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A B S T R A C T

Background: Ultraviolet (UV) radiation overexposure due to severe ozone layer depletion increases the risk of skin 
cancer. However, the traditional UV index meter needs the power supply which is not convenient for outdoor 
use. The study aims to develop a UV overexposure warning system with a self-powered piezoelectric UV 
photodetector to provide a real-time UV index.
Method: A self-powered piezoelectric UV photodetector with TiO2-nanofibers (TiO2-NFs)-doped poly(vinylidene 
fluoride-trifluoroethylene) (P(VDF-TrFE)) nanocomposite films via ultraviolet-assisted thermal annealing was 
fabricated. A lumped circuit was designed to realize the stepping illumination of light-emitting diodes (LEDs) 
under continuous tapping of self-powered piezoelectric UV photodetectors.
Significant Findings: At a fixed 40-kPa pressure and 2-Hz frequency with varying UV irradiation power densities, 
the self-powered piezoelectric UV photodetectors exhibited outstanding UV detection capabilities, with a 
responsivity and detectivity for 0.14 mA/W and 4 × 108 Jones, respectively. A UV overexposure warning system 
was established by connecting a self-powered piezoelectric UV photodetector with a lumped circuit to achieve 
the stepping illumination of LEDs under continuous tapping, giving warnings for those performing outdoor ac
tivities to avoid UV overexposure.

1. Introduction

Given the continuous and excessive carbon dioxide and nitrous oxide 
emissions from fossil fuel combustion, ozone layer depletion has inten
sified [1], resulting in significant increases in the ultraviolet (UV) ra
diation intensity on Earth. Heightened UV exposure damages human 
skin, increasing the risks of sunburn and skin cancer [2‒3]. Skin cancer 
affects over 2‒3 million individuals yearly [4], underscoring the 
importance of detecting the UV exposure intensity when someone 

engages in outdoor activities to prevent UV overexposure. The World 
Health Organization (WHO) has provided 12 UV-exposure grades 
collectively known as the ultraviolet index (UVI) [5], which offers 
valuable information for humans to be aware of UV overexposure risks. 
UVI was established by the Commission Internationale de l’Eclairage 
according to the UV light erythematic spectrum on the human body and 
is primarily calculated by integrating the intensity across 250‒400 nm 
wavelengths [6]. Researchers have investigated how skin type, UV 
dosage, and other factors affect the generation of skin sunburn by UV 
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radiation, to determine how UV exposure intensity and UVI levels 
correlate [7,8]. To acquire the UV exposure intensity, various semi
conductor devices have been developed, such as metal-insulator-metal 
capacitors, field-effect transistors, heterojunction photodetectors, and 
nanogenerators (NGs) [9–12]. UV NGs are the most attractive because 
they eliminate the use of external power supplies for portable UV pho
todetectors, expanding their applications in bio-medicine, agriculture, 
military, and the environment [13]. UV-light-responsive materials are 
utilized in NGs to obtain photoelectric responses when exposed to UV 
light and generate electric power by applying external forces through 
piezoelectric or triboelectric effects [11,14]. Piezoelectric NGs (PENGs), 
which convert external stimuli into electricity via piezoelectricity [15], 
are the primary NGs for UV detection owing to their lightweight, 
cost-effectiveness, and high energy efficiency [16]. These advantages 
make PENGs promising candidates for portable and wearable UV de
tectors. Nevertheless, how the piezoelectric and photoelectric charac
teristics of PENGs relate under UV exposure remains unclear. Qin et al. 
proposed that the separation of photo-generated electron-hole pairs 
induced a built-in voltage, counteracting the reverse voltage of piezo
electric polarization for decreasing the output voltage [17]. In contrast, 
Zheng et al. suggested that the photo-generated electron-hole pairs 
excited by UV light interacted with polarization dipoles, enhancing 
piezoelectric polarization to increase the output voltage [18]. Conse
quently, UV-light-responsive piezoelectric materials with different 
light-absorption capabilities may contribute to different piezoelectric 
and photoelectric properties in PENGs.

