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P
ower generation using fossil energy
resources now faces critical issues as
shortage and depletion of resources

and pollution associated with their bypro-
ducts is expected to be exacerbated over
the next decade.1 To alleviate this trend,
harvesting energy from various renewable
energy resources has gained much atten-
tion.2 More recently, in addition to conven-
tional large-scale energy harvesting schemes,
several small-scale energy harvesting meth-
ods, using solar,3,4 thermal gradient,5,6 and
piezoelectric7,8 or triboelectric effects,9,10 have
also been actively investigated to realize self-
powering wireless electronic devices.11�13

Among these approaches, piezoelectric
power generation is considered as one
of the most viable and promising routes
as it is relatively less affected by external
conditions.14

To date, piezoelectric materials, such
as ZnO,15,16 PbZrxTi1�xO3 (PZT),17,18 and
BaTiO3 (BTO),

19,20 have been widely exam-
ined to realize piezoelectric nanogenerators

(NGs). Despite significant advances in ZnO
NGs,21,22 inherently low piezoelectric prop-
erty limits further enhancement of device
performances.23 On the other hand, both PZT
and BTO have a perovskite crystal structure
with very high piezoelectric constant.24�26

Thus, the NGs fabricated with these materials
are expected to greatly improve output
power generation. Recently, the performance
of the BTO NGs, more environmentally safe
by comparison to PZT, was reported, where
the NGs were fabricated by compositing
BTO nanoparticles (NPs) with poly(dimethyl-
siloxane) (PDMS).27,28 The key aspect for high
output power generation in the reports was
onhow touniformly distribute BTONPs in the
composite. Since BTO NPs in the polymer
composite are naturally subsided to the bot-
tom of the layer, it was essential to supple-
ment filling materials as carbon nanotubes27

and virus template28 in the composite to
promote distribution of BTO NPs throughout
the polymer layer. In light of this issue, it is
necessary to further investigate thenovel and
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ABSTRACT We report high-performance flexible nano-

generators (NGs) based on a composite thin film, composed of

hemispherically aggregated BaTiO3 nanoparticles (NPs) and poly-

(vinylidene fluoride-co-hexafluoropropene) P(VDF-HFP). The hemi-

spherical BTO�P(VDF-HFP) clusters were realized by a solvent

evaporation method, which greatly enhanced piezoelectric power

generation. The flexible NGs exhibit high electrical output up to

∼75 V and ∼15 μA at the applied force normal to the surface,

indicating the important role of hemispherical BTO clusters. Besides,

the durability and reproducibility of the NGs were tested by cyclic

measurement under bending stage, generating the output of∼5 V and∼750 nA. The approach we introduce here is simple, cost-effective, and well-suited

for large-scale high-performance flexible NG fabrication.
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facile ways to attain BTO NP composite thin film for the
realization of high-performance NGs.
Herein, we report high-performance flexible NGs

based on the composite thin film, composed of hemi-
spherically aggregated BTONP�P(VDF-HFP). The com-
posite thin film was prepared by solvent evaporation
of the spin-coated solution, containing BTO NPs with
the tetragonal phase, P(VDF-HFP), dimethylformamide
(DMF), and acetone. The aggregated BTO�P(VDF-HFP)
cluster formation improves piezoelectric power gen-
eration by boosting total dipole moment inside
the cluster and providing an effective structure for
mechanical stress harvesting. Our NGs demonstrate
open-circuit voltage of∼75 V and short-circuit current
of ∼15 μA at the applied pressure of ∼0.23 MPa,
generating enough power to instantly turn on a com-
mercial red-light-emitting diode (LED). Besides, the
NGs showed durability and reproducibility under peri-
odic bending cycles. The approach we introduce here
is simple, cost-effective, and well-suited for large-scale
high-performance flexible NG fabrication.

