibited identical monolithic grains from
top to bottom, with the thickness of 500 nm and 470 nm, respectively.

As shown in Fig. 2a, the XRD patterns of Pbl, perovskite film show
two dominant diffraction peaks at 14.2° and 28.5°, corresponding to the
(110) and (220) crystal planes of MAPbI3, respectively, indicating that
the perovskite films possess good crystal orientation and tetragonal
structure. Besides, no peak at 12.7° which belongs to unreacted PbI; is
found. When Pb(SCN), was introduced, the intensities of the two
dominant diffraction peaks increased, illustrating the enhanced crys-
tallinity of the films. After the further doping of 1D perovskite, a small
peak at 20 ~ 10° appeared in the Pbl;/Pb(SCN),-TMIMI perovskite film
(inset of Fig. 2a), which can be attributed to the presence of 1D phase
(TMIMPbI3) in the 1D/3D mixed perovskite film [24]. The 1D/3D mixed
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Fig. 2. (a) XRD patterns of the Pbl,, Pbl,/Pb(SCN),, and Pbl,/Pb(SCN),-TMIMI perovskite films. (b) HRTEM image of the PbI,/Pb(SCN),-TMIMI perovskite film,
showing the existence of 1D perovskite. (c) The absorbance spectrum and PL spectrum of the Pbl,/Pb(SCN),-TMIMI perovskite film. The inset is the corresponding
Tauc plot, showing a bandgap of 1.56 eV. (d) XPS spectra of Pb 4f and I 4d for Pbl,/Pb(SCN),-TMIMI perovskite film. (e) UPS spectrum of the Pbl,/Pb(SCN),-TMIMI
perovskite film. The inset is the corresponding energy band diagram. (f) P-E hysteresis loop, current-voltage curves of the (g) electron-only and (h) hole-only of the
PbI,/Pb(SCN),-TMIMI perovskite film.
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perovskite can be formed since TMIMPbI3 has a similar same Pblg
octahedra backbone with MAPbI3 [18,25]. To further investigate the
incorporation of 1D perovskite into MAPbI3 matrix, high-resolution
transmission electron microscope (HRTEM) was performed. From
Fig. 2b, one can see that the 1D TMIMPbI3 can be identified from
MAPbDI3 matrix according to the different diffraction plane. According to
the literature [18], the XRD and HRTEM results, we can infer that by
adding the TMIMI in the precursor solution, the 1D/3D mixed perovskite
film can be formed since they possess the same Pblg octahedra frame-
work. From Fig. S2, one can see that the Pbly/Pb(SCN)2-TMIMI perov-
skite film has small full width at half maximums (FWHMSs) of 0.095° for
(110) and 0.121° for (220), respectively. While for the Pbl, perovskite
film, the FWHMs are 0.116° and 0.0353°, respectively. The absorption
and photoluminescence (PL) spectra of the three kinds of films are
shown in Fig. S3. No apparent shifts are observed both for the absorption
and PL spectra. As shown in Fig. S3a, the PbI, perovskite film had the
lowest PL intensity. In contrast, the Pbl,/Pb(SCN),-TMIMI perovskite
film exhibited the highest PL intensity, indicating that the Pbly/Pb
(SCN),-TMIMI perovskite film has the reduced non-radiative recombi-
nation loss and lower trap density. An absorption edge at 780 nm was
observed in Fig. 2b, corresponding to a bandgap of 1.56 eV (inset of
Fig. 2b), consistent with the reported MAPbDI; films [21] made from the
hot-casting method. The PL lifetimes of the three films were evaluated
using time-resolved PL. As shown in Fig. S4, all the three decay curves
behave a biexponential feature, with the shorter one representing the
surface recombination and longer one representing the bulk recombi-
nation, respectively. The lifetime of the Pbly/Pb(SCN)3-TMIMI perov-
skite film representing the bulk recombination is the longest among the
three perovskite films. once again proving the suppressed carrier
recombination in the PbIly/Pb(SCN)o-TMIMI perovskite film. However,
the lifetime of the Pbly/Pb(SCN),-TMIMI perovskite film representing
the surface is lowest, which may derive from the weakened surface with
obvious wrinkles.