The piezoelectric materials used in NGs are mainly inorganic ce
ramics and organic polymers. Compared to brittle perovskite ceramic 
materials, organic polymers such as polyvinylidene fluoride (PVDF) and 
its copolymer, poly(vinylidene fluoride-trifluoroethylene) (P(VDF- 
TrFE)), are desirable given their excellent flexibility, simple processing, 
and high stability [19,20]. P(VDF-TrFE) copolymers have four crystal
lization phases, namely α, β, γ, and δ phases [21]; the β-phase exhibits 
the best ferroelectric and piezoelectric properties owing to the 
well-aligned C-F bonds induced by TrFE in PVDF [22]. Fabricating 
processes such as annealing, electrospinning, and nanofiller doping 
enhance β-phase formation in P(VDF-TrFE) copolymers [21,23,24]. 
Incorporating methylammonium lead iodide nanoparticles with visible 
light absorption capability into piezoelectric thin films enhances 
power-generating properties and light-sensing capabilities in PENGs 
[25]. These nanofillers absorb visible light to generate electron-hole 
pairs, altering the polarization of piezoelectric materials and changing 
their characteristics to achieve visible light sensing.

For use in UV sensing, choosing nanofillers for doping into piezo
electric materials depends on their energy bandgaps. Options include 

metal-oxides, III-V semiconductors, and organic nanofillers with energy 
bandgaps of approximately 3.2 eV [26–29]. Metal-oxide nanofillers, 
which have the advantages of high stability, low cost, excellent elec
tronic structure, and high UV-absorption properties, are widely imple
mented in UV sensing [30]. Among metal-oxide nanofillers, titanium 
dioxide nanofibers (TiO2-NFs) are preferable given their excellent UV 
absorption capability, high photocatalytic activity, and strong chemical 
stability [31]. They exhibit 12 crystallization phases, where four distinct 
phases, rutile (tetragonal), anatase (tetragonal), brookite (ortho
rhombic), and monoclinic (β-TiO2), are the most common and stable 
phases in natural environments, depending on the formation tempera
ture [32]. Generally, when the formation temperature is below 500 ◦C, 
TiO2-NFs are in the brookite phase, whereas they can be transformed 
into the anatase phase with a 3.04-eV energy bandgap at temperatures 
exceeding 500 ◦C [31,33]. Besides, the monoclinic phase (β-TiO2) serves 
as the transition phase between brookite and anatase phases. If the 
processing temperature exceeds 800 ◦C, TiO2-NFs with a rutile phase can 
form at a 3.2-eV energy bandgap [31,33]. Because of their high UV 
absorption capability, long carrier lifetime, and excellent carrier 
mobility, anatase-phase TiO2-NFs exhibit superior photocatalytic prop
erties for UV sensing compared to other phases of TiO2-NFs [34]. 
Moreover, it was reported that some specific treatments on TiO2-NFs 
would induce the transition phases, such as TiO2-II, where the structures 
are analogous to baddeleyite (α-ZrO2 structure) [35,36], cotunnite 
(PbCl2 structure) [35,37], and srilankite (α-PbO2) phases [35,38]. In this 
study, owing to the need of high UV absorption and photocatalytic ac
tivity, anatase-phase TiO2-NFs were chosen and doped into P(VDF-TrFE) 
copolymers (TiO2-NFs:P(VDF-TrFE)) and then annealed on a hot plate 
with 365-nm UV irradiation, which is called ultraviolet-assisted thermal 
annealing (UATA). During UATA treatment, UV photons were absorbed 
by TiO2-NFs to generate electron-hole pairs, guiding dipole alignment in 
P(VDF-TrFE) films and enhancing polarization. Additionally, the 
TiO2-NF doping concentration in the P(VDF-TrFE) copolymers and the 
UV light power density of UATA treatment were optimized by assessing 
the β-phase crystallinity and ferroelectric properties of the films. Sub
sequently, TiO2-NFs:P(VDF-TrFE) PENGs were fabricated and measured 
in a dark space and UV irradiation environment to assess their UV 
detection characteristics and serve as UV photodetectors. To establish a 
UV overexposure warning system, a self-powered piezoelectric UV 
photodetector under continuous tapping and UV irradiation at different 
UVIs was connected to a lumped circuit to perform the stepping illu
mination of light-emitting diodes (LEDs), corresponding to the UVI 
levels. This UV detection technology can effectively warn individuals 
against UV overexposure during outdoor activities at high UVI levels.