RESULTS AND DISCUSSION

Figure 1a shows the schematic representation of the
device fabrication process. First, a Si wafer piece is
cleanedwith acetone, IPA, deionized (DI) water, andN2,
respectively (Figure 1a). Next, using the BTO NPs (U.S.
Research Nanomaterials, Inc.), the solution is prepared

by mixing with P(VDF-HFP), BTO NPs, DMF, and ace-
tone. The detailed solution preparation process is
described in the Experimental Method section. The
BTO NPs have an average size of 200 nm (Figure 1i),
where the Raman spectrum in Figure 1i (inset) reveals
that the BTO NPs have a tetragonal phase, exhibiting
a high piezoelectric coefficient.29 The peaks of the
Raman spectrum are positioned at 256 cm�1 [A1(TO)],
306 cm�1 [E, B1(TOþLO)], 513 cm�1 [E, A1(TO)], and
715 cm�1 [E, A1(LO)], all of which are subjective to a
tetragonal phase of BTO.30,31 The prepared solution
is then spin-coated on the precleaned Si substrate
and cured in an oven at 80 �C for 1 h under ambient
conditions (Figure 1b). During the curing process,
hemispherical BTO clusters are formed as the solvents
(acetone and DMF) are evaporated. Figure 1g shows a
scanning electronmicrograph (SEM) of BTO�P(VDF-HFP)
composite hemispheres. The diameter of the hemisphere
is varied from a few micrometers to ∼50 μm. Next, the
composite thin film with BTO clusters is peeled off from
the Si substrate (Figure 1c). We note that the composite
thin film can be easily detached from the substrate.
Lastly, the top and bottom sides of the composite
thin film are encapsulated with coated PDMS-coated
metal electrodes (Al) on polyimide (PI) films before
the spin-coated PDMS is cured (Figure 1d,e). The spin-
coated PDMS on Al/PI will first fill the gaps between
BTO clusters and completely cover the hemispheres.

Figure 1. (a�e) Schematic diagram of the NG fabrication process. (a) Silicon substrate. (b) BTO�P(VDFP-HFP) composite thin
film cured after solvent evaporation of spin-coated solution. (c) Peeled off composite thin film from the Si substrate, followed
by high electric field poling process. (d) PDMS-coated Al/PI electrode layer attachment on a bottom side. (e) PDMS spin-
coating on BTO�P(VDF-HFP) composite film, followed by attachement of top electrode. (f) Photograh of the fabricated NG at
bent state, exhibitingflexibility of thedevice. (g) SEM imageof the BTO�P(VDF-HFP) compositefilm consisted of BTO clusters.
(h) SEM of the PDMS-covered BTO�P(VDF-HFP) layer. (i) SEM image of the BTO NPs. The inset displays a Raman spectrum
observed from the BTO NPs.
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The SEM image of the compactly packed BTO NP
clusters is shown in Figure 1h, where the rough surface
indicates the regions where BTO clusters are covered
with PDMS. The solvent-evaporation-assisted solution
coating method used in this study is simple, cost-
effective, and suitable for large-scale production.
Figure 1f shows an optical image of the fabricated
flexible NG.
Figure 2 explains the formation of the BTO hemi-

sphere and its effect on piezoelectric potential genera-
tion. The schematic drawings in Figure 2a illustrate the
role of P(VDF-HFP) on the formation of BTO NP hemi-
spheres. The P(VDF-HFP) copolymer (Sigma-Aldrich)
works here as polymer linkage forming BTO hemi-
spheres as demonstrated in Figure 2a. As the solvents
(DMF, acetone) in the spin-coated solution are rapidly
evaporated in the oven at 80 �C, the remaining P(VDF-
HFP) and BTO NPs are aggregated into the composite
hemispheres. In Figure 2a, the BTO NP hemispheres
with large diameters can be clearly observed. Besides,
it is noticeable that BTO hemispheres are not comple-
tely covered with a thick P(VDF-HFP) (Figure 2a, inset).
We note here that the mixing ratio between solvents,

