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ABSTRACT: Ferroelectric materials have drawn widespread
attention due to their switchable spontaneous polarization and
anomalous photovoltaic effect. The coupling between ferroelec-
tricity and the piezo-phototronic effect may lead to the design
of distinctive photoelectric devices with multifunctional
features. Here, we report an enhancement of the photovoltaic
performances in the ferroelectric p-type La-doped bismuth
ferrite film (BLFO)/n-type zinc oxide (ZnO) nanowire array
heterojunction by rationally coupling the strain-induced piezo-
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electricity in ZnO nanowires and the ferroelectricity in BLFO. Under a compressive strain of —2.3% and a 10 V upward poling
of the BLFO, the open-circuit voltage (V) and short-circuit current density (Jsc) of the device increase by 8.4% and 54.7%,
respectively. Meanwhile, the rise (/decay) time is modulated from 153.7 (/108.8) to 61.28 (/74.86) ms. Systematical band
diagram analysis reveals that the promotion of photogenerated carriers and boost of the photovoltaic performances of the
device can be attributed to the modulated carrier transport behaviors at the BLFO/ZnO interface and the superposed driving
forces arising from the adding up of the piezoelectric potential and ferroelectric polarization. In addition, COMSOL
simulation results of piezopotential distribution in ZnO nanowire arrays and the energy band structure change of the
heterojunction further confirm the mechanisms. This work not only presents an approach to design high-performance
ferroelectric photovoltaic devices but also further broadens the research scope of piezo-phototronics.
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become increasingly severe. Considerable research has

endeavored to explore green renewable energy.'~* Photo-
electric energy conversion in ferroelectrics was proposed more
than 30 years ago, which is receiving intense interest since it can
be used for a direct conversion of light into electricity through a
photovoltaic effect.”® The photovoltaic effect usually involves
two basic processes. First, the device absorbs incident photons
to excite an electron—hole pair as a charge carrier. Subsequently,
the driving force inside the photoelectric device transports
carriers to the electrode. The polarization-induced depolariza-
tion field is usually considered as the driving force for charge
carriers in ferroelectric materials.” A steady and vigorous driving
force is a crucial factor in determining the photovoltaic
performance for photoelectric devices. Among the ferroelectric
materials, BiFeO; (BFO) has aroused great interest in the past
tew decades due to its visible-light photovoltaic effect,

In recent decades, global warming and energy crises have
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multiferroic properties at room temperature, and related
potential applications. BFO films prepared by chemical solution
deposition method have the advantages of low-cost and
accurately control the chemical components. Although photo-
voltaic properties of BFO-based materials have been widely
studied, exploring the coupling between ferroelectricity and
other physical effects is of great significance to design and
investigate high-performance optoelectronic devices with multi-
functional characteristics.
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Figure 1. (a) Schematic structure of the BLFO/ZnO heterojunction. Top-view SEM images of the (b) BLFO film and (c) ZnO nanowire arrays,
respectively. (d) Cross-section SEM image of the BLFO/ZnO heterojunction. Each inset (a—d) represents a locally enlarged view of the
corresponding master graph. (e) EDS elemental maps for the interfaces of the heterojunction.

The piezo-phototronic effect, which is about the coupling
among semiconductor, piezoelectric, and photoexcitation
characteristics, can modulate the performance of photoelectric
devices by tuning the transport process of the charge carriers,
thereby establishing a field of research'®”'* The piezo-
phototronic effect is excited simply by applying a static
mechanical strain without changing the device materials and
structures. One-dimensional (1D) nanomaterials are excellent
candidates for piezo-phototronics benefiting from their good
mechanical endurance. ZnO as a piezoelectric semiconductor
has been widely applied in areas such as sensors, nano-
electronics, and energy harvester owing to its mature
preparation process and multifunctional materials character-
istics.”~'> At present, the piezo-phototronic effect based on
ZnO nanostructures has been extensively used in solar cells,
photodetectors, photocatalysis, neuromorphic computing, two-
dimensional materials, and many other fields.'*~*'

