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Spatially Probed Plasmonic Photothermic Nanoheater
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Surface plasmon-based photonics offers exciting opportunities to enable

fine control of the site, span, and extent of mechanical harvesting. However,
the interaction between plasmonic photothermic and piezoresponse still
remains underexplored. Here, spatially localized and controllable piezore-
sponse of a hybrid self-polarized polymeric-metallic system that correlates to
plasmonic light-to-heat modulation of the local strain is demonstrated. The
piezoresponse is associated to the localized plasmons that serve as efficient
nanoheaters leading to self-regulated strain via thermal expansion of the
electroactive polymer. Moreover, the finite-difference time-domain simulation
and linear thermal model also deduce the local strain to the surface plasmon
heat absorption. The distinct plasmonic photothermic—piezoelectric phenom-
enon mediates not only localized external stimulus light response but also
enhances dynamic piezoelectric energy harvesting. The present work high-
lights a promising surface plasmon coordinated piezoelectric response which
underpins energy localization and transfer for diversified design of unique

photothermic—piezotronic technology.

Exploitation of soft electroactive polymeric hybrid systems
to increase energy harvesting from ambient vibration has
been envisioned as flexible self-powered material promising
for implementation into self-sustained miniaturized elec-
tronics.l'?! Piezoelectric nanogenerator that converts mechan-
ical forces into electricity by breaking the atomic symmetry has
been particularly useful for such purpose.! Although inorganic
piezoelectric materials such as zinc oxide (ZnO), lead zirconate
titanate (PZT), and barium titanate (BaTiO3) exhibit high piezo-
electric coefficients, they are usually brittle in nature.* In
comparison to inorganic piezoelectric materials, polymer-based
piezoelectric materials such as poly(vinylidene fluoride) (PVDF)

is well-suited to fabricate flexible and
biocompatible nanogenerators that can
sustain large strains.’! Hence, various
strategies have been employed to enhance
the piezoelectric response of PVDF, pri-
marily by preferential orientation of all-
trans B-phase conformation.1%! The
proposed methodologies which yield high
P-phase content from the directional
nanowires, however, pose scalability issues
restrictive to the size of the template.[1213]
To overcome this, nanoparticles (NPs) that
carry surface charges can be incorporated
into PVDF to promote f-phase embodi-
ment."*15] The opposite charges on the
nanoparticles form an electrostatic inter-
action with the highly polar C—F bond of
PVDF which assist the molecular chain
alignment and f-phase formation.!!6-22
Taking advantage of this compelling inter-
action, materials such as carbon nano-
tubes,2*1  graphene-oxide,['*!9  metal
NPs,[16:20.21.26.27] metal salts,?8] and ceramic NPs have been used
to induce self-aligned PVDF.[>2%:30]

Beside, metallic nanostructure is of particularly interest
in enhancing piezoresponse owing to its plasmonic light
absorption down to subwavelength dimension that triggers
nanoheating effect to produce localized strain via thermal
expansion.?132l The light-to-heat conversion via nonradia-
tive electron relaxation dynamics®}! leads to the spontaneous
temperature increment and amplification of the incident
wavelength, endowing it with intense plasmonic photothermic
properties.?33* The average energy density of photothermic
conversion can be calculated using heat power absorption
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equation which gives a good approximation of heat gener-
ated by the plasmonic nanoheater.*>”] Coupling the localized
plasmonic nanoheater with soft electroactive polymeric mate-
rial allows synergetic convergence of the piezoelectric with
the plasmonic photothermic effects into an integral design to
enable spatially controllable and enhanced mechanical energy
harvesting.[383% However, to the best of our knowledge, such
plasmonic photothermic and piezoelectric interaction in energy
harvesting has rarely been reported.

