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A ferroelectric polyvinylidene fluoride (PVDF) film with excellent
flexibility possesses great potential for photodetection and wearable
devices. However, the relatively weak photo-absorption and the
consequent small photocurrent limit its photofunctional properties.
Herein, we embedded a strongly visible-light active material system,
0.5Ba(Zrg 0gTio sMng 12)O3—0.5(Bag 7Cap 3)TiOs (BZTM—-BCT) loaded
with Ag and Au nanoparticles, into a PVDF film, which demonstrates
a significantly higher photovoltaic response in the whole visible light
range with a p-phase content of over 90%. In a state of “bending +
poling”, the PVDF/BZTM-BCT:Au film presents an optimal response
for photoelectric properties by exhibiting a photocurrent that is 57
times higher than that of a pure PVDF film when illuminated with
405 nm LED light at 100 mW cm2. Photoexcitation and thermal
excitation jointly contribute to the generation of free carriers, while
the flexoelectric and ferroelectric coupling electric field provides a
greater driving force for carrier separation and transport. More
interestingly, composite film-based photoelectric sensors can
simultaneously respond to light and the movement and deformation
of contacted things, indicating its potential in versatile applications.
Overall, this work puts forward a new route for designing new
flexible multifunctional photoelectric devices.

Introduction

Flexible optoelectronic sensors present substantial prospects in
diverse fields, such as wearable devices, environmental mon-
itoring and human-machine interconnection."™ In this con-
text, ferroelectric materials with excellent spontaneous
polarization are promising candidates as they provide the
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New concepts

Most conventional ferroelectric photovoltaic devices are based on inorganic
ferroelectric ceramics, limiting its applications in flexible fields. Starting
from photoexcited carrier generation and transport, we proposed a ferro-
electric, flexoelectric and photothermal coupling strategy to achieve excellent
photovoltaic output in a flexible composite film, which can sense not only
light, but also the deformation and movement of its contacted things. This
concept was confirmed through embedding Au or Ag nanoparticle-loaded
0.5Ba(Zry 05 Tip sMny 1,)03-0.5(Bay 7Cay 3)TiO; ferroelectric particles into the
PVDF film. Under light illumination, free carriers comprise photocarriers
excited by partial photons and thermal carriers injected from metal
nanoparticles into ceramic particles. Concurrently, when poling and
bending the film, the ferroelectric and flexoelectric fields provide a driving
force for carrier transport. The simultaneous regulations of photogenerated
carrier generation and transport improve the photovoltaic current of the
PVDF film by one order of magnitude. It provides a new route to explore
flexible versatile photodetectors.

necessary driving force for the separation of photogenerated
electron-hole pairs.>” Particularly, polyvinylidene fluoride
(PVDF), as an excellent flexible ferroelectric material, has
attracted widespread attention in recent years, especially in
detecting near-infrared irradiation via the light induced pyro-
electric effect.® "' However, pyroelectric photodetectors cannot
be applied to constant light and often require an additional
rectifying circuit in practical applications. By contrast, sensors
based on the photovoltaic effect are more prevalent. Unfortu-
nately, in its pure composition, PVDF exhibits weak ferroelec-
tricity, triggering an almost negligible photovoltaic response.
Although ferroelectric polarization can be enhanced by embed-
ding fillers into PVDF films,">"® few research studies have
focused on achieving this enhancement to improve their photo-
voltaic properties for application in photoelectric sensors.

The flexoelectric effect, known as strain gradient-induced
electric polarization,' is not restricted by crystalline symmetry
and temperature.>'>'® Thus, it can be applied in all dielectrics,
including ferroelectrics and non-ferroelectrics. They can gener-
ate an uneven strain when bending,"”'® polishing"® or designing
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the materials in an irregular shape.*® This has been explored to
induce an obvious photovoltaic response in unidirectionally
polished BiVO, ceramics,"® tip-contacted SrTiO; ceramics® and
oscillating MAPbI; crystals.?” An additional control can be achieved
by combining the strain gradient with electric poling, under which
electric polarization in the same directions can be superimposed
and neutralized in opposite directions.”® These findings provide a
tremendous possibility for designing photovoltaic devices with
excellent photoelectric properties. Because the strain gradient is
linearly dependent on the sample size,***" the films present great
superiority over bulk samples. This is not only due to the smaller
thickness, but also the excellent flexibility, making the films bend
more easily. Hence, the flexo-photovoltaic response in PVDF-based
films shows promise in producing efficient flexible photo-detectors.