In addition, the chemical states of Pb and I in the Pbl,/Pb(SCN),-
TMIMI perovskite film were determined using X-ray photoelectron
spectroscopy (XPS) spectrum (Fig. 2d). The peaks of Pb 4 f (138.40 and
143.25 eV) and I 3d (630 and 618 eV) can be attributed to the Pb-I bonds
in MAPDI; film. Peak rising from pb° (uncoordinated Pb2+) didn’t
appear, proving that no iodine vacancies exist [26]. From ultraviolet
photoelectron spectroscopy (UPS) results in Fig. 2e, the valence band
edge position and the Fermi level of the Pbly/Pb(SCN),-TMIMI perov-
skite film were estimated, with the Fermi level and the valence band
edge locating at — 4.72 eV and — 5.68 eV, respectively, relative to the
vacuum level. Therefore, we can deduce that the conduction band lo-
cates at — 4.12 eV. Polarization-electric field (P-E) hysteresis loop of
PbI,/Pb(SCN),-TMIMI perovskite film in Fig. 2f behaves as obvious
ferroelectric hysteresis that possesses both residual polarization and
strong coercive field. In contract, no hysteresis phenomena for the other
two perovskite films were observed (Fig. S5), proving the role of the 1D
ferroelectric phase in 1D/3D mixed perovskite film. The trap densities of
three perovskite films were determined by the space charge limited
current (SCLC) method. Both hole-only devices (ITO/PEDOT:PSS
(4083)/perovskite/TFB/Au) and electron-only devices (ITO/SnOy/per-
ovskite/PC61BM/Ag) were fabricated, and the dark current-voltage
(I-V) curves of these devices were measured (Fig. 2g-h, Fig. S6). Trap
densities can be calculated by the following equation:

20,V
Mgy == 13" m
where ¢ is the vacuum permittivity, ¢, is the relative dielectric constant,
Vg is the trap-filled limit voltage, e is the electron charge, and L is the
film thickness. Here, &, of 32 is obtained from the literature [27], and
Vrrr can be obtained from the dark I-V curves. Therefore, the hole-trap
densities and electron-trap densities were calculated (Fig. S7). The
lowest trap densities were determined for the Pbly/Pb(SCN),-TMIMI
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based film, in accordance with the PL and TRPL characterizations. The
reduced trap densities in the perovskite film indicate fewer defects,
which may derive from reduced carrier recombination induced by
ferroelectricity. Besides, the Pbly/Pb(SCN),-TMIMI perovskite film re-
veals n-type conduction with ngp of 2.77 x 105 em™3, consistent with
the UPS analysis.