Herein, we spatially probe and manipulate piezoresponse of
hybrid polymeric-metallic (PVDF-Ag) system that correlates to
plasmonic light-to-heat modulation of the local strain. The self-
polarized Ag NPs grafted with thin PVDF sheath and PVDF-
Ag NPs matrix are examined using in situ piezoresponse
force microscopy (PFM) under variable visible light excitation.
Notably, the in situ PFM reveals not only the spatial distribution
but also provides quantitative field enhancement to underpin
the surface plasmon modulated piezoelectric phenomenon.
The PVDF-Ag film exhibits variable piezoelectric coefficient
enhancement of 43.8% under selective visible light excitation
wavelength owing to the localized plasmonic photothermic
effect that spontaneously regulates the local strain. Moreover,
the finite-difference time-domain (FDTD) simulation and linear
thermal expansion model deduce a temperature increment of
1.9 °C which is ascribed to 8.3% plasmonic heat absorption. To
this end, photothermic—piezoelectric energy harvesting dem-
onstrates significant enhancement over pristine PVDF under
plasmonic resonance. This work establishes surface plasmon
enhanced piezoelectric harvesting which is highly prom-
ising for flexible plasmonic photothermic-driven piezotronic
technology.
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The chemical configuration of PVDF used in this study
is shown in Figure 1la. There exists a large dipole moment
pointing from fluorine atoms to hydrogen atoms in the ferro-
electric PVDF molecule chain due to the presence of a large
electron affinity difference.*”! The formation of PVDF NPs is
driven by the hydrophobic interaction between the water mol-
ecules and fluorine atoms in PVDF polymer. The hydrophobic
interaction is mainly an entropic effect, which disrupts the
hydrogen bonds between the water molecules and the nonpolar
solute.l**#ll Due to this reason, PVDF molecules are unlikely to
form hydrogen bonds with the water molecules, hence leading
to self-folding of the PVDF molecule chains to form NPs which
in turn reduces the surface area exposed to the water.*’]

Hybrid PVDF-Ag NPs were synthesized by mixing prepre-
pared Ag NPs into N,N-dimethylformamide containing PVDF
molecules, followed by the addition of a hydrophilic solvent.
Because of the strong dipolar characteristic of PVDF molecules,
the partial positive charges of the hydrogen atoms in PVDF will
form electrostatic interaction with the partial negative charges
on the surface of the Ag NPs.['1642] When a polar solvent is
introduced into the mixture of PVDF and Ag NPs, the PVDF
chains tend to fold on the surface of Ag NPs, encapsulating
the Ag NPs within the PVDF polymer chains, as illustrated in
Figure 1b.

The crystallinity of the as-grown PVDF and PVDF-Ag NPs
can be further enhanced by going through an annealing pro-
cess at 80 °C. All the ferroelectric properties of NPs were char-
acterized after the annealing process.'*3* The transmission
electron microscopy (TEM) images in Figure 2a,b show the
successful grafting of PVDF molecules on the surface of Ag
NPs with varying PVDF thickness from 7 to 15 nm. Thin layers
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Figure 1. a) Chemical structure of PVDF in all-trans zigzag planar configuration. b) Schematic representation self-folding of PVDF molecules in -phase
configuration on the surface of Ag NPs driven by hydrophobic force. Right scheme shows the magnified image at the interface between Ag NPs and

PVDF molecule via electrostatic interaction.
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Figure 2. a,b) TEM images of PVDF-Ag NPs. c) HR-TEM image of interface at enlarged area between PVDF and Ag in PVDF-Ag NPs; the inset shows
the SAED pattern of PVDF-Ag NPs. d) FTIR spectra of PVDF and PVYDF-Ag NPs, e) XRD diffraction of PVDF, Ag, and PVYDF-Ag NPs.

of PVDF polymer chains fold and wrap onto the surface of
the nucleating site (Ag NPs), resulting in the PVDF-Ag NPs
exhibiting a smaller size compared to the pristine PVDF NPs
(Figure S1, Supporting Information). The interface between
the Ag NPs and the PVDF grafting is shown in Figure 2c, and
it is observed that the PVDF layer coats conformally onto the
Ag NPs without any gaps or separation. The intimate interface
between Ag NPs and PVDF suggests a strong electrostatic inter-
action between the electroactive PVDF B-phase and Ag NPs.
The lattice fringes of the Ag NPs in the high-resolution TEM
image reveal a high crystallinity structure with a d-spacing of
0.27 nm which corresponds to the (111) plane of face-centered
cubic (FCC) structure. The corresponding selected-area electron
diffraction (SAED) pattern is shown in the inset, and the dif-
fraction rings are indexed to (111), (200), (220), and (311). It is
noted that the intensity of the rings appear dimmer compared
to pristine Ag NPs (Figure S2, Supporting Information), due to
the presence of PVDF which exhibits amorphous properties in
nature.*] The PVDF phases were identified using both Fourier
transform infrared (FTIR) spectroscopy and X-ray diffraction
(XRD) (Figure 2d,e). The FTIR spectrum of 450-1450 cm™ is
shown in Figure 2d. The electroactive f-phase can be identi-
fied from 510, 840, and 1275 cm™! vibrational bands. The 510
and 840 cm™! peaks are the dual signature of § and y phases.[*l
However, with the presence of the Ag NPs, the 1275 cm™ that
is exclusively attributed to B-phase vibrational bands can be
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clearly seen. Next, the XRD was carried out to confirm the pres-
ence of fB-phase in Figure 2e. For clarity, XRD diffractogram
in the range of 26 = 15° to 24° of PVDF-Ag NPs was magni-
fied and deconvoluted (Figure S3, Supporting Information).
The presence of 8 phase (110/200) at 20.5° and 7y phase (110)
at 20.0° can be distinctively identified.?#48 The enhanced
B-phase in the hybrid structure is a result of the PVDF polymer
chain alignment on Ag NPs surface. Four strong Bragg reflec-
tions identified at 38.1°, 44.3°, 64.4°, and 77.4° corresponding
to the Ag FCC structure® are also observed in the Ag and
PVDF-Ag NPs XRD diffraction patterns. These results verify
that the presence of a nucleating agent can drastically pro-
mote the B-phase content, which is in agreement with previous
findings.[11625.2842.50]

