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Abstract: While poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) film is an excellent piezo-
electric material for mechanical energy harvesting, the piezoelectric output varies considerably
with the spin coating conditions. Herein, we reported a systematic evaluation of the structural,
electrical, mechanical, and microstructural properties of spin-coated P(VDF-TrFE) films obtained
at various distances from the center, as well as under different rotational speeds. With increasing
distance, the remnant polarization, dielectric constant, and crystallinity of the films increased, which
resulted in enhanced piezoelectric power at the largest distance. With increasing rotational speed, the
remnant polarization, dielectric constant, and crystallinity of the films initially increased and then
decreased, while the Young’s modulus continuously increased. This resulted in an enhanced piezo-
electric power at a given rotational speed. The piezoelectric power is proportional to the remnant
polarization and inversely proportional to the Young’s modulus. The highest (2.1 mW) and lowest
(0.5 mW) instantaneous powers were obtained at the largest (1.09 µC/cm2·GPa−1) and smallest
(0.60 µC/cm2·GPa−1) value of remnant polarization over Young’s modulus, respectively. We explain
these behaviors in terms of the centrifugal force-induced shear stress and grain alignment, as well as
the thickness-dependent β-phase crystallization and confinement. This work implies that the spin
coating conditions of distance and rotational speed should be optimized for the enhanced power
output of spin-coated P(VDF-TrFE)-based piezoelectric nanogenerators.

Keywords: spin-coated P(VDF-TrFE); shear stress; grain alignment; crystallization; confinement;
power output; piezoelectric nanogenerator

1. Introduction

The rapid depletion of fossil fuels and climate change problems have prompted great
interest in energy harvesting from the environment. In particular, wasted mechanical energy
harvesting in our daily life has been considered as one of the most promising techniques
to power small electronic devices and various sensors without traditional batteries in the
forthcoming Internet of Things (IoT) era [1,2]. In contrast to solar and thermal energies,
mechanical vibrations are abundant and ubiquitous aspects of human motion, wind, and
ocean waves and are less susceptible to environmental factors, such as time and geographic
location [3]. Notably, low-frequency mechanical energies have been effectively converted
to electricity using a recently developed piezoelectric nanogenerator (PENG) [4–8]. One
of the key factors in increasing the mechanical energy harvesting efficiency in PENGs is
choosing appropriate materials [9,10] and inventing innovative device structures [11,12].

Among the various piezoelectric materials, poly(vinylidene fluoride-trifluoroethylene)
(P(VDF-TrFE)) is one of the most plausible candidates for highly efficient PENG applica-
tions, due to its high remnant polarization, high piezoelectric coefficient, flexibility, and
chemical stability [13–16]. Especially, its solution processability allows P(VDF-TrFE) to be
used in cost-effective and large-area mechanical energy harvesting applications. The facile
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spin coating technique is being widely used for the fabrication of the P(VDF-TrFE) films.
However, spin-coated P(VDF-TrFE) films exhibit significant variation in their physical
properties, even for the same VDF:TrFE content, solvent, rotational speed, and duration
time [17–20]. Therefore, it is essential to understand the origin of these variances during
spin coating to ensure the fabrication of reliable and stable P(VDF-TrFE)-based PENGs.

In this paper, we report the structural, electrical, mechanical, and microstructural
properties of P(VDF-TrFE) film specimens fabricated at various distances from the center,
as well as under different rotational speeds, during the conventional spin coating. While all
P(VDF-TrFE) film specimens exhibited ferroelectricity and piezoelectricity, we found that
the local crystalline phase, crystallinity, grain orientation, and grain density significantly
varied, depending on the spin coating conditions. Such variations were significant for
rotational speed, rather than the distance from the center. A systematic investigation
showed that centrifugal force-induced shear force, as well as thickness-dependent β-
phase crystallization and confinement, were responsible for the observed variable remnant
polarization, dielectric constant, Young’s modulus, and hence, piezoelectric power output.
Enhanced remnant polarization and reduced Young’s modulus through the optimized
spin coating condition would be essential for the highly efficient P(VDF-TrFE)-based
piezoelectric nanogenerators.

