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ABSTRACT: Metal halide perovskite ferroelectrics possess — '®
various physical characteristics such as piezoelectric and pyro-
electric effects, which could broaden the application of perovskite
ferroelectrics and enhance the optoelectronic performance. There-
fore, it is promising to combine multiple effects to optimize the
performance of the self-powered PDs. Herein, patterned 2D
ferroelectric perovskite (PMA),PbCl, microbelt arrays were 3
demonstrated through a PDMS template-assisted antisolvent m i :
crystallization method. The perovskite arrays based flexible o w111
photodetectors exhibited fine self-powered photodetection per- el BN | oeox | os | Mo s | vosen | sos | o7
formance under 320 nm illumination and much enhanced “T : A ‘ p ' - " &

0
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reproducibility compared with the randomly distributed single- Ferro-Pyro-Phototronic effect modulated by Piezo-Phototronic effect
crystal microbelts-based PDs. Furthermore, by introducing the

piezo-phototronic effect, the performance of the flexible PD was greatly enhanced. Under an external tensile strain of 0.71%, the
responsivity was enhanced by 185% from 84 to 155.5 mA/W. Our findings offer the advancement of comprehensively utilizing
various physical characteristics of the ferroelectrics for novel ferroelectric optoelectronics.
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Itraviolet (UV) photodetectors (PDs) have shown devices.””*”7** Thus, by combing the pyro-phototronic and

potential applications in missile alerts, life sciences, and the piezo-phototronic effects, obvious improvements for
confidential communication due to their high interference PEDOT: PSS/ZnO heterojunction‘%3 and MAPDI,/Si hetero-
immunity.'~> Compared with the UV-sensitive wide-band-gap junction-based** PDs were observed. Therefore, combing the
semiconductors like Ga,0;,°”'? wide-band-gap 2D lead-halide ferro-pyro-phototronic effect and the piezo-phototronic effect
perovskites have recently demonstrated extraordinary potential in perovskite ferroelectrics is a promising route to boost the
in high-performance PDs due to large absorption coefficients, halide perovskite-based PDs’ performance.
low trap density, high carrier mobility, and enhanced Nevertheless, until now, a majority of perovskite ferro-
Stabﬂity'll_m Besides, the structure diversity and tunability electrics-based PDs are fabricated either using monolithic
of 2D lead-halide perovskites leads to diverse ferroelectrics,"* crystals35’36 or microscale single crystals with random size and

such as (PMA),PbCl,,"> (BA),(MA),Pb,;Cl,,,'® and
(EA),Pb;Cl,,."” These perovskites with outstanding ferroelec-
tricity and optoelectronic properties are beneficial to fabricate
self-powered PDs."*"’

Perovskite ferroelectrics also possess piezoelectric effect™
and pyroelectric effect,”’ which could further boost the
perovskite ferroelectrics-based optoelectronic devices.”” Re-
cently, the light-induced ferro-pyro-phototronic effect has been
adopted in ITO/BaTiO;/Ag Schottky junction,” BaTiO;/ Received: July 28, 2022
GaN heterojunction,” and 2D perovskite single-crystal- Revised:  October S, 2022
based”>*° UV devices. Moreover, the piezo-phototronic effect Published: October 10, 2022
provides another effective method to enhance the performance
of optoelectronic devices,””** and has attracted much research
interest to boost the performance of halide perovskite-based

orientation,”® lacking reproducibility and consistency. Pattern-
ing of perovskite single crystals is a critical step toward
industrial fabrication, which needs high reproducibility and
consistency.”” Therefore, controllable growth of patterned 2D
ferroelectric perovskite single-crystal arrays is necessary for
creating PDs with enhanced reproducibility.
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Figure 1. Controllable growth of (PMA),PbCl, SCM arrays. (a) Schematic illustration of the growth of (PMA),PbCl, SCM arrays using the space-
confined templated method. (b—d) Top-view SEM images and (e—g) cross-sectional SEM images of the microbelt arrays fabricated with different

PDMS microchannel widths, from left to right: S, 10, and 20 pm.

Herein, we demonstrate patterned 2D ferroelectric perov-
skite (PMA),PbCl, microbelt arrays based self-powered and
flexible UV PDs. The self-powered UV PD exhibited a peak
responsivity of 158 mA/W and a fast response time of 73/52
pus. Compared with the random distributed single-crystal
microbelts (SCM)-based PDs, the arrays-based PDs exhibited
much-improved reproducibility. Furthermore, by introducing
the piezo-phototronic effect, the performance of the PD was
greatly enhanced. Under an external tensile strain of 0.71%, the
responsivity was enhanced by 185% from 84 to 155.5 mA/W.
Our results may open new avenues for novel ferroelectric
devices.