Although the ferroelectricity-enhanced piezo-phototronic
effects in V-doped ZnO nanosheets has been realized by
introducing ferroelectricity and the piezo-phototronic effect, the
modulation of photovoltaic performance of the device exerted
by external electric field has not been investigated.'' A high-
performance photodetector has been achieved through the
combination of piezo-phototronic and ferroelectric effects;
however, photovoltaic properties under the concurrent stimulus
of external strain and polarization has still been lacking.”” On the
other hand, from the viewpoint of material selection, photo-
voltaic performance of BFO/ZnO heterojunction has been
examined; nevertheless, the influence of piezo-phototronic
effect on the photovoltaic properties of BFO/ZnO hetero-
junction has not been investigated.”*’ Therefore, the photo-
voltaic properties of devices under the simultaneous action of
external strain and electric field are of considerable significance
to examine the coupling between piezo-phototronic effect and
ferroelectricity from the perspective of both industries and
fundamental science community, which will widen the
application range of piezo-phototronic effect.

In this study, we prepared a p-type La-doped BiFeO;
(BiggsLag,sFeO;, BLFO) film/n-type ZnO nanowire arrays
heterojunction via the sol—gel and hydrothermal methods and

then investigated the piezo-phototronic effect and ferroelec-
tricity in modulating the photovoltaic properties of the
heterojunction. The Vo and Jsc of the BLFO/ZnO
heterojunction are notably ameliorated by applying the
compressive strain to modulate the charge carrier transport
behavior using the piezo-phototronic effect, and the resulting
changes in the energy band structure have also been verified by
finite element analysis (FEA). Meanwhile, by introducing
external electric field poling accompanying compressive strain,
the direction of the depolarization field within a BLFO
ferroelectric film can be switched to be consistent with the
built-in field, which is equivalent to enhancing the total driving
force of charge carriers, leading to the further improvement in
the photovoltaic performance of the heterojunction. What is
more interesting, this device exhibits faster response speed and
excellent mechanical stability. Furthermore, the corresponding
working mechanism of the ferroelectric polarization and piezo-
phototronics in the photovoltaic BLFO/ZnO heterojunction is
discussed by analysizing the energy band structure at the
heterojunction, and thus, the driving force for the separation of
photogenerated carriers was systematically clarified. This work
clearly clarifies the coupling mechanism between the piezo-
phototronic effect and ferroelectricity to adjust the photovoltaic
performance of heterojunction, which provides an insightful
guidance and a strategy for designing high-performance
photoelectric devices.

RESULTS AND DISCUSSION

The three-dimensional structural schematic diagram of the as-
fabricated FTO/BLFO/ZnO/ITO device is schematically
illustrated in Figure la. The detailed preparation process is
described in the Experimental Section. FTO and ITO serve as
the bottom and top electrodes of the BLFO/ZnO hetero-
junction, respectively. The top-view scanning electron micro-
scope (SEM) images of BLFO film and ZnO nanowire arrays are
presented in Figure 1b,c. From Figure 1b and its inset, BLFO
film exhibited a dense and smooth surface with granular
structure. As seen from Figure lc, ZnO nanowire arrays are
uniformly distributed on the BLFO film. Moreover, the inset of
Figure 1c demonstrates a hexagonal cross-section and columnar
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Figure 2. (a) Plot of (ahv)? as a function of hv of the BLFO film and ZnO nanowire arrays, respectively. (b) XRD pattern of BLFO film (orange)
and ZnO nanowire arrays (blue). (c) Polarization hysteresis loops versus electric field of BLFO film. (d) Out-of-plane PFM phase image of the
BLFO film. (e) J—V curves of the BLFO film under the illumination of 405 nm wavelength at a power density of 100 mW/cm?. The inset shows
the diagrammatic sketch of experimental setup for testing the photovoltaic properties of BLFO film.

structure with average diameters of 190 nm, indicating the
hexagonal wurtzite structure and highly c-axis orientation of
ZnO nanowires.'”** Figure 1d gives the cross-section SEM
image of the BLFO/ZnO heterojunction, from which the BLFO
film 0f 270 nm thickness and the ZnO nanowires with length of 6
pum are unambiguously observed. It is worthwhile mentioning
that the interface between BLFO film and ZnO nanowire arrays
can be clearly identified from the inset in Figure 1d, which
indicates each layer is well prepared and is of excellent
crystallization. Moreover, as shown in Figure le, the energy-
dispersive X-ray spectroscopy (EDS) maps for the interface of
BLFO/ZnO demonstrate the distribution of necessary elements
such as Bi, La, Sn and Zn, suggesting that the BLFO/ZnO
sample with high chemical purity has been successfully prepared.