Fig. 1. (a) Schematic diagram of the TiO2-NFs and P(VDF-TrFE) mixed procedure. The mixture was stirred at room temperature using a magnetic stirrer for at least 
24 h (b) Schematic diagram of the new ultraviolet-assisted thermal annealing (UATA) system using a customized 12 × 12-pixel 365-nm UV light source at 133 ◦C. 
Schematic diagrams and photographs of (c) the UV-LED pixels and (d) UATA on TiO2-NFs:P(VDF-TrFE) nanocomposite films.
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2. Experimental

2.1. Material synthesis

Anatase TiO2-NFs were synthesized using a hydrothermal reaction 
with commercial anatase TiO2 powder (Sigma-Aldrich, Burlington, 
Massachusetts, USA) as the source material. Initially, anatase TiO2 
powder was mixed in a 10-M sodium hydroxide (NaOH) solution. The 
mixture was transferred to a 1-L polytetrafluoroethylene-lined reactor 
and stirred for 30 min. Subsequently, the NaOH solution with anatase 
TiO2 powder was heated to 160 ◦C for 24 h to conduct the hydrothermal 
reaction. After cooling to room temperature, the chemical reaction 
product was washed several times with deionized water until reaching a 
neutral pH of 7. Diluted hydrochloric acid was then added to the reactor 
for ion exchange, producing hydrogen titanate (H2Ti3O7). To transform 
back to anatase TiO2, H2Ti3O7 was calcined at 600 ◦C for 12 h, yielding 
anatase TiO2-NFs [39]. P(VDF-TrFE) (70/30 mol%) powder (Piezotech 

S.A.S., Arkema, Colombes, France) and dimethylformamide (DMF) sol
vent (Tedia Company, Inc., Fairfield, Ohio, USA) were used to prepare a 
TiO2-NFs-doped P(VDF-TrFE) solution for ferroelectric film deposition. 
To acquire a homogeneous solution, P(VDF-TrFE) powder was first 
mixed in DMF at a fixed 5 wt% concentration and stirred with a mag
netic stirrer until complete dissolution. After that, TiO2-NFs were mixed 
with the P(VDF-TrFE) solution at different concentrations (0, 5, 10, and 
15 ppm) and stirred at room temperature using a magnetic stirrer for at 
least 24 h (Fig. 1a).

2.2. Device fabrication

To fabricate metal-ferroelectric-metal (MFM) capacitors, n+-Si wa
fers with resistivity of lower than 0.005 Ω⋅cm were used as substrates 
and treated as the bottom electrode (BE) of the devices. The wafers were 
cleaned using the standard Radio Corporation of America (RCA) pro
cedure. To achieve a uniform TiO2-NFs:P(VDF-TrFE) nanocomposite 

Fig. 2. (a) XRD patterns, the integrated area under the diffraction peaks, and the crystallization percentages of β- and γ-phases for the P(VDF-TrFE) films doped with 
different TiO2-NF concentrations under UATA. (b) FTIR spectroscopy of the P(VDF-TrFE) films doped with different TiO2-NF concentrations under UATA. (c) XRD 
patterns, the integrated area under the diffraction peaks, and the crystallization percentages of β- and γ-phases for the TiO2-NFs:P(VDF-TrFE) nanocomposite films 
with a 10-ppm TiO2-NF doping concentration under UATA at different UV power densities. (d) FTIR spectroscopy of the TiO2-NFs:P(VDF-TrFE) nanocomposite films 
with a 10-ppm TiO2-NF doping concentration under UATA at different UV power densities.
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film, a homogeneous solution was spin-coated onto the n+-Si wafers at 
750 rpm for 30 s with a 360-nm film thickness, measured using an 
ellipsometer (M-2000X, J.A. Woollam, USA). To perform crystallization 
of the TiO2-NFs:P(VDF-TrFE) nanocomposite films, a new UATA system 
using a customized 12 × 12-pixel 365-nm UV light source at 133 ◦C was 
employed for 2 h, as illustrated in Fig. 1(b) and shown in the photograph 
of Fig. S1. Schematic diagrams and photographs of the UV-LED pixels 
and UATA process are shown in Fig. 1(c and d), respectively. To un
derstand the influence of TiO2-NFs during UATA, different TiO2-NF 
doping concentrations in P(VDF-TrFE) films treated by the UATA at a UV 
light power density of 10-mW/cm2 were investigated and labeled 5 ppm, 
10 ppm, and 15 ppm (Table S1). The UV light power density was the 
average intensity of all UV-LEDs in this panel, which was confirmed by 
an optical power meter (843-R, Newport Corp., USA). For comparison, 
pure P(VDF-TrFE) films with conventional thermal annealing at 133 ◦C 
and UATA were fabricated and denoted as TA and UATA. After deter
mining the optimal TiO2-NF doping concentration in the P(VDF-TrFE) 
films, the UV light power densities of 10, 15, 20, and 25 mW/cm2 