Later, we fabricated p-n junction-based flexible PDs using 1D/3D
mixed perovskite film as the n-type layer and P3HT as the p-type layer,
with a device structure of PEN/ITO/perovskite/P3HT/Ni/Au. In the
meantime, two control devices (Pbl, perovskite and Pb(SCN)y perov-
skite) with the same device structure were also fabricated. Before spin-
coating of P3HT, the perovskite films were successively cleaned, healed
with MAI, and modified with tetra-ethyl ammonium iodide (TEAI). The
detailed procedure is described in Experimental Section. The contact
angles of water were tested on the Pbly/Pb(SCN),-TMIMI perovskite
film with and without TEAI (Fig. S8). The contact angle significantly
increased from 56.3° to 106.9° after the modification of TEAI, indicating
the hydrophobicity of the film, which could significantly improve the
stability of the devices. The schematic structure of the self-powered and
flexible PD is illustrated in Fig. 3a. From the cross-sectional SEM image
of a typical PD in Fig. 3b, multiple layers with clear boundaries can be
observed. Corresponding energy levels of each component in the PD are
presented in Fig. 3c. The work function of PEIE treated ITO substrate
(4.3 eV) was determined by UPS measurement (Fig. S9). The highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of P3HT are — 5.2 and — 3.2 eV, respectively [28]. The
optical image of the PD is shown in Fig S10. To quantify the optoelec-
tronic performances of Pbl,/Pb(SCN),-TMIMI perovskite-based PDs, the
systematic photoresponses of the self-powered PD towards illumination
were measured. First, we compared the overall performances of the
three kinds of devices. Before testing, 1 V bias was applied to the devices
for at least 1 min to obtain negative polarization. Fig. 3d and Fig. S11
show the I-V curves of the three PDs under 532 nm light illumination, all
showing rectifying characteristics, indicating the formation of p-n het-
erojunction. Besides, the Pbly/Pb(SCN)2-TMIMI perovskite-based PD
has the highest photocurrent while the Pbl,-based one has the lowest
photocurrent. In addition, the PbIly/Pb(SCN),-TMIMI perovskite-based
PD has the lowest dark current at zero bias (Fig. S12). The suppressed
dark currents may be attributed to the lower trap densities restrained by
ferroelectricity. As shown in Fig. S13, the noise spectral density was
estimated to be about 1.25 x 10712 A Hz~'/? for Pbl,/Pb(SCN),-TMIMI
perovskite-based PD, 2.81 x 107'2 AHz Y2 for Pbly/Pb(SCN),
perovskite-based PD, and 1.09 x 1072 AHz Y2 for Pbl,
perovskite-based PD at the bandwidth of 1 Hz, respectively, by per-
forming a Fourier transform (FFT) of the dark current according to the
reported literature [29]. Also, we can find that the noise current is
dependent on the frequency, indicating that the noise of the present
devices is dominated by the 1/f noise. What’s more, the ferroelectricity
of 1D/3D perovskite significantly enhances the built-in field to separate
and transport the photogenerated carriers. The I-V curves of Pbly/Pb
(SCN),-TMIMI perovskite-based PD under 360, 450, and 785 nm laser
illumination are measured and plotted in Fig. S14, respectively. Upon
laser illuminations, all the curves show obvious photoresponse behavior
both at 1 V forward bias and reverse bias. Fig. S15a and S15b show the
I-t and I-V curves of the PD illuminated using the monochromatic laser
with wavelengths ranging from 360 to 785 nm under the same power
density (31.8 pW/cm?), respectively, from which one can see that the PD
shows the highest photocurrent towards 785 nm illumination. Besides,
all the four I-t curves show obvious four-stage photo-response behaviors.
For 532 nm, the relative peak-to-peak output current (Iyyro+photo-Ipyr-
0')/Iphoto Tatio is more signicant than that for 785 nm (Fig. S15c). The
definition of Inyro+photo-Ipyro’s Ipyro+photo, and Iphoto Will be given latter.
Therefore, a 532 nm laser was used as the main light source. Fig. S16
shows the I-t curves of the three PDs under 532 nm light illumination,
from which one can see that both the Pbly/Pb(SCN)2-TMIMI perovskite
and Pbl,/Pb(SCN), perovskite-based PDs show obvious pyroelectric
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Fig. 3. (a) Schematic diagram of (left) the structure of the PD and (right) experimental setup to measure the photoresponses under bending conditions. (b) Cross-
sectional SEM image of a typical PD fabricated in this study. (c) Energy band diagram of the PDs, using the electron energy in the vacuum as a reference. (d) I-V
characteristics of the PbI,/Pb(SCN),-TMIMI perovskite based PD under 532 nm illumination with different power densities ranging from 0 to 25.5 mW/cm?. (e)
Photoresponse behavior of the Pbl,/Pb(SCN),-TMIMI perovskite-based PD under 532 nm laser illumination with the power density of 0.13 mW/cm? under zero bias.
() An enlarged view taken from Fig. 3e, displaying a typical four-stage photoresponse behavior. (g) Schematic working mechanism of the ferro-pyro-phototronic
effect of the PD as turning on and turning off the laser. Energy band diagrams of the PDs under (h) dark and (i) light conditions.