Next, the energy bandgaps (E,) were measured and
determined for the sake of analyzing photovoltaic properties
of the BLFO/ZnO heterojunction. The transmission and
absorbance spectra of the BLFO film and pure ZnO nanowire
arrays synthesized on the FTO glass are plotted in Figure S2a
and S2b, respectively. Obviously, the absorption of the BLFO is
stronger than that of ZnO nanowires at near-ultraviolet
waveband range. The energy bandgap can be deduced from
the absorbance spectra using the Tauc equation”>*°

2

(ahv)* = A(hw — Eg) (1)
where A, a, h, and v are the constant, absorption coeflicient,
Planck constant, and light frequency, respectively. The E, can be
estimated from the optical absorption edge in Figure 2a. The
corresponding calculated values of E; for the BLFO film and
ZnO are estimated to be ~2.63 and 3.26 eV, respectively. which
are in good agreement with previous reI)orts.lo’27’28 Con-
sequently, the electron—hole pairs are mainly obtained in the
BLFO film when the BLFO/ZnO heterojunction was irradiated
by a 405 nm laser. In addition, the X-ray diffraction (XRD)
spectra were measured to identify the composition of BLFO film
and ZnO nanowires (Figure 2b), from which the reflection
peaks of FTO substrate are labeled by a star. This figure shows
that the reflection peaks of BLFO film (orange) are sharp, which
indicates the BLFO film is of high quality with a polycrystalline
nature. In addition, no peaks of secondary phases were detected

10725

within the diffractometer, meaning that the pure phase of BLFO
has been favorably synthesized by the chemical solution
deposition process. As can be seen in the Figure 2b for the
pattern of ZnO nanowires (blue), only the (0002) diffraction
peak at 20 = 34.35° is observed, illustrating that the ZnO
nanowires are c-axis oriented, which enables potential
application for the piezo-phototronic effect in the BLFO/ZnO
heterojunction.'>'*'¥* To further understand the ferroelectric
characteristics of BLFO films, the microscopic and macroscopic
ferroelectric properties have been measured by piezoresponse
force microscope (PFM) equipment and ferroelectric tester,
respectively. As indicated from the polarization—electric (P—E)
hysteresis loop of BLFO in Figure 2c, the remanent polarization
(P,) and coercive field (E_,) of BLFO film are about 18 yC/cm?>
and 400 kV/cm, respectively, which coincided with the
previously reports.”””' We have also measured the P—E
hysteresis loop of the pure BFO film (Figure S3). It is universally
accepted that La doping can improve ferroelectricity of BiFeOj;
by introducing structure distortion. That is to say, BLFO has
better ferroelectricity than that of pure BFO.*>** Thus, we used
BLFO to prepare heterojunction to conveniently study the effect
of ferroelectricity on the photovoltaic performance of BLFO/
ZnO heterojunction. Figure 2d presents the out-of-plane PFM
phase image of the BLFO film, the central 3 X 3 um*and 1 X 1
um? regions were first polarized with the DC voltage amplitude
of +8 and —8 V, respectively, and then the PFM phase was
scanned with an AC probing voltage in the region of 5 X S um*
immediately. Obviously, the polarized central region exhibits a
180 deg phase difference, which indicates the BLFO film
possesses local ferroelectric and electrically writable properties.
The reversal polarization of the BLFO film corroborated by
Figure 2d,e lays the foundation for the poling-tuned photo-
voltaic properties of the BLFO/ZnO heterojunction by an
external electrical field. The current density—voltage (J—V)
characteristics of the FTO/BLFO/Ag illuminated under 405 nm
excitation wavelength at 100 mW/cm? laser power density are
shown in Figure 2e. We also performed a J—V measurement in
the dark for a comparison and the inset in Figure 2e manifests a
schematic diagram of the test setup for measuring the J—V
curves. As can be seen from Figure 2e, the V¢ and Jgc are about
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Figure 3. (a) Schematic diagram of the experimental setup for the BLFO/ZnO heterojunction with different poling states under 405 nm
illumination. J—V curves of the BLFO/ZnO heterojunction (b) under different illumination power densities without poling and (c) under
different poling states at 100 mW/cm? power light. (d) The dependence of Jsc and V¢ of the device on power density and poling state. (&) Time
dependence of photocurrent under a zero bias for the device at different light power density.