The ferroelectricity of the pristine PVDF NPs and hybrid
PVDF-Ag NPs were characterized by measuring their polari-
zation-electric field (P-E) from —40 to 40 V at room temperature
using PFM (Figure 3a). The 3D atomic force microscopy (AFM)
topography of discrete PVDF NP and PVDF-Ag NP are shown
in Figure 3b,c, respectively. The PVDF NP reveals profile height
of =170 nm while the hybrid PVDF-Ag NP shows height of
~80 nm, which corroborates with the size range observed in
scanning electron microscopy. The PFM phase responses in
Figure 3a (top) show clear hysteresis curve of the phase versus
DC bias (Vpc). Both the pristine PVDF NPs and hybrid PVDF-
Ag NPs exhibit sharp domain switch at Vpc = 40 V by =180°,
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resembles the “butterfly loop,” as shown in
Figure 3a (bottom). It is obvious that with
the presence of Ag NPs, the “butterfly loop”
becomes asymmetric for PVDF-Ag NPs,
which is attributed to the electrode self-
poling effect arising at the interface between
PVDF and Ag NPs.5233 Such phenomenon
facilitates upward switching of polarization
but hinders downward polarization rotation

Amplitude (pm) Phase (Degree)

in response to negative polarization.’¥ The
observations of both the hysteresis phase
switching and the butterfly loops validate
that both PVDF NPs and PVDF-Ag NPs
possess ferroelectric and piezoelectric prop-
erties.*051 Different configuration systems,
i.e., (i) PVDF and PVDF-Ag NPs, (ii) PVDF
and PVDF-Ag NPs-film, and (iiij PVDF
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Figure 3. a) PFM measured nonlinear hysteresis loop phase (top) and amplitude (bottom)
of PVDF NPs and PVDF-Ag NPs. 3D topography and height measurement of b) PVDF NPs
and c) PVDF-Ag NPs. In situ blue light excitation of PFM measured polarization switching of
d) PVDF film and e) PVDF-Ag film. Piezoresponse of poled f) PVDF film and g) PVDF-Ag film.
Applied voltage bias is 0, +15, and —15 V based on the sequence from outer box to inner box.

Scale bar is 2 um.

with coercive voltage of = +13 V (pristine PVDF NPs) and = +7 V
(hybrid PVDF-Ag NPs). These results suggest that a lower coer-
cive voltage is needed to switch the PVDF domain in the pres-
ence of Ag NPs. The phase response signal is directly related to
the direction of electric polarization in the microscopic region
of the surface monitored under PFM tip. Hence, the 180° hys-
teresis switching of phase response signal to a direct-current
voltage sweep is attributed to the switching of PVDF domain
direction along the applied electric field, which is evident of
local ferroelectricity in the pristine PVDF NPs and hybrid
PVDF-Ag NPs.’!l On the other hand, the amplitude response
signal is correlated to the local strain of the PVDF experienced
by the PFM cantilever. As such, expansion and contraction of
the ferroelectric material upon application of an electric field
results in an increased or decreased amplitude response that
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and PVDF-Ag film systems were studied
(Figures S4 and S5, Supporting Information).
Despite slight deviation between the each
system, the fundamental concepts pertaining
to the influence of light on the ferroelectric
behavior still correlates.