2. Materials and Methods
2.1. Fabrication

P(VDF-TrFE) films, with a composition of VDF:TrFE = 70:30 mol%, were fabricated
using a conventional spin coating method. The films were chosen for their highest fer-
roelectric responses of polarization and switching rate among various compositions [21].
Commercially available P(VDF-TrFE) powder with high purity (PolyK Technologies) was
dissolved in N, N-dimethylformamide (DMF) solvent (10 wt%, purity > 99.8%, Sigma
Aldrich), and the solution was continuously stirred for 24 h. The solution was then poured
onto a Pt-coated SiO2/Si substrate (200 µm ± 1.5 nm, Quintess Co., Ltd., Incheon, Republic
of Korea), and the spin coating was performed at various rotational speeds for 30 sec
under ambient conditions. The films were put in a furnace (AJ-SB4, Ajeon Co., Namyangju,
Republic of Korea) for pyrolysis, in which the furnace was maintained at 80 ◦C for 30 min
and further annealed at 140 ◦C for 2 h. Pyrolysis is performed to evaporate the solvent,
while annealing is performed to crystallize the films.

2.2. Characterization

The crystalline structure and phase purity of the P(VDF-TrFE) films were charac-
terized using high-resolution X-ray diffraction (X′PERT-PRO, PANalytical) with Cu Kα

radiation. The chemical bonding vibrations of P(VDF-TrFE) were examined using Fourier
transform-infrared (FT-IR) spectroscopy with attenuated total internal reflection (ATR)
(VERTEX 80 V, Bruker). For the ATR measurements, small pieces of P(VDF-TrFE) film
(0.5 × 1 cm2) were cut using a diamond cutter and attached to a ZnSe crystal, providing
multiple reflections of infrared light. The surface and cross-section morphologies were
investigated by atomic force microscopy (NX10, PSIA) and field emission scanning electron
microscopy (S-4300SE, HITACHI), respectively. The ferroelectric hysteresis loop and com-
plex dielectric constant were obtained using a ferroelectric tester (Precision Multiferroic
Tester, Radiant Technologies, Inc., Albuquerque, NM, USA) and an LCR meter (4284A,
Hewlett-Packard, Palo Alto, CA, USA), respectively. For the electrical measurements, Au
(500 ± 50 Å) was deposited as a top electrode using a sputter coater (Sputter coater 108,
Cressington, Watford, UK). The crystallinity of the films was investigated by differential
scanning calorimetry (404F1, NETZSCH, Selb, Germany). For the differential scanning
calorimetry (DSC) measurements, the films were heated to 180 ◦C at a rate of 5 ◦C/min
under the flowing Ar gas. The Young’s modulus was determined using a nanoindenter
(G200, KLA instrument, Chandler, AZ, USA) and a custom-made indenter (Namil Optical
Instruments, Incheon, Republic of Korea).
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2.3. Piezoelectric Power Generation Measurement

We deposited a thin poly(methyl methacrylate) (PMMA) layer (100 ± 10 nm, Mi-
croChem) on the P(VDF-TrFE) film to form a passivation layer [22] and then sputtered
Au to form an electrode in the PENG. Two Cu wires were attached to the Au top elec-
trode and Pt bottom electrode. The piezoelectric outputs of the P(VDF-TrFE)-based PENG
were characterized using a custom-made linear motor system (LM-NK237603, Motorbank,
Seoul, Republic of Korea) to periodically apply and release a force (10 N) at a frequency
of 1 Hz. Electrical outputs were measured using a two-channel digital phosphor oscillo-
scope (DSOX2002A, Keysight, Santa Rosa, CA, USA), a programmable electrometer (6517,
Keithley), and a low-noise current preamplifier (SR570, Stanford Research Systems, Sunny-
vale, CA, USA). To minimize noise, all electrical measurements were conducted inside a
Faraday cage.

3. Results and Discussion

The distance (r) from the center and rotational speed (ω) were varied during spin
coating to systematically investigate the effect of centrifugal force on the physical properties
of the P(VDF-TrFE) films. As shown in Figure 1a, the P(VDF-TrFE) film specimens with
dimensions of 1 × 1 cm2 were obtained at distances of r = 0, 2, and 4 cm, and at rotational
speeds ofω = 1000, 3000, and 7000 rpm. Note that the amount of P(VDF-TrFE) solution for
the spin coating was kept constant at 10 mL.