0.14 V and 18 uA/cm?, respectively. The J—V characteristics of
the FTO/BLFO/Ag indicate the BLFO film has obviously
photovoltaic effect, which could originate from the depolariza-
tion field inside the BLFO film. The depolarization field
functions as a driving force for separating photogenerated
charges carriers.”**%

Afterward, we tested the J—V characteristics of the BLFO/
ZnO heterojunction under a series of laser power densities to
verify its photovoltaic effect (Figure 3). Figure 3a shows a
schematic diagram of the measured harness for photovoltaic
properties with different poling states under 405 nm
illumination, and the red and blue arrows inside the BLFO
represent the upward and downward poling state, respectively.
The J—V properties of the BLFO/ZnO under different
illumination conditions were recorded and are shown in Figure
3b. Furthermore, we measured the photovoltaic properties of
the BLFO/ZnO heterojunction with illumination after applying
a 1 s pulse bias voltage of —10 V (upward poling) and +10 V
(downward poling), respectively. Herein, the upward (down-
ward) poling is defined when those heterojunctions are applied a
negative (positive) pulse bias voltage on the top ITO
transparent electrode. From Figure 3c, it is observed that the
BLFO/ZnO heterojunction has various photovoltaic response
parameters with regard to different poling states, which is related
to the direction of the depolarization field in the BLFO film
being opposite to the poling state. Thus, it will affect the carrier-
transport behavior in the BLFO film.”***%*”

Figure 3d summarizes the Jsc and Vi dependence on the
illumination and poling states of the BLFO/ZnO hetero-
junction. Obviously, the photovoltaic properties of the BLFO/
ZnO heterojunction are gradually enhanced with the increase of
the laser power density. Compared with the photovoltaic
properties irradiated at 100 mW/cm? light power density, the
Voc and Jgc increased by 4.2% and 11.3% under the upward
poling state, respectively. These two parameters decreased by
24.3% and 15.6% under the downward poling state, respectively.
Meanwhile, the repeatability of photovoltaic performance for
the BLFO/ZnO heterojunction was tested at 0 V bias voltage by
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switching the 405 nm laser with various laser power densities
(Figure 3e). A stable ON/OFF photocurrent density ratio
makes usable as a photodetector. The results presented in Figure
3 imply reasonable structure design and excellent photovoltaic
performance of the heterojunction, which provides a solid
foundation investigation of the coupling mechanism between
piezo-phototronic effect and ferroelectricity in the BLFO/ZnO
NWs heterojunction.

The influence of external static compressive strain ranging
from 0% to —2.3% on the electrical transportation of the BLFO/
ZnO heterojunction was systematically explored, and the
experimental results measured with laser illumination are
summarized in Figure 4. The schematic map of the home-built
experimental test platform was drawn and is shown in Figure S1.
A piece of thin glass sheet was utilized to make the compressive
strain evenly applied on the device and protect the device from
possible damage by the tip of piezomotor.***” Since the essence
of the piezo-phototronic effect is to employ piezopotential to
modulate the transport behaviors of photogenerated carriers, we
measured the J—V curves at a light power density of 100 mW/
cm? to better disclose the influence of piezo-phototronic effect
on photovoltaic performance of the heterojunction. In addition,
ZnO nanowire arrays in Figure 4a were filled with gradient
colors, which represents the compressive strain has been applied
to the device and the corresponding piezoelectric potential is
generated within ZnO nanowires. As seen from Figure 4b, the
photovoltaic response parameters of the device elevate with the
increase of external static compressive strain. The V¢ and Jg¢
boosted from 0.379 V and 0.271 mA/cm? at free compressive
strain to 0.397 V and 0.370 mA/cm* at —2.3% compressive
strain, increased by 4.8% and 36.4%, respectively. The reason for
the enhanced photovoltaic properties with the increase of
compressive strain is that strain-induced piezopotential within
ZnO promotes the separation and transportation of the charge
carriers. The above-mentioned experimental results make it
clear that piezo-phototronic effect can enhance the photovoltaic
performance of the BLFO/ZnO heterojunction. Additionally,
the Jc of the BLFO/ZnO heterojunction under various external

https://dx.doi.org/10.1021/acsnano.0c05398
ACS Nano 2020, 14, 10723-10732


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05398/suppl_file/nn0c05398_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05398?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05398?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05398?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05398?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05398?ref=pdf