current while the Pbl, perovskite-based PD only shows photocurrent.
Among the three PDs, the one based on the Pbly/Pb(SCN),-TMIMI
perovskite demonstrates the highest photo-response. Then I-t curves of
the Pbly/Pb(SCN),-TMIMI perovskite-based PD under repeated light
on/off cycles towards 532 nm laser illumination (0.18 mW/cm?) with
zero bias are shown in Fig. 3e. An enlarged cycle of on-off response taken
from Fig. 3e is presented in Fig. 3f. A four-stage photoresponse dynamic
behavior can be seen. Then, the four-stage response behavior is sche-
matically analyzed in Fig. 3g. Under the dark condition, the spontaneous
polarization within the Pbl;/Pb(SCN), perovskite film along the normal
direction generates positive polarization charges at the interface be-
tween perovskite and ITO and negative charges at the p-n junction
interface. Correspondingly, opposite free charges will be generated in
the ITO electrode and P3HT. When the 532 nm laser is turned on, the
light-induced carriers will be generated and separated by the built-in
field induced by p-n junction and ferroelectricity, resulting in the
photocurrent (Iphoto). Besides, the light-induced temperature rise will
disturb the random oscillation state of electric dipoles within the 1D/3D
perovskite mixed film as a result of increased thermal vibrations,
resulting in the decreased ferroelectric polarization charges [12-14,30].
Therefore, the free charges flow will generate the positive output py-
roelectric current (Ipyro). This positive current is defined as Ipyro+photo-

When the temperature remains unchanged, the pyroelectric current will
vanish, only leaving stable photocurrent plateau. When the laser is
turned off, the temperature decrease of the PDs will lead to the increased
bound charges, generating reversed pyroelectric current (Ipyro’). The
light-induced changes of ferroelectric polarized charge will modulate
the charge carriers’ photoelectric process at the interface, enhancing the
optoelectronic performances. The working mechanism is also analyzed
using the schematic energy band diagrams of the PD under dark, and
light illumination conditions in Fig. 3h and 3i, respectively. When
532 nm lasers are illuminated on the Pbl,/Pb(SCN), perovskite film,
photovoltaic effect-induced charge carriers will be generated and an
immediate temperature rise induced by light will lead to the decreased
ferroelectric negative polarization charges distributed at the p-n junc-
tion interface between MAPbI3 and P3HT. The less negative charges are
beneficial for attracting the electrons in the MAPbI3 migrating to the
interface and driving the holes in the p-type P3HT away from the
interface, resulting in a downward bending of the energy band (orange
lines), lowering the barrier height, beneficial for the transport of
light-induced electrons and holes. To further confirm the existence of
pyroelectricity, the I-t curves of the PD under dark conditions by raising
the temperature (using a 10.6 ym CO; laser as the heating source) are
measured (Fig. S17), from which one can see that positive current peaks
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appeared when the temperature was increased. When the laser was
turned off, the temperature dropped, leading to a negative pyroelectric
current.

Then, the photoresponses of the PbIl;/Pb(SCN)2-TMIMI perovskite-
based PD and two control PDs were systemically measured. Fig. 4 sys-
tematically evaluates the photoresponses of the Pbly/Pb(SCN)y
perovskite-based PD towards 532 nm laser illumination. The zero biased
I-t curves with power density ranging from 0.013 to 25.48 mW/cm? are
shown in Fig. 4a. When the power density is low (< 0.13 mW/cmZ),
four-stage dynamic behaviors are obvious (inset of Fig. 4a). When the
power density increases, the negative pyroelectric currents gradually
become inconspicuous while the positive pyroelectric currents contin-
uously rise. The relative peak-to-peak current (Ipyrophoto-Ipyro’), the
positive peak current Ipyro4photo, and plateau current Iporo are extracted
from Fig. 4a and drawn as a function of power density in Fig. 4b. All the
three output currents increase linearly with the power density. It can be
seen that the ferro-pyro-phototronic effect signicantly raises the pyro-
electric currents Ipyrophoto-Ipyro’ @nd Ipyrotphoto i comparison to Iyhoto
(Fig. 4d). Then the responsivities (R) and detectivities (D*) are calcu-
lated following the following equations:
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where J}, is the output current density under light illumination, Jq is
the dark current density, P, is the laser power density, S is the effective