PVDF films with embedded Ag NPs
were prepared for further PFM studies.
Figure 3d-g represents the in situ PFM
measured phase and amplitude images of
PVDF and PVDF-Ag films under blue light
(A = 450 nm) irradiation. The outer area
of 10.0 pm? indicates a region of unpoled
PVDF and PVDF-Ag films, while the second
smaller central area of 6.0 um? was poled
by +15 V (positive polarization), and the
smallest central area of 3.0 um? was poled
by —15 (negative polarization). In the phase
images shown in Figure 3d,e for both pris-
tine PVDF and PVDF-Ag films, the unpo-
larized, positively, and negatively polarized
regions are well distinguished from one
another, indicating the coexistence of both
positive and negative polarization states. The
corresponding amplitude signal with iden-
tical dimensions as the phase images are
displayed in Figure 3f,g. Although the phase
images of both pristine PVDF and PVDF-Ag films show sim-
ilar magnitudes in phase switching, the displacement observed
in the PVDF-Ag film is significantly larger than that of PVDF
film under the same light irradiation. In order to further inves-
tigate the tunability of the piezoresponse, light sources of dif-
ferent wavelengths were selectively irradiated on the PVDF-Ag
films. Table 1 summarizes the PFM results of pristine PVDF
and PVDF-Ag films with light (red, purple, and blue wave-
lengths) and without light illumination. The PFM images of red
and purple light irradiations are shown in Figures S6 and S7
in the Supporting Information. The piezoelectric response of
the films can be quantified by the effective piezoelectric coeffi-
cient (ds3) values. The ds; values of pristine PVDF film at +15 V
without light is 11.7 pm V~! and with blue light is 11.0 pm V1.
These results indicate that light irradiation has insignificant

-20
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Table 1. Summary of piezoresponse of PVDF film and PVDF-Ag film under different electromagnetic wavelength illumination.

Light Amplitude [pm] Phase [°] Effective piezoelectric coefficient, ds3 [pm V']

ov +15V =15V ov +15V =15V ov +15V =15V
Pristine PVDF film

None 9.2 58.5 50.5 13.6 0.2 179.8 1.8 1.7 -10.19

Red 9.0 56.8 48.4 12.0 0.1 179.3 1.8 11.4 -9.7

Purple 7.7 57.4 46.3 13.4 0.9 179.3 1.5 11.5 -9.3

Blue 9.0 54.8 49.8 12.8 0.5 179.3 1.8 11.0 -10.0

PVDF-Ag film

None 8.9 79.1 67.5 18.5 0.5 179.0 1.8 15.8 -13.5

Red 12.1 74.7 68.3 19.9 1.8 180.0 2.4 14.9 -13.7

Purple 133 103.3 833 18.6 2.2 179.0 2.7 20.7 -16.7

Blue 12.4 113.3 88.3 13.3 0.2 178.8 2.5 22.7 -17.7

A The negative sign is determined by considering the film spontaneous polarization direction driven by the AC field.

influence on the piezoelectric response of the pristine PVDF.
However, when Ag NPs are introduced into the PVDF film, an
increment in the piezoelectric response is observed. Under blue
light irradiation, the effective d33 of PVDF-Ag film achieved the
highest piezoresponse of 22.7 pm V-1, which is 43.8% higher
than that without light irradiation. This piezoelectric coefficient
is also 106.4% higher than that of pristine PVDF film which
can be attributed to the increase of the B-phase content due to
self-poling effect (Figure 3a).

In general, the effective d3; measured using PFM can be
described by d3; = X/ V, where X is the measured local displace-
ment (amplitude) of the film and V is the drive amplitude (5 V)
of the cantilever.’!l Without light irradiation, the amplitude
of the PVDF-Ag film yields 79.1 and 67.5 pm under +15 and
—15 V voltage biases. In the presence of 450 nm light illumina-
tion, the local displacement of the same film at voltage biases
of +15 and —15 V increased to 113.3 and 88.3 pm, respec-
tively. Comparing the displacement obtained with and without
450 nm light irradiation, the local strains are estimated to have
increased by 43.2% and 30.8% at +15 and —15 V voltage bias,
respectively. These results indicate that the PVDF-Ag film
effectively responded to specific light irradiation wavelength
and the plasmonic photothermic effect induced an additional
local strain enhancement, which causes, the effective ds; values
to be greatly enhanced. Since the local strain is linearly propor-
tional to the displacement of the piezoelectric material,>">>! one
can expect an intuitive inclusion of the additional local strain of
PVDF-Ag in the presence of light which can be represented by
ds3 = (X + Xjg)/ V, where X, is the additional local strain.