P(VDF-HFP), and BTO NPs in the solution was carefully
determined to avoid BTO hemispheres being comple-
tely covered with the P(VDF-HFP). Due to relatively
high Young's modulus of P(VDF-HFP),32 once the
BTO hemispheres are completely covered with a
thick P(VDF-HFP) layer, it can be detrimental to the
performance of the piezoelectric NGs. The detailed
composite ratio of the solution is described in the
Experimental Method section. To distinctly show the
role of P(VDF-HFP) copolymer, the composite solution,
not containing P(VDF-HFP), was examined, as well. In
the absence of P(VDF-HFP), the aggregation of the BTO
NPs was significantly reduced in comparison to BTO
hemispheres (Figure 2b). Next, to qualitatively under-
stand the roles of the BTO hemisphere formation on
the performance of the NGs, we examined the gener-
ated piezoelectric potentials at the applied compres-
sive force normal to the surface. Using COMSOL
simulation software, the piezoelectric potentials were
generated for two different BTO NP distribution pat-
terns, one as a hemispherical cluster (Figure 2c) and the
other as planar distribution at the bottom (Figure 2d).
For a fair comparison, the same number of BTO

Figure 2. (a) Schematicflowand a top viewSEMof BTO�P(VDF-HFP) clusters, where BTONPs are hemispherically aggregated
to form clusters. The inset is amagnified SEM of a BTO cluster. (b) Schematic flow and a top view SEMof BTONP layer, formed
by dispersing the solution without P(VDF-HFP). The BTO NPs are stacked laterally onto the substrate. (c) Simulation result of
the piezopotential distribution in a hemisphercally aggregated BTO cluster. (d) Simulation of the piezopotential distribution
in the stacked BTO NPs at the bottom region. Note: the same number of BTO NPs were used in both results. The simulation
explicitly shows the importance of BTO NP distribution for the output performance.
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particles was included in the both simulations, nestled
in the PDMS layer. The generated piezoelectric output
voltages at the same compressive force, 0.23 MPa, are
∼8.5 V for the NG with hemispherical BTO NP forma-
tion and ∼2.1 V for the one with laterally distributed
BTO NPs. The obvious piezoelectric potential increase
clearly indicates the role of BTO cluster formation.
When BTO NPs form hemispherical clusters, total di-
pole moment inside the cluster increases in proportion
to the diameter of the BTO hemisphere. Besides,
hemispherical BTO clusters provide more effective
structure for harvesting externally applied stresses,

as well. On the other hand, considerably weak piezo-
electric potential is obtained when BTO distribution is
localized near the bottom surface. We also note that
the height of BTO clusters in the actual NGs demon-
strated in this work is much greater by comparison to
that of BTO NPs dispersed without including P(VDF-
HFP). Hence, the potential difference is expected to be
greater than the simulation results.
Using the BTO�P(VDF-HFP) thin film as an active

layer, the piezoelectric NGs were fabricated and
characterized (Figure 3). The area of device measured
here was 4 cm2, and its active area under pressure was

Figure 3. Output performance (open-circuit voltage and short-circuit current) of the NGs. (a,b) Switching polarity test. (a)
Measured output voltage and current under the forward connectionmode. (b) Output voltage and current under the reverse
connection mode. (c,d) Linear superposition measurement. (c) Under the serial connection mode of two NGs, the output
voltage reaches 2-fold higher value by comparison to the one in a single NG. (d) In the parallel connection mode of two NGs,
the current is doubled in comparison to a single NG.
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∼2.2 cm2. Under periodically applied pressure of
∼0.23 MPa, measured using the load cell (Bongshin,
Inc.), the maximum output voltage and current up to
∼75 V and ∼15 μA were obtained, respectively. This
result is one of the highest output power generations
in the piezoelectric NGs reported to date. In compar-
ison, the performance of the NG only with BTONPswas
alsomeasured in Figure S1, where theNPs are subsided
in PDMS as in Figure 2d, and approximately an order of
magnitude lower output performance can be clearly
noticed. Here, we note that all BTO thin films were
poled under high electric field (100 kV/cm). Unless
the BTO thin film is poled under high electric field,
considerably low output signals are obtained as in
Figure S2. The poling process aligns randomly oriented
dipoles in the BTO NPs, which is an essential step for
enhancing the output performance of the NGs. In our
BTO�P(VDF-HFP) thin film NGs, even if the measured
output signals are mainly from BTO clusters, it is still
necessary to verify contribution of P(VDF-HFP), which is
also a piezoelectric material but with a low piezo-
electric coefficient.33 Thus, we fabricated the NGs only
with a P(VDF-HFP) layer by excluding BTO NPs in the
solution. After a high voltage poling process, P(VDF-
HFP) film was characterized by Fourier transform infra-
red spectroscopy (FTIR), where it shows R-phase prop-
erties, exhibiting negligible piezoelectric properties34