Apart from the dynamics of photogenerated carriers, the photo-
voltaic response is also determined by the carrier concentration,
which is more dependent on temperature than light intensity when
the temperature exceeds a certain point. Among previous research
studies, plasmonic metal nanoparticles (NPs) like Au and Ag NPs
are often loaded on the ferroelectric semiconductors to improve
their photocatalytic properties or photoelectric output through the
local surface plasmonic resonance (LSPR) effect,”® > by which the
hot carriers in metal NPs cross the metal NPs/ferroelectrics
Schottky junction into the ferroelectrics. Theoretically, a tempera-
ture increase that occurs through a photothermal effect triggered
by light-matter interaction will also promote the generation of hot
carriers, and thus improve the photoelectric response. In this
study, a compositionally engineered ferroelectric material system
0.5Ba(Zry 0gTip.sMng 1,)03-0.5(Bay ;Cag 3)TiO; (BZTM-BCT) parti-
cles loaded with Ag and Au nanoparticles is embedded into PVDF
to obtain a significant photovoltaic response in the illumination of
all visible light wavelengths. The coupling of ferroelectric, flexo-
electric and photothermal effects makes the film show a signifi-
cantly higher photocurrent. The PVDF/BZTM-BCT:Au film achieves
an improvement by about 57 times under 405 nm light at 100 mW
ecm 2 The hot carrier injection from Au NPs into BZIM-BCT
contributes 73% of the photocurrents. Interestingly, the photo-
electric sensor responds not only to light, but also to the movement
of contacted things due to the photocurrent dependence on
bending, indicating its multifunctional applications.

Results and discussion
Structure and physical characterization

The structural and physical characterizations of the Au and Ag-
loaded BZTM-BCT particles are summarized in Fig. 1. The
preparation process of the BZTM-BCT:Au/Ag particles made
through facile solution methods is briefly described in Fig. 1a.
The detailed procedures are provided in the Experimental sec-
tion (ESIT). In the XRD spectra shown in Fig. 1b, the peaks for all
of these samples are well indexed to the tetragonal perovskite
phase, consistent with the BZT-BCT particles. Peaks in the Mn-
doped BZT-BCT shift towards the higher angle (Fig. S1, ESIY),
indicating that the Mn element induces a lattice contraction in
BZT-BCT. Peaks identified at 38° correspond to the (111) crystal
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plane of the cubic phase of Au and Ag NPs, which confirms that
both are successfully loaded over BZTM-BCT.

The UV-vis light absorption spectra of the BZT-BCT based
samples are given in Fig. 1c. Pure BZT-BCT particles show absorp-
tion to near-UV light only. However, after doping with Mn, the
absorption range is extended to the whole visible light zone,
indicating that Mn acts as a donor dopant that substantially reduces
the bandgap of BZT-BCT.*® Further extension in the absorption
edge is observed when the resulting BZTM-BCT sample is loaded
with Au and Ag NPs, which is due to the LSPR effect. The XPS
measurements confirm that the increasing absorption is mainly
attributed to the metallic Au and Ag, but not their oxides. As shown
in Fig. 1d, the survey scan spectra display all of the peaks corres-
ponding to all of the elements existing in the BZTM-BCT composi-
tion, and the peaks ascribed to Au 4f and Ag 3d occur in the BZTM-
BCT:Au and BZTM-BCT:Ag samples, respectively. High-resolution
Au 4f and Ag 3d XPS tests were carried out to analyze their chemical
states. The peaks located at 83.7 €V and 87.4 eV are caused by Au 4f;,
» and Au 4f;,, respectively (Fig. 1e). The two additional doublets are
mainly attributed to the Ba 3d orbital, which indicates that Ba has at
least two chemical states.”®*' This phenomenon is reasonable
because Ti, Mn, and Zr do coexist in the B-site of the ABOj; structure.
The peaks appearing at 368.0 eV and 374.0 eV are attributed to Ag
3ds), and Ag 3d;),, respectively (Fig. 1f).** These results confirm that
metallic Au and Ag are successfully deposited on the BZTM-BCT
particles and not their oxides.