Figure 1b shows cross-sectional scanning electron microscopy (SEM) images of the
P(VDF-TrFE) films. The P(VDF-TrFE) films were uniform and dense, without noticeable
voids. The thickness of the films appears to be more influenced by the rotational speed,
rather than the distance. Quantitative estimations of the film thickness show that, for films
obtained at rotational speeds of 1000, 3000, and 7000 rpm, the estimated thicknesses are
1080, 640, and 360 nm, respectively. For films obtained at distances of 0–4 cm from the center,
the estimated thickness is between 620 and 640 nm. This behavior can be attributed to the
fact that centrifugal force primarily depends on rotational speed, rather than distance [23].

In Figure 1c, we show X-ray diffraction patterns of P(VDF-TrFE) film specimens for
a diffraction angle of 2θ = 16–24◦. Irrespective of distance and rotational speed, a single
diffraction peak was observed at 2θ = 19.8◦, even for a wide diffraction angle of 2θ = 10–60◦

(Figure S1). The peak at 19.8◦ was assigned to P(VDF-TrFE) (110)/(200), with a crystalline
β-phase (JCPDS Card No. 38-1638). This implies that all P(VDF-TrFE) specimens have
both ferroelectricity and piezoelectricity [24]. The full width at half maximum (FWHM)
of the peak varies, depending on the spin coating conditions. Specifically, the FWHM
continuously decreases with increasing distance. However, the FWHM initially decreases
and then increases with increasing rotational speed. This result implies that the grain size
of β-phase P(VDF-TrFE) increases with increasing distance, while the grain size initially
increases and then decreases with increasing rotational speeds.

Figure 1d shows the atomic force microscopy (AFM) images (1 × 1 µm2) of P(VDF-
TrFE) film specimens. The surface morphology of all specimens is rather similar, displaying
submicron-sized hills and pits. All surfaces are quite flat with a small root-mean-square
roughness of Rrms = 7.0–7.8 nm, regardless of distance and rotational speed.

The distance from the center during spin coating affected the electrical, mechanical,
and microstructure properties of the P(VDF-TrFE) films. Figure 2a shows the polarization–
electric field loops of the P(VDF-TrFE) films fabricated at various distances from the center.
Note that the rotational speed was kept constant at ω = 3000 rpm. Irrespective of the
distance, all of the P(VDF-TrFE) films clearly showed hysteresis loops, confirming their
ferroelectric properties. The remnant polarization of the films slightly increased with
increasing distance, for example, from 5.62 µC/cm2 at r = 0 cm to 6.63 µC/cm2 at r = 4 cm,
while the coercive field remained almost unchanged (0.58 MV/cm). The same trend was
observed in the complex dielectric constant (Figure 2b), with the dielectric constant at 1 kHz
increasing with increasing distance (e.g., from 12.95 at r = 0 cm to 13.85 at r = 4 cm), and
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the dielectric loss tanδ remained almost constant (0.047) over a wide frequency range of
f = 102–106 Hz.
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Figure 1. (a) Schematic of the spin coating of P(VDF-TrFE) films on a Pt-coated SiO2/Si substrate.
Film specimens were taken at various distances (r) from the center and under different rotational
speeds (ω). (b) Cross-sectional scanning electron microscopy (SEM) images of P(VDF-TrFE) films.
The interface between film and substrate is denoted by dashed lines. (c) X-ray diffraction patterns and
(d) atomic force microscopy (AFM) images of spin-coated P(VDF-TrFE) film specimens obtained at
various distances from the center and under different rotational speeds. In (d), the root-mean-square
value of roughness (Rrms) is shown for each image.