The space-confined templated method is an effective
strategy for the growth of highly patterned perovskite single-
crystal arrays.'>*>*” The patterned (PMA),PbCl, SCM arrays
were obtained through a polydimethylsiloxane (PDMS)
template-assisted antisolvent crystallization method (Figure
1a). First, PDMS templates with periodic microchannels were
obtained by casting the PDMS prepolymer onto the as-
prepared SU-8 patterned rectangular arrays. The size of the
microchannels in PDMS templates are determined by UV
lithography parameters. The top view scanning electron
microscope (SEM) images of SU-8 templates and the
photographs of the PDMS microchannels are shown in Figure
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Sla—c and S1d—f, respectively. After being tightly bonded to
the substrate, the microchannels will confine the solution and
thus limit the growth of the single-crystal arrays. As the anisole
vapors diffused into the solution and made it oversaturated, the
crystallization occurred within the microchannels. Because of
the confining effect of the microchannels, the growth could
only continue preferential along the microchannels, leading to
aligned direction among different microbelts. After the
complete solvent evaporation, the PDMS template was peeled
off from the substrate, leaving highly aligned microbelts on the
substrate. Since the patterned microchannels in the PDMS
template guarantee the aligned growth of perovskite single
crystals, the influence of microchannel size on the final
products is first studied. The microchannels with different
widths of 5, 10, and 20 gm at an identical channel depth of 5
pum are used for comparison. Figure 1b—d and le—g present
the top-view and cross-sectional SEM images of the
(PMA),PbCl, single-crystal arrays obtained with different
PDMS microchannel widths. All the (PMA),PbCl, microbelts
have monocrystalline natures and smooth surfaces and are free
from grain boundaries and surface defects. The cross section of
the microbelts shows a rectangle shape, and the width is in
good accordance with the microchannels. The thickness of the
arrays can be tuned by varying the depth of the microchannels

https://doi.org/10.1021/acs.nanolett.2c02978
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Figure 2. Characterization of the (PMA),PbCl, SCM arrays. (a) XRD pattern of the (PMA),PbCl, SCM arrays. (b) Low-magnified TEM image,
(c) HRTEM image and corresponding SAED patterns of a single microbelt (inset) with zone axis along [100]. (d) TRPL spectra and (e)
absorption and PL spectra of the (PMA),PbCl, SCM arrays. (f) Lateral PFM hysteresis loops measured in the single microbelt crystal surface

(phase signal (up) and amplitude signal (down)).

(depths of 3, S, and 8 um at an identical channel width of 10
um) in PDMS template (Figure Slg—i), with thickness
distribution from 710 to 1300 nm (Figure S2a—c).

Figure 2a demonstrates the XRD patterns of the microbelt
arrays, showing well-defined, periodically repeated diffraction
peaks corresponding to the (h00) (h =2, 6, 8, ...) crystal planes
in (PMA),PbCl, crystalline structure. From the low-magnified
transmission electron microscopy (TEM) image in Figure 2b,
high-resolution TEM (HRTEM) image, and corresponding
selected-area electron diffraction (SAED) patterns in Figure
2¢, the orthorhombic crystal structure and the growth direction
of the microbelt along [011] can be determined. The energy-
dispersive X-ray (EDX) mappings in Figure S3 show the
uniform distribution of C, Cs, Pb, and CI elements. The TRPL
spectrum shows a biexponential feature with a bulk
recombination lifetime of 2.41 ns and a surface recombination
lifetime of 1.12 ns, respectively (Figure 2d). The microbelt
arrays have a light absorption cutoff edge located at 360 nm
and a sharp PL property with a peak intensity located at about
355 nm (Figure 2e). Trap-state density is another crucial factor
that influences the optoelectronic performances of perovskites,
which are measured using the SCLC method. From the dark
I-V curves in Figure S4, the trap densities for holes and
electrons were calculated (Supporting Information) as 3.47 X
10° and 3.76 X 10" cm™3, respectively. Figure SS shows the
P—E loop of the microbelt arrays along the [011] direction,
demonstrating obvious ferroelectric behavior. Furthermore, we
performed the lateral piezoresponse force microscopy (PFM)
measurements. Figure S6 demonstrates the topographic image
of the surface of a single microbelt, showing smooth surface
without grain boundaries and pinholes. Distinct hysteresis and
butterfly loops are demonstrated with a window bias of +10 V
(Figure 2f), showing the room temperature in plane ferro-
electric polarization in the (PMA),PbCl, microbelt, similar to
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the reported (PMA),PbCl, single crystals."”> The correspond-
ing amplitude and phase images are shown in Figure S6b,c,
which prove the in-plane polarization in the (PMA),PbCl,
microbelt. The domains can be distinguished by the different
colors, showing different in-plane polarization directions.