The morphology and lattice profiles of BZTM-BCT with Au and
Ag nanoparticles are observed through TEM. Fig. 1g and h
demonstrate the successful crystallization and distribution of Au
and Ag NPs on the BZTM-BCT particles. The grain sizes of the
BZTM-BCT are hundreds of nanometers, while the sizes of the Au
and Ag NPs are in tens of nanometers (Fig. 1g1 and h1). The lattice
fringes are clearly observed from the HRTEM images. Interplanar
spacings of 2.38 A and 2.89 A, shown in Fig. 1g2, are in agreement
with the (111) and (110) planes of tetragonal BZT-BCT, respec-
tively. The interplanar distances of the Au and Ag NPs presented in
Fig. 1g4 and h2 are both about 2.32 A, corresponding to the (111)
planes of cubic Au and Ag NPs. An excellent contact interface
between the metal NPs and BZTM-BCT particles is also observed,
which is beneficial to the formation of the Schottky junction and
carrier transport. The lattice fringes were further analyzed by the
SAED patterns (Fig. 1g3 and the insert image in Fig. 1h). Diffrac-
tion spots of the Au and Ag NPs are thoroughly mixed with that of
BZTM-BCT, but are still clearly distinguished. These results are
consistent with the XRD analysis, and therefore further validate
that the Au and Ag NPs with great crystallinity are successfully
deposited on the BZTM-BCT particles.

Fig. 2 presents the structure and physical properties of the
as-prepared PVDF composite films. Fig. 2a schematically
depicts the sandwich-like flexible PVDF composite films that
we designed, in which ceramic particles with different compo-
sitions are uniformly embedded into the PVDF films (Fig. 2b
and Fig. S2, ESIt), with almost no cracks or holes. These results
confirm the formation of the good-quality PVDF composite
films. The thicknesses of all of the films are about 10 um
(Fig. S3, ESIT). XRD measurements were carried out to identify

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Structural and physical properties of the Au and Ag-loaded BZTM—BCT particles. (a) Schematic preparation processes for the BZTM—-BCT:Au/Ag
heterostructures. (b) XRD spectra and (c) UV-vis spectra for different ceramic particles. XPS spectra for BZTM—-BCT:Au/Ag particles: survey scan (d), Au 4f
for BZTM—BCT:Au (e) and Ag 4d for BZTM—-BCT:Ag (f). TEM, HRTEM and SAED images for BZTM-BCT:Au (g) and BZTM-BCT:Ag (h).

the phase structures and components of the composite films
(Fig. 2c). The peaks at 18.3° and 20.2°, corresponding to the
(020) and (110) planes, respectively, are indicators of the non-
polar o phase and polar B phase of the pure PVDF film.****
Peaks corresponding to base ceramic particles are clearly
visible, but the peaks corresponding to Au and Ag NPs are
difficult to identify as their relative content is very low. The
phase components of these composite films were further
analyzed through FTIR measurements. As shown in Fig. 2d,
the o and P phases are characterized by the peaks at 771 and
835 cm !, respectively.®® The introduction of ferroelectric cera-
mic particles is helpful to increase the B phase fraction F(f) of
the PVDF film."*'® F(B) can be calculated through eqn (1):'*

Ap

F(B)=——F
# 1.264, + Ap

1)

This journal is © The Royal Society of Chemistry 2024

where A, and Ag are the areas of the peaks at 771 and 835 em Y,

respectively. The F(ff) of the pure PVDF is about 82% (Fig. S4,
ESIt). It reaches about 90% after introducing ceramic particles,
and further increases to about 93% after depositing the Au and Ag
NPs on the BZTM-BCT particles. The higher F() may be caused
by the stronger ferroelectricity of the conductive nanomaterials/
ferroelectric composites, which has been widely reported.?*¢=”
The photographs of five PVDF composite films with differ-
ent ceramic particles are given in Fig. 2e. It can be seen that the
pure PVDF film is almost transparent, while its transparency is
greatly reduced after introducing ceramic particles. The PVDF
film with BZT-BCT particles becomes white and the PVDF films
with different BZTM-BCT particles become brown, but with
slightly varying brightness. After depositing the Au and Ag NPs,
the stronger absorptions of the films cause their color to
become darker. Additionally, the films can be greatly bent,