Figure 2c,d show the differential scanning calorimetry (DSC) heating thermogram and
crystallinity of P(VDF-TrFE), respectively. The sharp endothermic peak at TM = 150 ◦C is
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identified as the melting temperature [25]. Similar to previous reports [26,27], we estimated
the crystallinity by comparing the melting enthalpy of a 100% crystalline film with that
of the sample. The equation used to calculate the percentage crystallinity is expressed as
follows:

Xc =

(
∆Hm

∆H0
m

)
× 100% (1)

where Xc is the percentage crystallinity of P(VDF-TrFE), ∆Hm is the melting enthalpy of the
sample, and ∆H0

m is the melting enthalpy of a 100% crystalline P(VDF-TrFE) (91.45 mJ/mg) [28].
The results indicated that the crystallinities of the films fabricated at distances of r = 0, 2,
and 4 cm were estimated to be 32%, 33%, and 36%, respectively (Figure 2d). On the other
hand, Young’s modulus slightly increased with increasing distance, reaching values larger
than 6 GPa at r = 4 cm (Figure 2e).
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Figure 2. Distance-dependent (a) ferroelectric hysteresis loop, (b) dielectric constant and loss tanδ,
(c) differential scanning calorimetry (DSC) heating thermogram, (d) crystallinity, (e) Young’s mod-
ulus, and (f) surface morphology of P(VDF-TrFE) films. In (a–f), the rotational speed was fixed at
ω = 3000 rpm. In (c), the dashed lines represent the linear baselines for the enthalpy calculation. The
TM represents the melting temperature of P(VDF-TrFE).

The distance-dependent surface morphology of the P(VDF-TrFE) films is presented
in Figure 2f. Atomic force microscopy (AFM) micrographs provided clear images of the
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P(VDF-TrFE) grains. Although the surface roughness was similar (Figure 1d), the P(VDF-
TrFE) film obtained at r = 4 cm had slightly longer and denser grains, compared with those
at r = 0 and 2 cm. This increase in crystalline phase can be attributed to the enhanced
centrifugal force at a larger distance, which spins off the amorphous phase in P(VDF-TrFE),
as demonstrated in Figure 2d. In Table 1, we summarize the electrical, dielectric, and
mechanical properties of the P(VDF-TrFE) film specimens obtained at various distances
underω = 3000 rpm.

Table 1. Distance-dependent physical properties of P(VDF-TrFE) films during the spin coating. The
rotational speed was fixed at 3000 rpm.

Distance Thickness Roughness Remnant
Polarization

Dielectric
Constant at 1 kHz

Dielectric
Loss at 1 kHz Crystallinity Young’s

Modulus

0 cm 632 nm 7.4 nm 5.62 µC/cm2 12.95 0.055 31.67% 5.9 GPa

2 cm 620 nm 7.8 nm 6.30 µC/cm2 13.82 0.047 32.99% 6.0 GPa

4 cm 640 nm 7.0 nm 6.63 µC/cm2 13.85 0.039 35.66% 6.1 GPa

The rotational speed during spin coating strongly affected the electrical, mechanical,
and microstructure properties of the P(VDF-TrFE) films. Notably, the remnant polarization
(Figure 3a), complex dielectric constant (Figure 3b), and crystallinity (Figure 3c,d) showed
an increase, with increasing rotational speed from 1000 rpm to 3000 rpm, but a decrease at
7000 rpm. As an example, the remnant polarizations were estimated to be 6.23, 6.63, and
5.34 µC/cm2 forω = 1000, 3000, and 7000 rpm, respectively. Note that the distance from
the center was maintained at r = 4 cm.

In contrast, Young’s modulus continuously increased with increasing rotational speed
and reached 9 GPa at ω = 7000 rpm (Figure 3e). This three-fold enhancement of a thin
(~360 nm) P(VDF-TrFE) film, compared to the Young’s modulus of ~3 GPa for thick
(>50 µm) P(VDF-TrFE) films, is unusual [29]. Similar enhancements of the Young’s modulus
at reduced thickness have been reported in the rubbery states of several polymers, above
the glass transition temperature [30–32]. Although the mechanism is yet to be clarified, it
is believed that nanoconfinement is expected to modify the intermolecular interactions in
P(VDF-TrFE), thereby enhancing the Young’s modulus [30].