ACS Nano Www.acshano.org
(a) Compressive strain (b)
and different poling states 3} 405 nm
. & 100 mWicm? /
ng ht g 0 —23%
- —2.0%
o < 3 1.7%
NI s & —
‘? -~ / —-1.0%
© 0 ——0.6%
e St 4 S
FTO glass -12 s 4.0
2 -1 0 1 2
Voltage (V
0.5
(C) —-2.3% -2.0% -1.7% -1.3%
&04fF ——1.0% -0.6% -0.3% 0
E
O3}
<
Eoz2}
©
ﬁm0.1
0.0
Time (s)
(@) e L
0.4} = With Pa— | |
b 405 nm v e
€ 02!l 100 mW/cm? 40 £
o with -2.3% strain * LQ
< 00 1036 <
£ £
~— Y 4 0 32 L
~-0.2¢ ——BLFO-ZnO —" . @
BLFO-ZnO Pup v— " lo.28 =~
0.4l —— BLFO-ZnO Py, v With Pyoun|

04 -02 00 02 04
Voltage (V)

00 -05 10 -15 -20 -25

Strain (%)

Figure 4. (a) Schematic diagram of the experimental setup for the BLFO/ZnO heterojunction under various compressive strain and different
poling states. (b) J—V curves of the BLFO/ZnO heterojunction under different compressive strain. (c) Time response and repeatability of the
device under different compressive strain under 405 nm illumination. The illumination intensity is fixed at 100 mW/cm? in these cases. (d) J-V
curves of the BLFO/ZnO heterojunction under different poling states at —2.3% compressive strain. (e) The dependence of Js and V¢ of the

device on compressive strain and poling state.

strain at 0 V bias voltage by switching the 405 nm laser with a
fixed illumination of 100 mW/cm?* were explored and recorded
in Figure 4c. The Jg exhibits an impressive repeatability under
different external compressive strain, indicating the good
mechanical durability of the device.

For the heterojunction composed of a ferroelectric film and
piezoelectric semiconductor, it is indispensable to study the
effect of ferroelectric polarization on the photovoltaic properties
in order to investigate the coupling mechanism between piezo-
phototronic effect and ferroelectric polarization. Figure 4d
shows the J—V properties of the BLFO/ZnO heterojunction
measured under 405 nm illumination of 100 mW/cm® by
simultaneously applying poling and compressive strain. The Jg
and V¢ of the BLFO/ZnO heterojunction without poling were
observed to be 0.397 V and 0.370 mA/cm?, respectively. Under
upward poling, the corresponding values were boosted to 0.411
V and 0.419 mA/cm? while the corresponding values were
decreased to 0.385 V and 0.328 mA/cm’ under downward
poling. Furthermore, the detailed variation tendency of the
photovoltaic parameters versus external compressive strain is
plotted in Figure 4e. Compared with the performance of the
heterojunction without strain and poling, the Jc and V¢
enhanced by 54.7% and 8.4% under applying —2.3%
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compressive strain and upward polarization, respectively, while
under applying downward poling and —2.3% compressive strain,
Jsc and Vo merely increased by 21.1% and 1.6%, respectively. It
is noted that the enhancement of the V5 was weaker than that
of Jsc under the same test conditions. According to the theory of
semiconductor physics, the V¢ of a heterojunction is related to
the quasi-Fermi levels of the junction, which is mainly
dependent on the light intensity. Under ideal conditions, V¢
can be expressed by the Shockley equation””*

nkt ]SC
Voo = — Inf =€

q % ()

where n, k, T, q, and Jg are the ideal factor, Boltzmann constant,
absolute temperature and reverse saturation current density,
respectively. This equation indicates the change in J5 will have
direct influences on V. Through the derivation of the eq 2, the
following equation can be obtained

nkt dUsc)

d(Voo) = ——=
Jsc 3)
It can be seen that eq 3 clearly describe the changing
relationship between Voc and Jgc. Note that nkt/q is
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approximately 30 mV at room ternperature.29 Consequently, an
increase of 100% in Jg. will lead to a boost of about 30 mV in
Voc- In other words, Vo and Jgc satisfy weak positive
correlation. From eq 2, it is deduced that Jgc will increase
more obviously compared with V¢, which is consistent with our
experimental observation.