Mater. Horiz., 2024, 11, 5295-5303 | 5297
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Fig. 2 Structure and physical characterizations of PVDF composite films. (a) Schematic of the PVDF composite films. (b) SEM images for PVDF/BZTM—
BCT:Au and PVDF/BZTM-BCT:Ag films. The XRD patterns (c), FTIR spectra (d), photographs (e), transmission (f) and absorbance (g) of PVDF composite films.

indicating their excellent flexibility. The practical transmis-
sions and absorbances were collected through testing UV-vis
spectra (Fig. 2f and g); the results of which are consistent with
the color variation of the composite films. The highest transmis-
sion but lowest absorption is observed for the pure PVDF film.
On embedding the BZT-BCT and BZTM-BCT particles, the light
is absorbed and scattered simultaneously by these particles.
Thus, it is difficult for the light to fully pass through the
composite films, resulting in largely decreasing transmission.
Due to the similar content and distribution of BZT-BCT and
BZTM-BCT in PVDF, the PVDF/BZT-BCT and PVDF/BZTM-BCT
films show almost identical transmission. However, because the
BZTM-BCT particles exhibit greater absorption than the BZT-
BCT particles, the light is more absorbed but less scattered in the
PVDF/BZTM-BCT than PVDF/BZT-BCT film. In addition, the
scattering interface between PVDF and the ceramic particles
may lead to a change in the refractive index of the film. There-
fore, although the PVDF and BZT-BCT composites both exhibit
almost negligible absorption in the visible light region, the
PVDF/BZT-BCT composite film presents visible light absorption.
After depositing Au and Ag NPs on the BZTM-BCT particles, the
stronger absorption and greater scattering interface in the
BZTM-BCT:Au/Ag particles cause the transmission/absorption
to further decrease/increase.

Photovoltaic properties

The flexible PVDF composite film schematically demonstrated
in Fig. 2a was further investigated for its photovoltaic proper-
ties. Different testing states and corresponding energy band
structures are schematically described in Fig. 3a to explain the

5298 | Mater. Horiz., 2024, 11, 5295-5303

photovoltaic mechanism. The Mn-doped BZT-BCT is regarded as
an n-type semiconductor due to the acceptor doping.*® Because of
the work function difference between the Au (5.1 eV) and ITO
(4.8 eV) electrodes,*®*° a built-in field Ey,; forms in the flat films,
pointing from ITO to Au electrodes. When the films are bent
upward, the top surface is stretched and the bottom surface is
compressed, resulting in an upward strain gradient and down-
ward electric field Eqeyo, L.€., the flexoelectric effect. An additional
downward polarization field (Eps) appears upon further upward
poling of the films, corresponding to the “bending + poling”
samples. Egey, and Eps have the same direction with Ey;, which
leads to the energy barrier height decreasing in the ITO side, but
increasing in the Au side. This change is likely to promote carrier
transport and improve the photocurrent.

Fig. 3b-d presents the time-dependent photocurrents (I,,) at
zero-bias under three states when illuminated with 405 nm
light at 100 mW c¢m™>. The corresponding photocurrents are
summarized in Table S1 (ESIt). For all of the samples under any
state, the dark currents are pretty small at only a few pA. Under
light illumination and a flat state, the pure PVDF film exhibits
almost negligible I,;, (about 0.07 nA). The I, slightly increases
after introducing the BZT-BCT (0.12 nA) and BZTM-BCT
(0.28 nA) particles. A higher I, for the PVDF/BZTM-BCT film
compared to the PVDF/BZT-BCT film is reasonable due to its
stronger photo absorption. Interestingly, depositing Ag and Au
NPs on the BZTM-BCT particles causes a significant increase of
the I, in the films, reaching up to 0.82 and 1.21 nA for the
PVDF/BZTM-BCT:Ag and PVDF/BZTM-BCT:Au films, respec-
tively. These values are 3 and 4.5 times higher than that of
the PVDF/BZTM-BCT film, and one order of magnitude higher