Rotational speed-dependent surface morphologies are presented in Figure 3f. Al-
though the surface roughness was similar (Figure 1d), the grains of the P(VDF-TrFE) films
became more compact and elongated with increasing rotational speed. These observations
are consistent with an increased mechanical stretching and alignment of the polymeric
chain due to increasing shear stress [33]. In Table 2, we summarize the electrical, dielectric,
and mechanical properties of the P(VDF-TrFE) film specimens obtained under various
rotational speeds at r = 4 cm.

Table 2. Rotational speed-dependent physical properties of P(VDF-TrFE) films during the spin
coating. The distance from the center was fixed at 4 cm.

Rotation
Speed Thickness Roughness Remnant

Polarization
Dielectric

Constant at 1 kHz
Dielectric

Loss at 1 kHz Crystallinity Young’s
Modulus

1000 rpm 1080 nm 7.5 nm 6.23 µC/cm2 13.42 0.040 33.91% 5.8 GPa

3000 rpm 640 nm 7.0 nm 6.63 µC/cm2 13.85 0.039 35.66% 6.1 GPa

7000 rpm 360 nm 7.2 nm 5.34 µC/cm2 11.97 0.033 31.50% 8.9 GPa
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tanδ, (c) differential scanning calorimetry (DSC) heating thermogram, (d) crystallinity, (e) Young’s
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r = 4 cm. In (c), the dashed lines represent the linear baselines for the enthalpy calculation. The TM

represents the melting temperature of P(VDF-TrFE).

To elucidate the variation of physical properties of spin-coated P(VDF-TrFE) films in
detail, we show the Fourier transform infrared (FT-IR) absorbance spectra in Figure 4a,b.
Note that we did not normalize the data, but removed the background. The absorption
spectra were observed to be significantly affected by the increasing rotational speed, rather
than the distance. In particular, the absorption peaks originating from the CF2 stretching
modes at 843 cm−1 and 1282 cm−1, and the CH2 wagging vibration mode at 1076 cm−1,
which correspond to the crystalline β-phase, significantly decreased with increasing rota-
tional speed [34]. On the other hand, the absorption peak originating from the CF2 rocking
mode at 763 cm−1, which corresponds to the crystalline α-phase, slightly decreased [35].
Such variations are not obvious for distance-dependence.
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The content of the crystalline phase of P(VDF-TrFE) was quantified using FT-IR ab-
sorbance spectra. In accordance with previous studies [36,37], the relative fraction of the
β-crystalline phase was obtained using the following formula:

F(β) =
Aβ(

Kβ/Kα

)
Aα + Aβ

(2)

where F(β) represents the fraction of the β-crystalline phase, and Aα and Aβ denote the
absorbance at 763 cm−1 and 843 cm−1, respectively, in arbitrary units. Kα and Kβ correspond
to the absorption coefficient at the respective wavenumbers, recorded as 6.1 × 104 cm2/mol
and 7.7× 104 cm2/mol, respectively. As shown in Figure 4a, the fraction of the β-crystalline
phase in spin-coated P(VDF-TrFE) films continuously increases with increasing distance
from the center. On the other hand, the fraction of the β-crystalline phase initially increases
and then decreases with increasing rotational speed (Figure 4b), similar to the results in
Figures 2 and 3.

Considering the paraelectricity of the α-crystalline phase of P(VDF-TrFE) [24], the
decreased remnant polarization and dielectric constant atω = 7000 rpm should be consistent
with the sharply decreased fraction of the β-crystalline phase. Considering the lower angle
of the Bragg diffraction peak of α-phase (2θ = 18.5◦) than that of β-phase (2θ = 19.8◦)
of P(VDF-TrFE) [24], the broad X-ray diffraction peak at ω = 7000 rpm should also be
consistent with the sharply decreased fraction of β-crystalline phase (i.e., increased fraction
of α-crystalline phase). While more investigation is highly required, the sharply decreased
fraction of the β-crystalline phase at a higher rotation speed might be originated from
the reduced thickness-induced weak crystallization of the piezoelectric β-phase in the
P(VDF-TrFE) films, as discussed in Ref. [38].
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tric β-crystalline phase of spin-coated P(VDF-TrFE) film specimens obtained (a) at various distances
from the center and (b) under different rotational speeds. In (a,b), characteristic absorbance bands
were labeled for the α- and β-phases.
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After characterizing the structural, electrical, mechanical, and microstructural prop-
erties of the P(VDF-TrFE) film specimens as a function of distance and rotational speed,
we investigated the piezoelectric power generation performance of a P(VDF-TrFE)-based
piezoelectric nanogenerator (PENG). Figure 5a shows the schematic diagram and a digital
photograph of the PENG. Notably, we deposited a thin layer of PMMA polymer to protect
the P(VDF-TrFE) film from mechanical shock during the periodic cycles of pressing and
releasing. During the press, a piezoelectric potential developed across the film, and free
charges developed on the metal electrodes to screen the potential, which resulted in a
flow of charge carriers. Conversely, when the P(VDF-TrFE) was released, the induced
piezoelectric potential was diminished, which resulted in a reverse flow of charge carriers
(Figure 5b). As a result, two alternating current peaks occured during each cycle of pressing
and releasing.