area, B is the bandwidth, NEP is the noise equivalent power, Emis the
root mean square value of the noise current. The noise level per unit
bandwidth (1 Hz) of the photodetectors can be deduced from Fig. S13.
Then, three R) and D* are calculated and plotted in Fig. 4c and 4e,
respectively. As shown in Fig. 4c, all the three curves show a similar
tendency with the increase of power density. The maximum Rpyro+photo-
pyro Of 5.66 mA/W occurs with a power density of 12.74 mW/cm?, while
the maximum Rphoto is 3 mA/W (Fig. 4d). Here, Iy is about 7.7 nA
(Fig. S7), and S is 0.785 cm?. As shown in Fig. 4e, the maximum
detectivity D*pyro+photo-pyro’ is about 1 x 10'° Jones. We also measured
the photovoltage response of the PD under 532 nm illumination
(Fig. S18), showing the self-powered photodetecting ability of the PDs.
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Fig. 4. (a) On-off photo-responses of the PbI,/Pb(SCN),-TMIMI perovskite-based PD towards 532 nm laser with different power densities. (b) Ipyro-photo-Ipyro’s
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Similar results for photo-responses of the Pbly/Pb(SCN),-TMIMI
perovskite-based PD towards 360, 450, and 785 nm laser illumination
with zero bias are demonstrated in Fig. S19-521, respectively, indicating
that the universality of ferro-pyro-phototronic effect in enhancing the
PDs’ performance. Fig. S22 shows the Rpyro+photo-pyro’ Of the PD towards
360, 450, 532 and 785 nm laser as a function of power density, further
confirming the photoresponse the PD could be improved by the ferro-
pyro-phototronic effect in a broad spectral range. The photoresponses
of the Pbl;/Pb(SCN), perovskite and Pbl, perovskite-based PDs were
measured and plotted in Fig. S23-524, respectively. There exist weak
pyroelectric currents for PbI, perovskite-based PD (inset of Fig. 523a),
since MAPbI;3 has been proven to have a secondary pyroelectric effect in
our early report [31]. The four-stage photo-response dynamic behavior
becomes more evident for Pbl,/Pb(SCN), perovskite due to the larger
grain size and enhanced crystallinity (Fig. S24).

As shown in Fig. S25, the response time of the Pbly/Pb(SCN),-TMIMI
based PD was determined as 0.35 ms for the rise and 0.36 ms for the
decay under an irradiance of 12.7 mW/cm? which are shorter than
those for the other two devices. The relatively slow response speeds may
be attributed to the imperfect interfaces which hinders the extraction
rate of light-induced carriers. Fig. S26 compared the overall photo-
response performances of the three PDs, directly proving the advantage
of the PbIy/Pb(SCN),-TMIMI based PD. The polarization direction
switching of the ferroelectric films allow the modulation of output
current directions. As shown in Fig. S27a, after poled with opposite
polarization voltage of — 1V, opposite pyroelectric currents are
observed when light is turned on. Furthermore, the signals of the open-
circuit voltage (Vo) are opposite with different polarization orientations
(Fig. S27Db). These features suggest that the self-powered photodetection
performance of our devices is related to the ferroelectric properties.
From the above results, we can find the superiority of the combination of
1D ferroelectric perovskite doping and non-halide engineering. The
photodetection performances of the previously reported self-powered
reported pyro-phototronic effect-based PDs, and the present 'D-°D
ferroelectric film-based PD are listed in Table 1, from which one can see
that our PDs demonstrate the medium levels of photoresponsivity and
detectivity.