In order to further investigate the relationship between the
piezo-phototronic effect and ferroelectricity, we compared the
Voc and Jgc for the BLFO/ZnO heterojunction under different
testing conditions, as indicated in Table 1, from which the

Table 1. V¢ and Jg¢ for the BLFO/ZnO Heterojunction
under Different Test Conditions

different test conditions label  Voc (V) Jsc (mA/cm?)
100 mW/cm? A 0.379 0.271
100 mW/em?® + P, B 0.395 0.302
100 mW/cm? + Pygn C 0.287 0.229
100 mW/cm? + —2.3% strain D 0.397 0.370
100 mW/cm? + —2.3% strain + Py, E 0.411 0.419
100 mW/cm? + —2.3% strain + Pyo,, F 0.385 0.328

tunability of different test conditions is listed Table 2. From
these two tables, it is easy to deduce that the modulation
capability of photovoltaic properties of the heterojunction by
compressive strain is larger than that under poling state. It has
been reported that the driving force resulted from the electric
field formed by piezoelectric charges is bigger than that by
ferroelectric depolarization field, which can be used to explain
the interesting experimental phenomena summarized in Tables
1 and 2.5*' More interestingly, as indicated from Table 2, the
modulation capability under the synergistic action of the piezo-
phototronic effect and ferroelectric polarization is higher than
that under either piezo-phototronic effect or ferroelectric
polarization. The tunability for E to A, B to A (E to D) and D
to A (E to B) to is not a simple superposition correlation, which
offers distinct testimony of mutually reinforce and synergistic
coupling between the piezo-phototronic effect and ferroelectric
polarization. When the device under the simultaneous action of
upward poling state and compressive strain, both the change of
energy band structure caused by compressive strain and the
depolarization field within BLFO ferroelectric film will promote
the transport behavior of photogenerated carriers.

The coupling of the piezo-phototronic effect and ferroelec-
tricity can markedly enhance the photovoltaic properties of
BLFO/ZnO heterostructure, which makes it useful in the field of
photodetection. Rise and fall times are two crucial parameters
for a photodetector, which are defined as the time interval
between the normalized output current rising from 10% to 90%
and falling from 90% to 10%, respectively. From Figure Sa, a rise
time of 153.7 ms and a fall time of 108.8 ms under the strain-free
condition without poling are obtained, respectively. By
introducing the piezo-phototronic effect and ferroelectric
polarization, a significantly improved response speed is
achieved. The rise time and fall time decreases to 61.28 and

74.86 ms under concurrent —2.3% compressive strain and
upward poling state, respectively. Besides, as indicated by Figure
5b, the time response of the BLFO/ZnO heterojunction under
the —2.3% compressive and upward poling state presents
excellent stability and repeatability. The Jsc of the hetero-
junction remains almost unchanged after 700 cycles. The
significant enhancement of the photovoltaic properties and
response speed of the BLFO/ZnO heterojunction under
compressive strain and upward poling implies that the electric
field derived from both compressive strain-induced positive
piezo-charges and depolarization field within BLFO film can
enhance the total driving force, which obviously promotes the
velocity of separation and transport of the photogenerated
carriers.

In order to further interpret the working mechanism of the
synergistic coupling between the piezo-phototronic effect and
ferroelectricity for the enhanced photovoltaic performance of
the BLFO/ZnO heterojunction, FEA based on the COMSOL
software is utilized to calculate the piezopotential distribution
for ZnO nanowire arrays and then derive the energy band
diagram of the BLFO/ZnO heterojunction under compressive
strain, as revealed in Figure 6a and Figure S4. For simplification,
the bottom surface of the ZnO nanowire arrays in Figure 6a is
defined as zero potential and set as fixed constraint, and a vertical
compressive force is applied on the top surface. Once a vertical
compressive strain is applied along the —c direction, negative
(positive) piezo-charges would emerge immediately at +c (—c)
surface of the ZnO nanowires due to piezoelectric polarization
effect, so the energy band structure of the BLFO/ZnO
heterojunction alters correspondingly. The piezopotential for
ZnO nanowires via FEA method provides an idea for
constructing energy band of the BLFO/ZnO heterojunction
by theoretical calculation with no poling with compressive
strain.