Energies 2023, 16, x FOR PEER REVIEW 9 of 13 
 

 

we investigated the piezoelectric power generation performance of a P(VDF-TrFE)-based 

piezoelectric nanogenerator (PENG). Figure 5a shows the schematic diagram and a digital 

photograph of the PENG. Notably, we deposited a thin layer of PMMA polymer to protect 

the P(VDF-TrFE) film from mechanical shock during the periodic cycles of pressing and 

releasing. During the press, a piezoelectric potential developed across the film, and free 

charges developed on the metal electrodes to screen the potential, which resulted in a flow 

of charge carriers. Conversely, when the P(VDF-TrFE) was released, the induced piezoe-

lectric potential was diminished, which resulted in a reverse flow of charge carriers (Fig-

ure 5b). As a result, two alternating current peaks occured during each cycle of pressing 

and releasing. 

 

Figure 5. (a) Schematic diagram and a digital image, and (b) power generation mechanism of a 

P(VDF-TrFE)-based piezoelectric nanogenerator (PENG) during one cycle of the pressing and re-

leasing process. (c) Distance- and (d) rotational speed-dependent open-circuit voltage and short-

circuit current. In (a), two Cu wires were attached to Au as a top electrode and Pt as a bottom elec-

trode. In (b), the gradient red-white-blue color represents the piezoelectric potential, induced during 

press and release of P(VDF-TrFE) film. 

Figure 5c,d show the distance- and rotational speed-dependent piezoelectric outputs, 

respectively. The open-circuit voltage and short-circuit current continuously increase with 

increasing distance. On the other hand, the open-circuit voltage and short-circuit current 

initially increase and then decrease with increasing rotational speed. The peak-to-peak 

voltage and current were maximized at r = 4 cm, at which the remnant polarization was 

Figure 5. (a) Schematic diagram and a digital image, and (b) power generation mechanism of
a P(VDF-TrFE)-based piezoelectric nanogenerator (PENG) during one cycle of the pressing and
releasing process. (c) Distance- and (d) rotational speed-dependent open-circuit voltage and short-
circuit current. In (a), two Cu wires were attached to Au as a top electrode and Pt as a bottom
electrode. In (b), the gradient red-white-blue color represents the piezoelectric potential, induced
during press and release of P(VDF-TrFE) film.

Figure 5c,d show the distance- and rotational speed-dependent piezoelectric outputs,
respectively. The open-circuit voltage and short-circuit current continuously increase with



Energies 2023, 16, 1892 10 of 13

increasing distance. On the other hand, the open-circuit voltage and short-circuit current
initially increase and then decrease with increasing rotational speed. The peak-to-peak
voltage and current were maximized at r = 4 cm, at which the remnant polarization was
also maximized. Additionally, the peak-to-peak voltage and current were minimized at ω
= 7000 rpm, at which Young’s modulus was maximized.

In Table 3, we compared the obtained piezoelectric outputs with the remnant po-
larization and Young’s modulus of the P(VDF-TrFE) film specimens obtained at various
distances under different rotational speeds. The piezoelectric output is proportional to
the remnant polarization divided by the Young’s modulus for all specimens. Considering
that the piezoelectric coefficient is proportional to the remnant polarization and inversely
proportional to the Young’s modulus [39], the observed voltage and current behaviors
indicate the significance of the piezoelectric coefficient to the piezoelectric output [40].