To explain the light-driven additional local strain, X,
observed in the PVDF-Ag film, the thermal expansion model
of a polymer was adapted as illustrated in Figure 4a. Upon light
excitation, the electron will be excited to a higher energy state
which subsequently relaxes by electron—electron scattering. The
fast heating results in cooling equilibrated by electron—phonon
relaxation. Finally, the phonon energy is dissipated to the sur-
rounding environment.*®l The heat dissipated from the nano-
heater results in thermal expansion of the PVDF film. Notably,
during the PFM measurement, the temperature of the meas-
uring platform was assumed to be constant. Hence, the heat
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that induces the film expansion can be assumed to originate
solely from the Ag NPs under blue light irradiation. It is pro-
posed that under the “optimal” incident wavelength, the plas-
monic resonance is excited and converts light into heat that
eventually expands the film. It is also possible that the enhance-
ment observed might be contributed by the pyroelectric effect
of PVDF, however, pyroelectric energy can only be generated
when a temperature gradient exists. In this work, the heat gen-
erated due to the light irradiation has been equilibrated with its
surrounding, therefore ruling out the pyroelectric contribution
due to temperature change.

In order to support the proposed mechanism, the UV-vis
extinction spectra of the Ag NPs in ethanol suspension and
PVDF-Ag film were measured. Figure 4b reveals a dipolar
plasmon mode of Ag NPs at 440 nm and PVDF-Ag film
at 450 nm.P”l The red shift of 10 nm for the localized sur-
face plasmon resonance (LSPR) peak can be attributed to an
increase in the effective refractive index of the surrounding
medium %% Meanwhile, the pristine PVDF film shows a
weak absorption in the visible spectrum because of its large
bandgap. The electromagnetic properties of the Ag NPs were
also studied using the FDTD method. The peak positions of
the calculated extinction spectra are in good agreement with
that of the measured UV-vis spectra. However, the measured
dipolar plasmon mode of Ag NPs appears to be broader than
the calculated one, owing to the wide particle size distribution
of the as-synthesized Ag NPs.[°!l In order to further investigate
the plasmonic effect on the piezoresponse enhancement, dif-
ferent light sources used in PFM measurement were superim-
posed on the extinction spectrum of PVDF-Ag film as shown
in Figure 4c. The shaded regions are the overlapping areas
between the light excitation sources and the LSPR of Ag NPs in
PVDF-Ag film. It is obvious that the blue light illumination has
the closest match with the Ag plasmonic resonance spectrum
as compared to that of other light illumination wavelengths.

It is noted that the extinction spectrum might have included
light scattering at different angles. Using electromagnetic simu-
lation, power absorption is calculated to gain insight of the pie-
zoresponse enhancement mechanism. As the power absorbed
by a material depends on the divergence of the Poynting vector,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Thermal expansion model based on light to heat conversion for PVDF-Ag film. b) Numerical calculated and UV-vis measured extinction
spectra of Ag NPs, PVDF, and PVDF-Ag film. c) Overlap of PVDF-Ag extinction spectra with different light bands and FDTD calculated power absorp-
tion. Numerical simulated electric field distribution of Ag NPs in PVDF film at d) 405 nm, ) 450 nm and f) 622 nm. Scale bar is 50 nm.

the absorbed heat power of nonmagnetic materials can be cal-
culated based on the simple equation Py, = 1/2we”|E?, where
o is the frequency, €’ is the imaginary part of the dielectric
permittivity, and E is the total electric field.?>3*! The calculated
power absorption for Ag NPs in PVDF matrix at three dif
ferent excitation wavelengths is illustrated by the green curve
in Figure 4c, which qualitatively agrees with the LSPR peak of
UV-vis spectrum. Careful examination of the overlapping area
between the light illumination and the Ag NPs LSPR spectra
reveals a higher power conversion (8.3%) of Ag NPs under blue
light irradiation than red light irradiation (2.4%). The electric
field distribution of PVDF-Ag film at three different excita-
tion wavelengths are plotted in Figure 4d-f, showing dipolar
plasmon mode for all three excitation wavelengths.