Furthermore, the energy band diagrams of the device under
different conditions are schematically depicted in Figure 6b—d.
Generally, the BFO-based materials can act as ferroelectric
semiconductors exhibited p-type conduction due to Bi
volatilization.”**~* The schematic energy band diagram of
the BLFO/ZnO heterojunction at the initial state without
compressive strain and the poling is shown in Figure S5. In this
case, an original depletion (stage 1 in Figure 6b—d) zone and a
build-in field (Ey;) of p—n junction are formed at the interface
between BLFO and ZnO, from which the direction of the E,;
points from ZnO to BLFO. When the heterojunction is
illuminated under a 405 nm laser, the incident light is mainly
absorbed by the BLFO layer, thus generates the electron—hole
pairs wherein. The photogenerated electron—hole pairs are
swept to the back and surface sides of the heterojunction by the
built-in field.

When a compressive strain and upward poling were
simultaneously applied to the heterojunction, two things
happened. One, the strain-induced negative/positive piezo-
charges would appear at the +c (top) /—c (bottom) surface of the
ZnO nanowires due to piezo-phototronic effect, respec-

Table 2. Tunability of Different Test Conditions According to the Data in Table 1

Voc Jsc
Pown (%) Py, (%) —2.3% strain (%) P, + —2.3% strain (%) Pown (%) P, (%) —2.3% strain (%) P, + —2.3% train (%)
—243(CtoA) 42(BtoA)  48(DtoA) 8.4 (E to A) ~156 (CtoA) 113 (BtoA) 364 (DtoA) 547 (E to A)
-31(FtoD) 34 (EtoD) 4.1 (EtoB) —112 (FtoD) 134 (EtoD) 389 (E to B)
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will shrink on the ZnO side and expand on the BLFO side, which
is equivalent to the whole depletion zone shifts toward the
BLFO side (stage 2 in Figure 6b—d).***” Therefore, the
effective voltage drop in the p-type depletion region increases
under applied testing voltage, which enhances the separation
eﬂiciencéy of electron—hole pairs in the depletion region near
BLFO.* Considering that the photogenerated electron—hole
pairs are mainly produced at the p-type BLFO side, the
photovoltaic properties and response speed of the BLFO/ZnO
heterojunction can be improved via applied compressive
strain.”*™* In Figure S4, a one-dimensional model is employed
to explore the influence of the externally compressive strain on
the energy band of the heterojunction. The boundary condition
of surface charge density is applied to the interface of the BLFO/
ZnO to introduce the surface charge density of piezo-charges.
The positive piezo-charges generated at the interface make the
energy band lower locally (red line in Figure S4), this change
lead to the variation of depletion region from the original state
without strain (orange area) to the piezo-modulation state with
compressive strain (blue area). The theoretical calculations in
Figure 6a and Figure S4 match well with the physical mechanism
proposed in Figure 6b—d.

On the other hand, the direction of the depolarization field
(Eq4.) within BLFO film will be opposite to the poling direction
when the BLFO film is poled by an external electric field. Herein,
under the upward poling state, the direction of E,, within the
BLFO film is consistent with that of the E;; in the depletion zone
of the heterojunction, making the total driving force of the
photogenerated electron—hole pairs enhanced in the entire
device, which further improves the efficiency of separation and
transportation of photogenerated carriers (Figure 6¢). Thus,
under concurrent compressive strain and upward poling, the
BLFO/ZnO heterojunction present superior photovoltaic
properties than those by applying either compressive strain or
the upward poling. On the contrary, the direction of Eg, is
opposite to that of E,; when a compressive strain and downward
poling act on the heterojunction simultaneously (Figure 6d),
which decreases the total driving force of photogenerated
carriers and thus reduce the photovoltaic performance of the
heterojunction.

CONCLUSIONS

In summary, we successfully prepared the BLFO/ZnO
heterojunction on the FTO substrate and have systematically
investigated the coupling mechanism of the piezo-phototronic
effect and ferroelectric polarization in the heterojunction. The
heterojunction showed a significant enhancement in photo-
voltaic performance under 405 nm laser illumination. By
applying a compressive strain and upward poling, the overall
driving force of the photogenerated carriers is ameliorated,
which notably promotes the separation and transport behavior
of photogenerated carriers in the heterojunction. Compared
with the photovoltaic performance of the heterojunction
without strain and poling, the Jsc and Vi enhanced by 54.7%
and 8.4% by simultaneously applying —2.3% compressive strain
and upward polarization, respectively. The reasonable schemat-
ical energy band diagrams are proposed to explain the working
mechanism of the heterojunction under the synergistic effect of
piezo-phototronic effect and ferroelectric polarization, which
was partly validated by the theoretical calculation. This work not
only offers a feasible and common approach for improving the
heterojunction based on ferroelectric film by piezo-phototronic

effect but also facilitates the development of human—machine
interaction systems integrated with photoexcitation.