Table 3. A comparison of piezoelectric output with the remnant polarization over Young’s modulus
for P(VDF-TrFE) films obtained at various distances under different rotational speeds.

Specimen Peak-to-Peak Voltage Peak-to-Peak Current Polarization/Modulus

1000 rpm 4 cm 11.34 V 155.89 nA 1.07 µC/cm2·GPa−1

3000 rpm
0 cm 9.49 V 134.27 nA 0.95 µC/cm2·GPa−1

2 cm 11.02 V 162.73 nA 1.05 µC/cm2·GPa−1

4 cm 11.74 V 181.71 nA 1.09 µC/cm2·GPa−1

7000 rpm 4 cm 5.75 V 87.64 nA 0.60 µC/cm2·GPa−1

To date, there have been several reports for enhancing the piezoelectric coefficient of
thick P(VDF-TrFE) films, including electrospinning [41], nanoimprint lithography [42], and
mechanical shearing/drawing [43]. However, there are limited options for thin P(VDF-
TrFE) films, apart from the use of local pressure with a nanoscale tip of scanning probe
microscopy [16].

As demonstrated in Figures 2–4, the piezoelectric properties of thin P(VDF-TrFE) films
can also be modified through a simple spin coating process. The centrifugal force-induced
shear stress can affect the crystallinity of the materials and the degree of alignment of
the dipoles, which is linked to the local polarization. Centrifugal force can also modify
the Young’s modulus through thickness-induced confinement. Moreover, the reduced
thickness can degrade the piezoelectric properties. The degradation of piezoelectricity in
thin P(VDF-TrFE) is likely due to increased strain and orientation mismatches between
neighboring crystallines, leading to the formation of large amorphous regions, as discussed
in Ref. [38]. Therefore, careful optimization of the spin coating condition is necessary for
the efficient P(VDF-TrFE)-based piezoelectric nanogenerators, as the piezoelectric output
power is significantly influenced by the piezoelectricity.

In addition to optimizing spin coating conditions, other options to consider include the
use of solvents with higher dipole moments, such as dimethyl sulfoxide (DMSO) instead of
DMF [44], optimizing the annealing temperature slightly above the Curie temperature [45],
and adding particulate or fibrous filler [46] during the synthesis of thin P(VDF-TrFE) films
with enhanced piezoelectricity.

4. Summary

In conclusion, we systematically investigated the effects of distance and rotational
speed on the structural, electrical, mechanical, and microstructural properties of spin-
coated P(VDF-TrFE) films. The distance from the center varied from 0 to 4 cm, and the
rotation speed was set from 1000 to 7000 rpm. All P(VDF-TrFE) film specimens displayed
ferroelectricity and piezoelectricity. The remnant polarization, dielectric constant, and
crystallinity increased with increasing distance from the center, while the film thickness
and Young’s modulus remained constant. On the other hand, the remnant polarization,
dielectric constant, and crystallinity initially increased and then decreased with increasing
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rotational speed, while the film thickness decreased and the Young’s modulus increased
continuously. Fourier transform-infrared absorbance spectra indicated that the crystalline
β-phase continuously increased with increasing distance, but initially increased and then
decreased with increasing rotational speed. The piezoelectric power outputs of the P(VDF-
TrFE)-based piezoelectric nanogenerator were dependent on the spin coating condition.
The specimen with the maximum remnant polarization had the largest piezoelectric current
(181.71 nA), while the specimen with the maximum Young’s modulus had the smallest
(87.64 nA). These behaviors were explained by centrifugal force-induced shear stress and
grain alignment, as well as thickness-dependent β-phase crystallization and confinement
effects. To achieve enhanced piezoelectric output from spin-coated P(VDF-TrFE) films, the
fine optimization of distance and rotational speed is crucial, as the piezoelectric properties
are strongly dependent on the remnant polarization, the Young’s modulus, and the fraction
of crystalline β-phase.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16041892/s1, Figure S1: X-ray diffraction patterns of spin-
coated P(VDF-TrFE) film specimens obtained at various distances from the center and rotational
speeds for a wide diffraction angle of 2θ = 10–60◦.
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