By analyzing the ability of the plasmonic nanoparticles to
convert the absorbed light to heat, the mechanism behind the
enhancement of the effective d;; value of PVDF-Ag film under
different light conditions was elucidated. When the wavelength

of the incident light is close to the resonance frequency of

the metallic nanoparticle, more energy will be converted into
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heat. The heat will then dissipate across the particle interface
to the adjacent matrix medium due to phonon—phonon inter-
action (Figure 4a).%263 Generally, polymer undergoes phys-
ical deformation when subjected to temperature changes: it
expands when heated and contracts when cooled. In this study,
the elastic modulus of the PVDF-Ag was assumed to remain
unchanged in all the light irradiation conditions. Hence, it has
inconsequential effects on the ds; value. Explicitly, the addi-
tional local strain of X,, can be related to the effectiveness of
light to heat conversion by Ag NPs under blue light excita-
tion. The linear thermal expansion is expressed as Ad = o.d;.
(AT),lY where Ad is the change in thickness, o is the coeffi-
cient of thermal expansion of PVDF (12.5 x 10 m m™ K),
d; is the initial thickness of film (110 nm, which was obtained
from AFM measurement of PVDF-Ag film in Figure S8 (Sup-
porting Information)), and AT is the change in temperature. By
comparing the average change in thickness at voltage biases of
0, +15, and —15 V with light irradiation to that without light
irradiation, quantitative estimation of the average AT = 1.9 and
=0 °C, under blue and red light irradiation, respectively, can

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Photograph of flexible PVDF-Ag film on ITO-PET sheet and
schematic of experimental setup used for light enhanced piezoelectric
energy harvesting by periodic bending of the PVDF-Ag film. b) Cycling of
measured open-circuit voltage and short-circuit current of the PVDF-Ag
nanogenerator with and without blue light illumination.

be calculated from the linear thermal expansion model. The
changes in the average temperature of the PVDF-Ag films are
in good agreement with the FDTD calculated power absorption.

In order to demonstrate the energy harvesting capability
under the influence of light, a flexible PVDF-Ag film coated
on an ITO-PET sheet was fabricated (Figure 5a). The piezo-
electric performance of the hybrid system was investigated
with and without blue light (A = 450 nm) illumination as
shown in Figure 5b. Periodic bending was administered to the
PVDF-Ag film via a motor driven mechanical arm of 0.8 Hz
rotation, and the piezoresponse of the film as a function of
time was obtained (Figure 5b). Under the dark condition, the
average peak value of the open-circuit voltage and short-circuit
current are 160 mV and 640 pA, respectively. When the same
mechanical bending was repeated in the presence of blue light
illumination, both the voltage and current output increased
to 210 mV and 890 pA, respectively. The voltage and current
output are enhanced by 31% and 39%, respectively, compared
to that without light illumination. It is known that higher piezo-
electric coefficient results in enhanced energy harvesting.l%!
From Figure 4, when the incident light is close to the reso-
nance wavelength of the Ag nanoparticle, more heat will be
dissipated across the particle interface to the adjacent matrix
medium due to phonon—phonon interaction. This results in an
increasing of the average temperature in the PVDF-Ag system,
hence larger local displacement of the PVDF. Consequently, the
photothermic effect that increases the piezoelectric coefficient
of the PVDF matrix correlates to higher energy output under
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blue light illumination. It is noted that a pristine PVDF film
shows significantly lower voltage and current output (Figure S9,
Supporting Information). Moreover, it does not respond to the
cyclical on—off blue light irradiation. This demonstration veri-
fies the effect of plasmonic nanoheater on piezoresponse which
leads to enhanced energy harvesting.

In summary, we have successfully synthesized self-polar-
ized ferroelectric hybrid polymeric-metallic PVDF-Ag and
demonstrated its distinctive plasmonic photothermic—piezo-
electric properties. The hybrid PVDF-Ag NPs reveal higher
B-phase which significantly lower the coercive voltage needed for
the piezoelectric hysteresis switching. Additionally, the PVDF-Ag
shows a piezoresponse enhancement of 43.8% under resonant
light irradiation at room temperature. The enhanced piezore-
sponse is attributed to the thermal expansion induced local strain
of PVDF owing to the plasmonic photothermic effect of Ag NPs
which convert light to heat in the PVDF matrix. This finding is
critical to improve the performance of piezoelectric materials.
Using numerical electromagnetic calculation and linear thermal
expansion model, the power absorption was calculated to be
8.3%, leading to an increase in the PVDF-Ag film temperature
by 1.9 °C under blue light irradiation. We successfully validated
the energy harvesting functionality of a hybrid PVDF-Ag film
which outperforms pristine PVDF and responds to resonant blue
light illumination. This study provides an important physical
insight into the interaction between the light and piezoelectric
properties useful for the design and fabrication of efficient plas-
monic photothermic-driven piezotronic energy harvesters.
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