(Figure S3a). Consequently, negligible output voltage
and current were observed in the NGs (Figure S3b,c).
These results confirmed that the generated output
signals were dominantly from BTO clusters. We note
here that the role of P(VDF-HFP) is limited to hemi-
spherically aggregate BTO NPs. Due to its low viscosity
and high solubility in the solvents, BTO NPs can
be easily mixed and well-distributed in the solution.
In addition, prompt thin film formation can be easily
achieved by rapid solvent evaporation from the spin-
coated solution, which is essential to form hemisphe-
rical BTO clusters.
The current and voltage generation mechanism of

the NG can be described by transient charge flows,
induced by piezoelectric potential of dipole moments

in BTO between two electrodes. When a compressive
force is applied to the NG, the piezoelectric potential
created in the BTO cluster leads charges to flow
through an external circuit between top and bottom
electrodes, until it is balanced by these charges. As the
applied force is released, the charges flow back to
balance the potential difference between two electro-
des. The notable output performance in Figure 3a
is due to hemispherical aggregation of BTO NPs, as
indicated in Figure 2c. In addition, the PDMS packing
layer also contributes to enhance the output perfor-
mance. The spin-coated PDMS solution fills the gap
between BTO NPs in the hemispherical clusters. Thus,
when a force applied from any direction, the stress can
bemore effectively transferred to entire BTONPs in the
clusters, resulting in the enhancement of the NG's
performance, providing similar advantages reported
previously.35 Next, to confirm the validity of the output
signals, the NGs were measured under different con-
nection modes.36,37 First, the NG was measured under
a reverse connection for the switching polarity test
(Figure 3b). The amplitudes of the output signals under
a reverse connection were almost the same as the
ones under a forward connection, while the polarity of
the signal was reversed (supplementary video file 1).
Second, the linear superposition measurement was
conducted with the two NGs. The generated output
signals under the serial and parallel connection mode
are displayed in Figure 3c,d, respectively. When the
NGs are under a serial connection, the maximum
voltage, ∼134 V, can be obtained (Figure 3c). While
under a parallel connection, the maximum current,
∼28 μA, can be generated (Figure 3d). The linear
superposition demonstrates that targeting either out-
put voltage or current can be achieved by integrating
NGs in serial or parallel connections. These results also
confirm that the measured output signals are indeed
from the NGs.
To prove a practical application of the NG, we

connected a NG to a commercial light-emitting diode
through a bridge rectifier consisting of four diodes
(Figure 4c), which convert the generated AC to DC

Figure 4. Rectified output signals of a NG and a commercial LED driving with its output. (a) Rectified open-circuit voltages of
the NG with a full wave rectifier under periodic finger impact. The inset is an enlarged view of a voltage pulse in the dashed
line. (b) Rectified currents of the NG under periodic finger impact. (Inset) LED lighting. (c) Instant LED light on upon a finger
impact and a bridge rectifier circuit diagram.
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signals. The rectified output voltage and current are
displayed in Figure 4a,b, respectively. It can be noticed
that a commercial LED with operation voltage of 2 V
is directly connected with the developed NG without
the aid of a capacitor (Figure 4c). The NGwas triggered
by a finger push, and it instantly turns the red LED on
as in Figure 4b (inset) (supplementary video file 2).
In Figure 5, reproducibility and reliability of the NGs

were also examined by bending the devices using
a bending stage for sufficient bending cycles. The
NG was bent and released repeatedly for 2 h, where
consistent output voltage and current were generated
andmaintainedover 5400 bending cycles (Figure 5b,c).
We conducted these measurements for multiple de-
vices and confirmed similar output performances. In
addition, performance degradation was not observed

even if the device measured again after a couple of
weeks. These results distinctly show that our NG
satisfies both criteria. Lastly, to show suitability of our
method for large-scale NG fabrication, we presented
the BTO�P(VDF-HFP) composite layer formation on
a 3 in. wafer (Figure 6a). Figure 6b reveals that the
active NG layer is very flexible and thin. Therefore,
our approach can be effectively expanded to fabricate
high-performance NGs in large scale by a simple, fast,
and cost-effective process.