were modified, and the fabricated devices were named U10, U15, U20, 
and U25 (Table S2). The U10 device (Table S2) corresponded to the 10 
ppm device (Table S1). After that, a 300-nm-thick aluminum (Al) film 
was deposited on the samples using thermal evaporation with Al slugs 
(99.999 % purity). The top electrodes (TEs) were patterned using stan
dard photolithography and wet-etched using an Al etching solution 
(H3PO4:HNO3:CH3COOH:H2O=50:2:10:9) at 60 ◦C to form the TiO2- 
NFs:P(VDF-TrFE) MFM capacitors.

To fabricate PENGs, n+-Si wafers with specific heat capacity of 
approximately 0.7 J/kg⋅K at room temperature were cleaned using RCA 
and used as BEs [40], which can reduce the interference of pyroelec
tricity in the P(VDF-TrFE) films under prolonged exposure to sunlight. 
Subsequently, the TiO2-NFs:P(VDF-TrFE) nanocomposite films were 
drop-casted onto the n+-Si wafers and treated using UATA to enhance 
their β-phase crystallinity. Subsequently, transparent fluoride-doped tin 
oxide (FTO)-coated glass was pasted onto the samples and served as the 
TE, obtaining FTO/TiO2-NFs:P(VDF-TrFE)/n+-Si PENGs. Finally, copper 
foil tapes were used to contact the TEs and BEs and connected to a 
high-precision oscilloscope (RTE1024, Rohde & Schwarz, Germany).

2.3. Material characterization and device measurement

The crystalline structures of the TiO2-NFs and TiO2-NFs:P(VDF-TrFE) 
films were analyzed using X-ray diffraction (XRD) (D2 Phaser, Bruker, 
USA) at a fixed 5◦/min scanning rate and both 10‒80◦ and 17‒23◦

scanning ranges. Meanwhile, the nanocomposite film crystallinity was 
examined via Fourier-transform infrared (FTIR) spectroscopy (Bruker 
Tensor 27 IR, Bruker, USA) at a 2-cm− 1 resolution. Moreover, TiO2-NF 
absorption spectrum was investigated via ultraviolet-visible (UV–Vis) 
spectrometry (V-730, JASCO, Japan). To observe the TiO2-NF micro
structure, the high-resolution transmission electron microscopy 
(HRTEM) (JEM-2100 Plus, JEOL, Japan) was employed at a 200-kV 
acceleration voltage. Subsequently, field-emission scanning electron 
microscopy (FE-SEM) (SU8010, Hitachi, Japan) at a 5-kV acceleration 
voltage and 8 × 104 magnification was utilized to investigate the surface 
morphology of the TiO2-NFs:P(VDF-TrFE) nanocomposite films.

For electrical characterization of the TiO2-NFs:P(VDF-TrFE) MFM 
capacitors, the polarization versus electric field (P − E) hysteresis loops, 
current density versus electric field (J − E) curves, and frequency- 
dependent dielectric properties were analyzed using a semiconductor 
analyzer (Keithley 4200-SCS, Tektronix, Inc., USA). Additionally, the 
piezoelectric coefficients (d33) were recorded using a d33 meter 
(YE2730, Sinoceramics, Inc., China). To obtain the output characteris
tics of the TiO2-NFs:P(VDF-TrFE) PENGs, periodic pressure was applied 
using a handmade shaker, and the open-circuit voltage (Voc) and short- 
circuit current (Isc) were recorded using a high-precision oscilloscope 
(RTE1024, Rohde & Schwarz, Inc., USA). To measure the Voc, the PENG 
was connected to the oscilloscope in parallel. On the other hand, to 

measure the Isc, a multi-channel power probe (RT-ZVC02, Rohde & 
Schwarz, Inc., USA) was applied and connected to the PENG in series.