Then, the (PMA),PbCl, SCM arrays were transferred onto
flexible PEN substrates for the fabricating planar-type flexible
UV PDs with Bi/Ag electrode pairs. The schematic transfer
and fabrication processes are presented in Figure S7. Before
applying strains, the size-dependent (width and thickness)
performance of the self-powered PDs were evaluated. The
width of the microbelt determines the effective area of the
devices, while the thickness determines the carrier transporting
distance. First, we measured the performances of the self-
powered PDs with arrays widths of S, 10, and 20 ym and the
fixed thickness of ~980 nm (toward 320 nm laser). From the
statistical performances from 10 devices plotted in Figure S8a,
one can see that the better performances are obtained for PDs
with a width of 10 gm. Then, we measured 10 devices with
thicknesses in the range of 500—800, 900—1100, and 1200—
1400 nm, respectively, with the fixed width of 10 ym. The
devices with thickness distribution of 900—1100 nm have
better performance than other two kind of devices (Figure
S8b). Finally, the optimized width is fixed at 10 pum, and the
depth is fixed at S ym for PDMS microchannels.

Then, the photoresponses of the flexible PDs without strains
were systematically measured (320 nm). Figure 3a shows the
schematic diagram of the self-powered PD, with an inset
showing the effective illumination area of about 1 X 107> cm*
Figure 3b shows the I-V curves of the device under dark and
illumination conditions with power density ranging from 1.59
to 159 pW/cm?, respectively. For all conditions, [-V curves
clearly show rectifying behavior with an open-circuit voltage
(V,.) of about 2 V, making the self-powered detection feasible.
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Figure 3. Working mechanism of the flexible (PMA),PbCl, PD. (a) Schematic diagramof the (PMA),PbCl, SCM arrays based PDs on PEN
substrate, where the inset denotes the optical image of the devices. (b) I—V curves of the microbelt arrays based PD under dark and 320 nm laser
illumination with different power densities. (c) On—off photoresponse of the PD (320 nm, 159.2 yW/cm?, 0V, 0.2 Hz). (d) Enlarged view taken
from the marked areas in (c), showing a typical four-stage photoresponse behavior. (e) Schematic working mechanism of the ferro-pyro-
phototronic effect based PD. (f) Frequency-dependent response time and recovery time of the self-powered PD.

Typical ferro-pyro-phototronic effect induced four-stage
photoresponse behaviors for (PMA),PbCl, photodetector at
zero bias are shown in Figure 3c,d. As shown in Figure S9, a
positive current pulse appeared when 10.6 ym laser illuminated
onto the device. When the temperature decreases, a negative
current peak is observed. The current peaks become higher
with increased temperature rise rate, with a dT/dt from 8.2 to
16.4 K/s. Besides, Figure S10 shows the I—t characteristics of
the PD at forward reversed connected conditions, with
opposite current direction. The above two results further
prove these current peaks are light-generated pyroelectric
signals. The schematic diagrams in Figure 3e and energy band
diagrams in Figure S11 schematically demonstrate the
mechanism of the current PDs. The temperature rose once
the 320 nm laser illuminated on the PD, generating the
positive pyroelectric current and photocurrent I shoto-
Meanwhile, the decrease of the positive ferroelectric polarized
charges at the Schottky junction interface leads to the upward
bending the energy band diagram, resulting in the decrease of
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the barrier height. Then, the output current would dramatically
decrease and reach a plateau as the temperature remain
unchanged, leaving only photocurrent (Iphom) originating from
photovoltaic effect. When the laser was turned off, temperature
fall induced negative pyroelectric current (I pyro’ /) was generated.
Finally, the temperature stayed at room temperature without
the laser illumination. Thus, the output current returned to
dark current. Besides, from frequency-dependent rise/fall time
in Figure 3f, one can see that the fastest response speed was
obtained with a light switching frequency of 100 Hz. The
corresponding response time of the self-powered PD was
confirmed as 73 ps for the rise and 52 us for the fall (159 gW/
m?) (Figure S12). From the wavelength-dependent responses
in Figure S13, it can be seen that the four-stage photoresponse
behaviors were obvious for light illumination with different
wavelengths (159.2 yW/cm?), with the maximum response
located at 320 nm. The performances of the PDs are highly
influenced by the polarization voltage. When less than 0.8 V,

https://doi.org/10.1021/acs.nanolett.2c02978
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the pyroelectric currents increase with the rise of the
polarization voltage, with a saturation at 1 V (Figure S14).