CONCLUSION

In summary, we have demonstrated a novel ap-
proach for realizing high-performance flexible piezo-
electric NGs based on BTO�P(VDF-HFP) composite thin
film. The formation of hemispherical BTONP clusters by

Figure 5. (a) Optical images of the NG at bending and releasing state on the bending stage. (b) Cyclic measurement of open-
circuit voltages for 5400 cycles. The inset displays magnified signals with the green dashed line. (c) Cyclic measurement of
short-circuit current for 5400 cycles. The inset shows magnified signals with the sky-blue dashed line.

Figure 6. Optical images of the BTO�P(VDF) composite thinfilmprocessed for large-scale demonstration. (a) Photographof a
BTO�P(VDF-HFP) composite film on a 3 in. wafer using a simple solution coating method. (b) Photograph of a BTO�P(VDF-
HFP) composite thin film, peeled off from a 3 in. wafer. The image reveals that the composite film is ultraflexible. (Inset)
Composite thin film looks semitransparent due to its thickness.
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solvent evaporation method has enabled us to achieve
improved piezoelectric output power generation. In
addition, this cluster formation offers effective structure
for harvesting externally applied mechanical stress, as
well. Consequently, the NGs generate much enhanced
output power, instantly lighting up a commercial LED.
By cyclic bending test using a bending stage, superb

reproducibility and durability of the NGs were also
confirmed. The approach we proposed here is suitable
for large-scale high-performance flexible NG fabrica-
tion. Furthermore, due to ultrathin and flexible nature
of active composite layer, it can be potentially adopted
as a promising flexible power supply for realizing self-
powered electronics.

EXPERIMENTAL METHOD
BTO NP�P(VDF-HFP) Composite Solution. A total of 0.75 g of

P(VDFP-HFP) (Sigma-Aldrich) was dissolved in a mixture of
1.5 mL of DMF and 4.5 mL of acetone. The solution was then
heated at 60 �C for 40 min in the encapsulated container and
cooled for 30min in an ambient condition. Next, 30 wt % of BTO
NPs was mixed with the prepared solution and stirred for 2 h on
a magnetic stirring plate.

Nanogenerator Fabrication. The BTO�P(VDF-HFP) composite
solution was spin-coated at 2000 rpm for 30 s on a Si wafer
piece and cured in an oven at 80 �C for 1 h. The cured composite
thin film with BTO clusters was peeled off from the Si substrate.
The 100 nm thick Al was evaporated on two flexible substrates
(PI, 50 and 200 μm thick) as top and bottom electrodes. The
PDMS (Sylgard, 184 SILICONE ELASTOMER)was then spin-coated
on the Al-deposited backside electrode at 5000 rpm for 40 s
and precured in an oven at 80 �C for 5 min. Next, the backside of
the BTO�P(VDF-HFP) composite thin film was attached to the
precured PDMS-coated polyimide substrate and cured in an
oven at 80 �C for 1 h. The PDMS solution was again spin-coated
(4500 rpm for 30 s) on the BTO�P(VDF-HFP)/PDMS/Al-deposited
PI, followed by precuring in an oven at 80 �C for 5 min. The
topside electrode was covered on the precured structure, cured
in an oven at 80 �C for 2 h, and kept in ambient condition for
a day. Lastly, the fabricated device was poled at 100 �C while
applying a direct electric field of 100 kV/cm for 20 h.

Electrical Measurement. The output voltage and current from
the NGs were measured by using a voltage meter (Agilent,
34401A) and current preamplifier (Stanford Research Systems,
SR 570), respectively. By using a bending stage, the cyclic
measurement of NGs was performed. The compressive force
normal to the NG's surface was measured by a load cell
(Bongshin, Inc.).

Characterization. A FTIR spectrometer (Bio-Rad Laborartories,
Inc., FTS-175C) was used to analyze the phase type of P(VDFP-
HFP) film. Tetragonal phase of BTO NPs was confirmed by a
high-resolution Raman spectrometer.
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