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Comparison of the photovoltaic properties of different PVDF composite films. (a) Different states of films, including flat, bending and bending
after poling, as well as the corresponding energy band structures. Ey,;, Eqexo and Egs represent the electric field created by Schottky barriers, flexoelectric
polarization and ferroelectric polarization, respectively. The photocurrent-time curves of the five composite films under 405 nm (b)—-(d) and 760 nm (e)—
(g) LED light irradiation, tested for the flat samples (b) and (e), bending samples (c) and (f) and bending samples after poling (d) and (g). The light intensity is

fixed at 100 mW cm—2.

than that of the pure PVDF film. This is mainly caused by the
greater number of generated carriers, which will be discussed
in detail in the following section.

The value for I, is further increased on account of the
flexoelectric effect, which is induced by bending the films. For
the PVDF/BZTM-BCT:Au film, I, reaches about 2.1 nA, which
is 75% higher than that observed under a flat state. Further-
more, on poling the composite films and testing their I, in the
bending state, the I, for all five films increases, while their
difference becomes quite significant. For films with Au and Ag
NPs, I,;, is obviously higher than the others. Specifically for the
PVDF/BZTM-BCT:Au film, I, increases to about 4.0 nA, an

This journal is © The Royal Society of Chemistry 2024

enhancement of 86% compared to the pre-poling state. In
addition, obvious and similar peak currents are observed in
all composite films when the light is turned off, which is caused
by the pyroelectric effect and explained in Fig. S5 (ESIT). Over-
all, in all of the films, I, of the flexible PVDF-based photo-
voltaic device increases by 57 times through coupling the
composite film preparation, flexoelectric effect and ferroelec-
tric polarization. More importantly, the photovoltaic responses
of the composite films are extended to 760 nm (Fig. 3e-g).
There are no I, for the pure PVDF film and PVDF/BZT-BCT
film under the three states irradiated by 760 nm light. This is
due to the narrow photo absorption range of the PVDF and

Mater. Horiz., 2024, 11, 5295-5303 | 5299
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BZT-BCT composites. The photovoltaic response is generated
after Mn doping BZT-BCT, and is substantially improved after
depositing Ag or Au NPs on the BZTM-BCT particles. Compara-
tively, the PVDF/BZTM-BCT:Au film exhibits a maximum
photocurrent of 1.3 nA under the “poling + bending” state.
The I,, changes under different states are also verified by
measuring and plotting the photocurrent-voltage (I-V) curves
(Fig. S6, ESIt). Whether the voltage is applied or not, the I,
increases after bending and poling. Concurrently, the open
circuit voltage (V) slightly increases from about 0.2 V to over
0.3 V. The It curves of the upward bending samples under
downward poling are presented in Fig. S7 (ESIt). In this case,
Ey is in the opposite direction to Ey; and Efeyo, Which weakens
or even flips the downward electric field. Therefore, the photo-
voltaic currents almost disappear for the pure PVDF, PVDF/
BZT-BCT and PVDF/BZTM-BCT films, while the PVDF/BZTM-
BCT:Au and PVDF/BZTM-BCT:Ag films exhibit negative photo-
voltaic currents. In addition, when the light turns on/off, the
pyroelectric peak current that occurs opposite to that in the
upward poled samples is caused by the reverse dipole moment.

The I, adjustability of the poled PVDF/BZTM-BCT:Au com-
posite film was studied. Firstly, the photocurrent is nonlinearly
dependent on the bending extent. Under 405 nm light illumi-
nation, the I, increases when the distance between the two
terminals decreases from 17 (flat state) to 13 mm (bending
state). Meanwhile, a larger bending extent causes the effective
irradiation area to significantly decrease. Thus, the I, is
decreased (Fig. 4a), which is schematically depicted in Fig. S8
(ESIt). The film exhibits a photovoltaic response in the whole
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visible light range, and the magnitude is almost consistent with
the absorption ability to light with the corresponding wavelength
(Fig. 4b). Therefore, it is reasonably believed that the composite
film exhibits a photoresponse even under the illumination of
near-infrared light. By contrast, the I, of the pure PVDF film is
very weak under all of the used lights (Fig. S9, ESIT).