In addition, we also evaluate the impact of bias voltage on photo-
sensing performance. Fig. S28 shows the I-t curves under reverse bias
voltages ranging from 0 to 1.6 V and forward bias voltages ranging from
0 to 1.6 V towards 532 nm illumination (6.37 mW/cm?). With the in-
crease of reverse bias, the photocurrent is gradually enhanced while the
pyroelectric currents gradually decrease and finally vanish when the
bias exceeds 1.4 V. However, with the increase of forward bias from
0.2 Vto 0.8 V, the photocurrent gradually decreases while the four-stage
photo-response dynamic behavior becomes more obvious and the py-
roelectric current gradually increases. At a forward bias of 0.8 V, the
pyroelectric current reaches a maximum value. Then, with the further
increase of forward bias voltage, the pyroelectric response gradually
decrease and finally vanishes at 1 V.
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The Pbly/Pb(SCN)2-TMIMI perovskite-based PDs also showed
excellent folding endurance. Fig. 5a shows the on-off photoresponse of
the flexible device at bending angles of 0° and 30°, respectively, under
the same laser illumination (532 nm, mW/cmz). The PDs also maintain
appreciable photoresponses (80% compared with the 0° condition) at
bending angle of 30°. Moreover, the on-off photoresponse was examined
after different bending cycles from 0 to 1000, with less than 2%
degradation of the photocurrents and pyroelectric currents (Fig. 5b).
The output currents and response speeds remain almost unchanged even
after 1000 bending cycles, demonstrating strong folding endurance. The
enhanced folding endurance should be attributed to the existence of 1, 3-
DAP which acts as a glue between grains and improve adhesion between
perovskite and ITO since -NHj can participate in hydrogen bonding with
the [Pblg] octahedral framework and the underlying polyethylneimine
(PEIE) layer, thus reducing the cracking and peeling-off possibility of the
perovskite film during bending[22]. Moreover, our PDs exhibited
excellent anti-humidity stability. As shown in Fig. 5c and d, the devices
experienced decay of photoresponse dynamics, maintaining 100% of
their initial photo current after being stored in ambient air (80 + 5%
RH) at RT for 39 days. While the pyroelectric response retains 82% of the
initial value. The photocurrent increased first and then declined grad-
ually, then remained steady. This phenomenon may be caused by device
aging, which is also found in the reported article [38]. Besides, the de-
vice maintained 99.6% of the initial photocurrent value after being
exposed to air for more than 64 d, as shown in Fig. S29. Furthermore, the
PDs also demonstrated good reproducibility. We measured over 10 PDs’
on-off photo-responses to evaluate the PDs’ performances. Fig. S30 de-
picts averaged lowest detectable power density and maximum respon-
sivity of the PDs, with relatively small distributions, showing good
consistency.

3. Conclusion

In summary, we successfully fabricated a self-powered, flexible, and
ultra-stable photodetector based on highly crystalized 1D/3D ferro-
electric perovskite mixed film which relies on the ferro-pyro- photo-
tronic effect. It is found that the combination of doping with 1D
ferroelectric perovskite and non-halide engineering significantly im-
proves the crystallinity and reduces the trap densities. Thus, excellent
photoresponse performance is realized. The corresponding responsivity
and response speed of the Pbly/Pb(SCN),-TMIMI perovskite-based PDs
can be boosted compared with Pbl, perovskite-based PD. The enhanced
performance could be attributed to the ferro-pyro-phototronic effect of
the 1D/3D ferroelectric perovskite due to the modulation of ferroelectric
polarization charges on the carrier photoelectric process near the p-n
junction interface. This work not only offers a simple and effective
method to achieve high-performance and self-powered PDs, but also
provides a potential for future wearable or portal optoelectronics.