EXPERIMENTAL SECTION

Fabrication of BLFO and BFO Films. BLFO films were prepared
via the sol—gel method and spin-coating technique. The precursor
solution of BLFO was achieved by dissolving 1.3606 g of bismuth
nitride [Bi(NO;);-SH,0], 1.212 g of iron nitrate [Fe(NO;)-9H,0],
and 0.1948 g of lanthanum nitrate [La(NO;);-6H,0] in 4 mL of 2-
methoxyethanol. Additionally, 2 mL of acetic acid and 3 mL of acetic
anhydride were mixed in the solution as dehydrating agents, and the
viscosity of the resulting solution was adjusted by adding 100 uL of
ethanolamine. Finally, an appropriate amount of 2-methoxyethanol was
added to obtain 10 mL of precursors with a solution concentration of
0.3 mol/L. The mixture was vigorously stirred for 12 h at room
temperature to gain a stable and uniform solution. Subsequently, the
above precursor solution was spin-coated on FTO conducting glass at
800 rpm initially for 10 s and then at 4000 rpm for 30 s in ambient
conditions, followed by pyrolyzing at 350 °C for S min and then 600 °C
for 20 min. The above process was replicated S times to obtain BLFO
film with homogeneous thickness. The precursor solution of BFO was
achieved by dissolving 1.6000 g of bismuth nitride [Bi(NO;);-SH,0]
and 12120 g of iron nitrate [Fe(NO;)-9H,0] in 4 mL of 2-
methoxyethanol. The preparation process of the BFO film was the same
as that for BLFO.

Fabrication of ZnO Nanowires. hexamethylenetetramine
[(CH,)¢N,, HMTA] (0.7008 g) and zinc nitrate hexahydrate
[Zn(NO3),-6H,0] (2.9875 g) were mixed in 200 mL of deionized
water to prepare a growth solution with a concentration of 0.05 mol/L.
The ZnO seeds were deposited onto the BLFO film via a magnet
sputtering system (JGP-350B) at a substrate temperature of S00 °C and
then transferred into the growth solution at 90 °C for 9 h in a
thermostat oven. Finally, the ITO-transparent conductive electrode
with an area of 3 X 3 mm? was sputtered with magnetron sputtering on
top of the ZnO nanowire arrays at 350 °C. The testing Cu wires were
attached to the top and bottom electrodes by silver paste. A thin layer of
Kapton tape was employed to fix the testing wires and improve the
robustness. Finally, a thin glass sheet is placed on the upper part of the
device to not only ensure evenly applied stress to the ZnO nanowire
arrays but also protect the device from the piezomotor.

Characterization and Measurement. The crystal structure and
surface morphology were studied by XRD (Bruker D8 Advance, Cu Ka
radiation) and SEM (Carl Zeiss Geminisem500), respectively.
Transmission and absorption spectra of BLFO film and ZnO nanowire
arrays were measured by a UV—vis spectrophotometer (Varian Cary
5000) in a wavelength range of 300—800 nm. Sliver film electrodes with
diameter of 0.5 mm were sputtered on the surface of BLFO films as the
top electrodes to test the photovoltaic properties of the BLFO/ZnO
heterojunction. Hysteresis loop measurement was performed by a
ferroelectric tester (PolyK Technologies, PK-CPE901) at the frequency
of 1 kHz. The mocroscopic ferroelectric properties of the BLFO film
was measured with a PEM (Multimode 8, Bruker). The homemade test
platform was constructed with the piezomotor (P-753.3CD, PI
company), Keithley 2400 source meter, XYZ linear translation stage
(movement resolution of 10 ym), 405 nm laser source, probe station,
and a computer equipped with measurement software, as shown in
Figure S1. Among them, the piezomotor can provide nanoscale
displacement to ensure the precise exertion of compressive strain
during the test process. The laser power density was measured and
calibrated by a power meter (CEL-FZ-A, AuLight). A 10 V DC voltage
was applied to the device for 1 s to pole the BLFO film. All of the
measurements were carried out at room temperature.
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