The on—off I—t photoresponses of the PD (320 nm, 1.59—
318 yW/cm? 0 V) were recorded and plotted in Figure 4a, all
showing stable four-stage photoresponses. Then, power
density-based relative peak-to-peak output current
(Loyrotphoto=Ipyro')s Ipyrosphotor AN Lpogo in Figure 4a are plotted
in Figure 4b. All the three output currents increase with the
increase of power density.

The noise spectral density of the PDs was caculated from the
dark current shown in Figure S15a at zero bias and estimated
to be ~3.3x 107'® A/Hz"? at the bandwidth of 1 Hz using a
fast Fourier transform method according to the literature
(Figure S15b).*” The corresponding responsivity (R) and
specific detectivity (D*) are calculated (with equations shown
in the Supporting Information) and summarized in Figure 4c,e.
As shown in Figure 4d, for different power densities, the R is
greatly improved by the ferro-pyro-phototronic effect. The
peak Ry.oiphoto—pyro’ Value is 158 mA/W (1.59 uW/cm?). The
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corresponding D* is 2.3 X 10° Jones (cm Hz!/?/W).
Furthermore, we analyzed the reproducibility of the PDs
made from microbelt arrays and randomly oriented microbelts.
Figure S16a—d show the averaged photodetecting perform-
ances of the two kinds of devices. Although the average
maximum responsivity of the PDs based on random oriented
microbelts is several times higher than the arrays-based ones,
the arrays-based ones show much improved reproducibility.
Then, the influence of the piezo-phototronic effect was
systematically investigated by applying different tensile and
compressive strains under 320 nm laser illumination. The
external strains were applied by bending the PEN substrates
using a manual moving stage (Figure Sa). Since the microbelt
arrays are fixed by the PMMA layer, the upper and downward
bending of the substrates will lead to the stretch and
compression of arrays, respectively. The corresponding strain
estimation method is conducted according to our early
reported result,”’ with the procedure in Figure S17. First, the
influences of the strains on the charge carrier transport
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Figure 5. Piezo-phototronic effect modulated performance of the flexible (PMA),PbCl, PD. (a) Schematic illustration of the experimental setup
showing how strains are applied. (b) I-V characteristics of the self-powered PD at dark condition under different strains varying from —0.71 to
0.71%. Inset: calculated corresponding SBH of the PD as a function of the externally applied strain. (c) Photoresponses of the PD under 325 nm
laser illumination (318 yW/cm?) with different strains, showing the modulation effect of the pyro-phototronic effect. (d) R o rphoto—pyro’ a0d (e)

responding strain dependence of enhancement ratio of Ryyq.photo
15.9, 159.2, and 318 ﬂW/cmZ, respectively.

—pyro’

as a

function of applied tensile strain with incident light power density of

characteristics of the Schottky junction are analyzed by
measuring the dark I-V curves of the PD with different
strains ranging from —0.71 to 0.71% (Figure Sb). One can see
that the dark current increases with the increase of tensile
strain and decreases with the increase of compressive strain
both at reversed bias and forward bias. This phenomenon is
different from the I—V characterizations of traditional
piezoelectric materials under strains®’ since the reversed bias
can overturn the direction of ferroelectric polarization. The
Schottky barrier height (SBH) is then derived from the dark
I-V curves and plotted in the inset of Figure Sb. The SBH
increases from 0.123 eV at a compressive strain of —0.71% to
0.211 eV (no strain) and further increases to 0.256 eV at a
tensile strain of 0.71%, indicating effective modulating function
to the SBH through piezo-electronic effect. Therefore, the
carrier transport behaviors at the Schottky junction can be
tuned by varying the applied strains. The modulation effect of
the piezo-phototronic effect on the photocurrent illuminated
condition I—V curves was also evident (Figure S18). Then, the
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photoresponses of the PD toward 320 nm laser with different
power densities under different tensile and compressive strains
were tested and plotted in Figures Sc and S19, respectively.
Both the pyroelectric current and photocurrent increase with
the increase of tensile strain and decrease with the increase of
compressive strain. The corresponding strain-modulated
Ryorphoto—pyre’ and R/Rg ratio are shown in Figure Sd,e,
respectively, in which Ry is the initial R without strain. Under a
tensile strain of 0.71%, Riyophoto—pyro' 3t @ power density of
15.9 yuW/cm?* can be enhanced from 84 to 155.5 mA/W and
decreased to 469 mA/W under a compressive strain of
—0.71%. For the other two power densities (159 and 318 yW/
cm?), a similar trend could be found. The highest responsivity
enhancement ratio can reach up to 185% under the tensile
strain of 0.71% at a lower power density (15.9 £W/cm?). The
strain-modulated R, in Figure S20a shows a similar trend as
a function of strain. Then, I.q,photo— pyroy €nhancement factor,
and Ry photo—pyro’ ar€ calculated, summarized, and plotted for
each power density and externally applied strain in Figure