Table 1

Performance comparisons of reported pyro-phototronic effect based self-powered photodetectors.
Active Wavelength Responsivity (mA W) Detectivity Rise time Decay time (s) Ref.
Materials (nm) (Jones) O]
Cds/si 325 5.9 1.0 x 102 ~2.5x107* ~2.7 x107* [10]
Zn0O/CuO p-n Junction 325 0.14 3.3 x 10! 0.01 0.01 [11]
BaTiO; film 405 7.5 x 1072 ~9 x 10° 0.88 1.06 [12]
BaTiO3/GaN Heterojunction 325 — — 0.16 2.53 [13]
(hexylammonium),CsPb,Br; 405 — — 1.5 3.6 [16]
(PMA),PbCl, 320 9000 1.01 x 10*! 1.62 x 1074 2.26 x 1074 [171
ZnO NWs/SnS 365 0.155 — 49.1 51.8 [32]
ZnO/PLZT heterojunction 360 3.96 6.6 x 10'° 0.04 0.05 [33]
Si/Sn0y/ZnO heterojunction 650 64.1 1.5 x 10! 3x107° 2x107° [34]
SnS/CdS Heterojunction 650 10.4 3.56 x 10! 0.03 — [35]
p-Si/n-ZnO Heterojunction 785 17.9 2.93 x 10° 2x107° 1.8x10°2 [36]
Pbl,/Pb(SCN),-TMIMI perovskite 532 6.6 5 x 10° 0.035 0.036 This work
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Fig. 5. (a) Time-dependent on/off switching behavior of the flexible PD before and after 20, 50, 100, 200, 500, and 1000 bending cycles and (b) the transient photo-
response with different bending angles, 0° (red lines) and 30° (orange lines), respectively, illuminated by 532 nm laser with 12.7 mW/cm?. The insets are the
corresponding photographs of the device with different bending angles. ¢) The transient photo-response of PD without encapsulation exposed to air conditions (80
+ 10% RH and RT) in the dark. (d) The corresponding output currents of the PD to the 532 nm laser illumination (12.7 mW/cm?) after 0 and 39 days.

4. Experimental section

Materials: The SnO5 colloid solution oxide (15 wt% in H5O colloidal
dispersion), N, N-Dimethylformamide (DMF, 99.9%), 1, 3-DAP (99.9%),
PEIE (80% ethoxylated solution), chlorobenzene (99.5%), cyclohexane
(99.5%) and tert-amyl alcohol (99.5%) were purchased from Shanghai
Macklin Biochemical Co., Ltd. Pbly (99.99%), Pb(SCN); (99.99%),
methylammonium iodide (MAIL, 99.99%), methylammonium acetate
(MAACc, 99.99%), [6,6]-Phenyl C61 butyric acid methyl ester (PC61BM),
poly(3-hexylthiophene-2, 5-diyl) (P3HT), poly[(9, 9-dioctylfluorenyl-2,
7-diyl)-alt-(4, 4'-(N-(4-butylphenyl) (TFB), and poly(3, 4-ethylenedioxy-
thiophene)-poly(styrenesulfonate) (PEDOT:PSS 1000) were purchased
from Xian Polymer light Technology Corp. Indium tin oxide (ITO)/
polyethylene naphthalate (PEN) substrate (sheet resistance < 6 Q) were
purchased from South China Science & Technology Co., Ltd. All the
chemicals were used as received without further purification. TMIMI
was synthesized following the reported result [24].

Preparation of precursor solution: A series of 0.56 M perovskite
precursor solutions were prepared by dissolving 0.56 M lead salt Pbly/
Pb(SCN), with variable proportions (1:0, 0:1, 1:1, 3:1, 7:1 and 9:1) and
MALI in MAAc and stirring at 60 °C for 12 h. The insufficient iodide ions
were offered by adding extra MAI The extra MA™ will be removed as
MASCN during the spin-coating and annealing procedure. For 1D/3D
perovskite mixed films, 0.65 mol% (3.6 mM) TMIMI was added into the
precursor solution simultaneously. Further added TMIMI couldn’t be
dissolved. Then, 1, 3-DAP was dissolved in DMF separately and added to
the as-prepared perovskite solution at a concentration of 0.025 wt%.