Fig. 4c displays the changes in the temperature and I, of
the PVDF/BZTM-BCT:Au film with different 405 nm light
intensities under the “bending + poling” state. Unlike most
reported ferroelectric materials with a linear dependence of I,
on the light intensity, the I, of the composite film increases
quasi-exponentially with increasing light intensities. This phe-
nomenon can be analyzed by eqn (2):

(2)

where S, g, 1 and E are constants for specific materials at zero
bias, representing the effective electrode area, the charge of an
electron, carrier mobility and built-in electric field, respectively.
npn and ny are the generated electrons caused by photon and
thermal excitations, respectively. According to the semiconduc-
tor theory, np, is linearly dependent on the light intensity P,
while n; nonlinearly depends on temperature 7, given by
eqn (3) and (4), respectively:

Iph = Sqﬂ(nph + nT)E

Npn o GoP

®)

nr oc AT exp (— (4)

i)

where G, o, A and k are the Gaussian coefficient, photo absorp-
tion coefficient, parameter related to materials, and Boltzmann
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Fig. 4 Photocurrent and photoresponse mechanism analysis of the PVDF/BZTM-BCT:Au composite film with 405 nm LED light. Photocurrent
dependence on the bending extent (a), light wavelength (b) and light intensity (c). (d) Photocurrent and (e) temperature change with time. (f) Energy band

structure of the Au NPs-deposited BZTM-BCT particles.
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Fig. 5 The photocurrent changes with bending states. (a) Schematics of
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View Article Online

Communication

(b) 20. I: Flat state II: Bending state
< 15; Y
[ o g
- s H $
= ! 1
o 104 8 LF 3
£ g y
=
Q
2 54 &!
= nght |rrad|at|on
e 0. I_IIe1 II 1 TII¢ I ¢
y Dark® 4
5 Light on Light off
0 50 100 150 200 250 300
Time (s)
(d) 12 - -
%ﬁi Tip pressing
= g !% e i
< :
o q
= H iq !
S t $ { $
- 8 s ? 3
s ° S IS N I N
S i i1 I
: ¥ Py
S IRTERVER W AN,
0 Remove tip
0 30 60 90 120
Time (s)

the flat and bending films. (b) Photocurrent evolution with the bending film
dark condition mean that the film starts to bend and flatten, respectively. (c)

Film before tip pressing and after removing tip. (d) Photocurrent corresponding to (c).

constant, respectively. They are all constants. ¢ is the Schottky
barrier between the Au NPs and BZTM-BCT particles. Due to
the linearly increasing film temperature with increasing light
intensities (the 7-P curve in Fig. 4c), the relationship between

I, and P can be expressed by:

Ioh < GoP + AP exp (—%) (5)

It can be seen that the I,,—P curve obtained from the above
formula fits well with the tested values, which indicates that the
photoelectric response is simultaneously contributed by the
photo light energy and heat energy. This speculation is further
confirmed by the time-dependent photocurrent and tempera-
ture. Fig. 4d presents the normalized I}, of the PVDF/BZTM-
BCT:Au composite film under 405 light of 100 mW cm ™2, It is
obvious that the rising process is divided into two stages,
including the rapidly increasing stage I and slowly increasing
stage II. The photogenerated carriers are often separated and
transported in a very short time, which is consistent with stage
I. The time span in stage II is 6.7 s. During this time, the film

This journal is © The Royal Society of Chemistry 2024

temperature increases by 5.6 °C, which is 75% of the entire
increase in film temperature (7.5 °C in 22.6 s), as shown in
Fig. 4e. Therefore, it is reasonable to attribute stage II to
thermal excitation. In this process, the hot carrier concen-
tration slowly increases with increasing film temperature,
resulting in the long rising time of I,. It can be found that
the photocurrent in stage II accounts for about 73% of the
whole photocurrent, indicating the significant role that the hot
carriers played in the photovoltaic response of the composite
film. Due to the open measurement environment with slightly
unstable temperature, I, slightly fluctuates and decreases after
stage II. The PVDF/BZTM-BCT:Ag film also displays similar
double stages, while the other composite films only exhibit the
rapidly increasing photocurrent (Fig. S10, ESIf). Concurrently,
the PVDF/BZTM-BCT composite film shows an almost linear
photocurrent-light intensity curve (Fig. S11, ESIT). These phe-
nomena indicate the strong relationship between the metal NPs
and hot carrier excitation. This can be explained by the energy
band structure of the BZTM-BCT:Au heterostructure (Fig. 4f).
Under light illumination, film temperature increases due to the