https://doi.org/10.1021/acs.nanolett.2c02978
Nano Lett. 2022, 22, 8241-8249


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02978/suppl_file/nl2c02978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02978/suppl_file/nl2c02978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02978/suppl_file/nl2c02978_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02978/suppl_file/nl2c02978_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02978?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02978?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02978?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02978?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c02978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

S20b—d. It is evident that the output current and the
enhancement factor increase monotonously as the increase of
strain from 0.71 to —0.71%. The tensile strains have a positive
impact on the ferro-pyro-phototronic effect. However, for our
PDs, the piezo-phototronic effect has little effect on the
response speed (Figure S21). Our PDs also demonstrated
great mechanical stability, humidity stability and long-term
stability. The mechanical stability of the flexible PD was
evaluated by comparing the photoresponses before and after
multiple bend-release cycles under the same laser illumination
intensity. The normalized I, o photo—lpyre almost keeps
unchanged after 1000 bending cycles (Figure S22). The
unencapsulated PDs underwent a 25% of performance decay
after being stored in a constant temperature and humidity
chamber (85 + 5% RH at RT) for 8 days (Figure S23). In
addition, the unencapsulated device maintained 71.7% of the
initial responses after being exposed to the open environment
(4S5 £ 10% RH at RT) for more than 70 days (Figure S24).

Furthermore, the working mechanism of the piezo-photo-
tronic effect on the photoresponses under tensile and
compressive strains are systematically analyzed (Figure S25).
According to our early report, a Schottky contact will be
formed between (PMA),PbCl, microbelts and the Bi/Ag
electrodes. When the light is absorbed by the perovskite arrays,
electron—hole pairs are separated and driven by the built-in
electric field, generating the photocurrents. Moreover, the
light-induced temperature rise will lead to the generation of the
pyroelectric currents. Since the electric field poling was applied
before photoresponse measurements, the polarization direction
was clear. When the tensile strain is applied, positive
piezoelectric polarization charges will be generated at the
Schottky junction interface, attracting the electrons moving
toward and repelling the holes away from the Schottky contact,
leading to the downward bending of the band edge at the
interface, lifting the SBH, beneficial for the transport and
collection of charge carriers, resulting in the enhancement of
the photocurrent. Meanwhile, the piezo-charges at the
interface by tensile strain are consistent with the ferro-
electric-induced bound charges. Therefore, the effective
positive pyro-potential is increased and the ferro-pyro-
phototronic effect induced output current is enhanced. On
the contrary, the compressive strain will generate negative
polarization charges at the Schottky interface, resulting in the
reduced SBH, and decrease of the separation efficiency of
photogenerated carriers. Additionally, the leakier barrier makes
the charge carriers directly crossing the interface easier, leading
to weakened pyroelectric currents.*’ Therefore, the above
experimental results and energy band diagram show that the
piezo-phototronic effect can effectively modulate the ferro-
pyro-phototronic effect.

In summary, we had successfully prepared 2D ferroelectric
(PMA),PbCl, SCM arrays-based self-powered PDs. Based on
ferro-pyro-electric effect, the PDs show great photoresponse
toward 320 nm laser, with much-improved reproducibility.
Furthermore, the piezo-phototronic effect was introduced to
further enhance the PD’s performances, with an enhancement
of over 185% for pyroelectric photocurrent. This work
provides in-depth understanding of utilization of multiple
effects of perovskite ferroelectrics to fully enhance the
performances of perovskite ferroelectrics-based PDs.
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