Fabrication of the PDs: The devices with a structure of PEN/ITO/
PEIE/MAPbDI3/P3HT/Au were fabricated in ambient air (temper-
ature~23 °C, RH~40%). Firstly, PEN/ITO substrates were ultrasoni-
cally washed in acetone, ethanol, and deionized water for 15 min
successively. After being blew with dry N, flow, the substrates were
treated with Oy plasma (80 W) for 10 min. Then the substrates were
treated with PEIE solution following the literature to enhance the
wettability of MAAc [37]. Briefly, the ITO/PEN substrates were fully
immersed in 0.4 wt% PEIE aqueous solution for 30 s and then rinsed in

deionized water for 3 s, followed by thermal annealing at 100 °C for
10 min. The perovskite precursor solution was then spin-coated at
4000 rpm for 20 s at a constant 90 °C during the whole spin-coating
process. After gradient annealing at 60 °C for 2 min and 100 °C for
3 min, the perovskite films were cleaned and healed according to the
literature with some modifications [39]. Cleaning solutions were pre-
pared by mixing cyclohexane and tert-amyl alcohol in a volume ratio of
4:1. Healing solutions were prepared by adding 0.2 mg/mL MAI and
0.2 mg/mL TEA to the above solutions. Here, as a moisture-tolerant
molecule, TEA can be assembled on the perovskite surface as effcient
water-resisting layers [40]. Then, P3HT in chlorobenzene solution
(10 mg/mL) was deposited onto the perovskite films. Finally, 80 nm Au
was deposited by a thermal evaporator (0.5 A/s) using a shadow mask.
3 nm Ni was deposited before the Au layer to enhance the adhesion of
the Au electrode.

Characterization: XRD patterns were obtained by the Bruker D8
Advance X-ray diffractometer equipped with a Cu tube (A = 1.5406 A).
UV-vis absorbance spectrum was measured using a Hitachi U4100 UV-
Vis-NIR spectrophotometer at RT, with a wavelength range of
250-800 nm. UPS measurements were recorded using a photoelectron
spectrometer (Thermo, ESCALAB 250 Xi) to analyze the working func-
tion of the perovskite films. Steady-state and time-resolved PL mea-
surements were taken using an FLS920 (Edinburgh Instruments)
fluorescence spectrometer with a 325 nm excitation wavelength. The
morphological analyses of the films and devices were examined by
conducting scanning electron microscopy (Nova NanoSEM450).

SCLC measurements: Trap-state densities were determined using the
SCLC method. The structure is ITO/PEDOT:PSS/perovskite/TFB/Au for
hole-only devices. PEDOT:PSS solution was spin-coated at 5000 rpm for
60 s and PEDOT:PSS was spin-coated on the ITO at 5000 rpm for 60 s in
air and then annealed at 150 °C for 30 min. After the spin coating of the
perovskite layer, the TFB layer (8 mg/mL in chlorobenzene) was spin-
coated at 2000 rpm for 60 s. Finally, the 80 nm Au electrode was
deposited using thermal evaporation through a shadow mask. The
structure is ITO/SnO2/perovskite/PC61BM/Ag for electron-only de-
vices. The dilute SnO; solution (2.5 wt%) was spin-coated on the ITO at
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3000 rpm for 30 s and annealed at 150 °C for 30 min. After the spin
coating of the perovskite layer, the PC61BM layer (10 mg/mL in chlo-
robenzene) was spin-coated at 2000 rpm for 60 s. Finally, the 80 nm Au
electrode was deposited using a thermal evaporation through a shadow
mask. The dark I-V curves were obtained using the Keithley 4200 source
meter.

Photodetection performance measurements: The I-V characteristics
and the I-t curves of the PDs were recorded by coupling a Stanford SRS
current preamplifier (SR570) and a Stanford SRS function generator
(DS345). The temporal responses of the device were performed on a
digital oscilloscope (Tektronix, MDO3104). The laser was periodically
switched by transistor-transistor logic (TTL) potential to generate pulsed
laser beams. The 360, 450, 532, and, 785 lasers (Changchun New In-
dustries Optoelectronics Technology Co., Ltd.) were used as the light
sources and shined from the back of the PDs. The light power intensity
was calibrated employing a silicon photodiode (PM100D). All PDs were
stored in the ambient atmosphere without any encapsulation during the
measurements.

Stability test: The humidity stability of the unencapsulated PDs were
performed by storing devices in 80 + 10%RH condition at RT. All PDs
were tested under 532 nm laser illumination for I-t characterization at
regular intervals. The RH in the laboratory was within 30 + 10% during
the entire test.
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