Mater. Horiz., 2024, 11, 5295-5303 | 5301
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photothermal effect, accompanied by the temperature increase of
Au NPs. Therefore, a lot of electrons are thermally excited and jump
into the conductive band of the BZTM-BCT sample with the help of
the Au/BZTM-BCT Schottky junction. In terms of this perspective,
the relatively small I, of the PVDF/BZTM-BCT:Ag composite film
may be due to the lower work function (~4.5 eV) of Ag, which
results in a far lower Schottky barrier height and subsequent easier
combination of electron-hole pairs in Ag/BZTM-BCT than the Au/
BZTM-BCT interface. The hot carrier mechanism here is also used
to explain the difference of the peak current under 405 nm and
760 nm light. As shown in Fig. S12 (ESIt), the photocurrents of the
PVDF/BZTM-BCT:Ag and PVDF/BZTM-BCT:Au composite films
consist of the pyroelectric current (I,,) and photovoltaic current
(Iov) generated by photon and thermal excitations, respectively. I,,
increases at the moment when the light turns on and then
gradually decreases, while I,, gradually increases and then remains
stable. Under 405 nm light, the increasing rate of Iy, is faster than
the decreasing rate of I,, before they reach a stable state. Therefore,
no peak current is observed in the PVDF/BZTM-BCT:Au and PVDF/
BZTM-BCT:Ag films when the light is on. However, under 760 nm
light, the rising rate of I,, is faster at first and then slower than the
decreasing rate of I, resulting in the occurrence of the peak
current after a short period of light irradiation. When the PVDF/
BZTM-BCT:Au composite film changes from flat to bending stages
(Fig. 5a), the corresponding photocurrent dynamically evolves
under 405 nm light illumination of 200 mW cm™? (Fig. 5b). It
can be seen that the photocurrent continuously increases from
about 5 nA to 15 nA as the distance between the two terminals
decreases from 17 to 13 mm. No obvious leap is observed. This
phenomenon indicates the sensitivity of this flexible photoelectric
sensor in response to film bending. In addition, there is almost no
current response when bending the film under dark condition.
This means that the piezoelectric response of the composite film is
pretty weak. Thus, under the bending state, the contribution of the
piezoelectric potential to the photocurrent can be excluded. More-
over, the versatility of this flexible photoelectric sensor is realized. It
can sense not only light, but also the change of the things contacted
with it, including movement and deformation. More precisely, the
detection must be operated under light illumination, where light
acts as a switch to control the signal generation. Here, we simulate
a scene of tip movement by poking the film with a toothpick (Video
S1, ESIt). Because the film is naturally curved (upper image in
Fig. 5c), it initially presents a high photocurrent of about 9 nA
under light illumination. When the film is pressed by a tooth-
pick tip (Fig. 5¢), the film becomes flat and the photocurrent
rapidly decreases to about 3 nA (Fig. 5d). The photocurrent
recovers its original value after removing the tip. These results
highlight that the composite film-based photoelectric sensors is
versatile and can be applied to detect photons, and the move-
ment and deformation of contacted things.

Conclusions

In summary, the versatile flexible photoelectric sensors are
designed by embedding the Au and Ag NPs-loaded BZTM-
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BCT particles into the PVDF film. The metal NPs/BZTM-BCT
heterojunction is well constructed and presents excellent photo
absorption in the whole visible light range. The composite
particles not only make the polar § content of the film reach
93%, but also significantly enhance the photovoltaic response
of PVDF from 405 nm to 760 nm. Through coupling of the
composite film preparation, film bending and poling, the
PVDF/BZTM-BCT:Au composite film presents an optical photo-
current that is 57 times higher than that of the pure PVDF film
under 405 nm light of 100 mW c¢cm 2. The hot carriers from Au
NPs to BZTM-BCT contribute 73% of the photocurrent.
Furthermore, due to its photocurrent dependence on the
bending extent, the flexible photoelectric sensor can simulta-
neously sense photons and the movement and deformation of
things. These results indicate the versatile application of the
composite film.
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