3. Results and discussion

3.1. Material properties of TiO2-NFs:P(VDF-TrFE) nanocomposites with 
UATA

For UATA, the microstructure and crystalline structure of TiO2-NFs 
were vital for the efficient absorption of UV light [39]. After the hy
drothermal reaction, the TiO2 powder was successfully transformed into 
perfect TiO2-NFs with diameters of ~40 nm, as shown in the HRTEM 
image of Fig. S2(a). Fig. S2(b) presents the crystalline TiO2-NF structure 
analyzed by XRD with the characteristic peaks of 2θ at 25.5◦, 38.0◦, 
48.3◦, 54.1◦, 55.3◦, 62.9◦, and 68.9◦, representing the crystallinity of 
(101), (200), (211), (204), (116), (220), and (215), respectively. Ac
cording to JCPDS card no. 21–1272, all seven peaks correspond to the 
anatase phase of TiO2 [39]. Fig. S2(c) displays the UV–Vis absorption 
spectrum of TiO2-NFs, showing the highest absorption at a wavelength 
of 360 nm. The results confirm that the fabricated anatase TiO2-NFs 
exhibited strong UV absorption capability and photocatalytic properties. 
These characteristics made them suitable nanofillers, maximizing the 
UATA crystallization efficiency in P(VDF-TrFE) films and providing 
excellent generation of electron-hole pairs under UV light exposure 
during PENG measurement.

Fig. 2(a) shows XRD patterns, the integrated area under the 
diffraction peaks, and the crystallization percentages of β- and γ-phases 
for the P(VDF-TrFE) films doped with different TiO2-NF concentrations 
under UATA. In the left of Fig. 2(a), a distinct diffraction peak at 
approximately 2θ = 20◦ occurs, representing the electroactive phase of P 
(VDF-TrFE) copolymers. Additionally, the intensity of the diffraction 
peaks increased with increasing TiO2-NF doping concentration and was 
optimized at 10 ppm. For the P(VDF-TrFE) films doped with a TiO2-NF 
concentration of 15 ppm, the diffraction peak decreased slightly, indi
cating that too many TiO2-NFs degraded the P(VDF-TrFE) film crystal
linity, as discussed later. To precisely quantize the electroactive phases 
in TiO2-NFs:P(VDF-TrFE) nanocomposite films, the area under the 
diffraction peaks at 2θ = 20.1◦ and 20.5◦ were integrated, corresponding 
to the γ(002) and β(200)/(110) phases of P(VDF-TrFE) copolymers, 
respectively [41,42]. Thus, their crystallization percentages were 
calculated as follows [43]: 

χβ =
Aβ

Atotal
× 100% (1) 

χγ =
Aγ

Atotal
× 100% (2) 

Atotal = Aβ + Aγ + Aam (3) 

where Aβ, Aγ, and Aam represent the areas under the diffraction peaks of 
β-, γ-phases, and the amorphous type, respectively; Atotal is the total area 
under diffraction peaks. The crystallization percentages of β- and 
γ-phases and the total area under diffraction peaks were calculated to 
plot the statistical distributions, as presented in the right of Fig. 2(a). For 
the pure P(VDF-TrFE) films under the TA and UATA treatments, the 
crystallization percentages of β- and γ-phases remained consistent for 
approximately 61 % and 17 %, respectively, owing to the non- 
absorptiveness of UV light in P(VDF-TrFE) copolymers [44,45]. With 
the doping of 10-ppm TiO2-NFs in P(VDF-TrFE) films, the crystallization 
percentage of the β-phase increased significantly to 71.9 %, which could 
be used to optimize UATA to boost electroactive and photocatalytic 
behaviors.

To further confirm the crystallinity of TiO2-NFs:P(VDF-TrFE) nano
composite films, FTIR spectroscopy was examined, as shown in Fig. 2(b). 
The characteristic peaks of the electroactive phases in the P(VDF-TrFE) 
copolymers at wavenumbers of 475, 840, 1288, and 1400 cm− 1 were 
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only slightly enhanced by TiO2-NF doping. For more detailed analyses of 
the electroactive phases, the crystallinity was calculated using the Beer- 
Lambert law [46,47]: 

FEA =
AEA

(KEA/KNEA) × ANEA + AEA
× 100% (4) 

where FEA represents the crystallinity of the electroactive phase; AEA and 
ANEA are the absorbance of the electroactive and non-electroactive 
phases, located at wavenumbers of 840 and 880 cm− 1, respectively. 
Besides, KEA and KNEA are the absorption coefficients at 840 and 880 
cm− 1 for 6.1 × 10− 4 and 7.7 × 10− 4 cm2/mol, respectively [48]. The 
calculated FEA values are listed in Table 1. With TiO2-NF doping into the 
P(VDF-TrFE) films, the crystallinity of the electroactive phase increased 
from 71.2 % to 78.2 %, exhibiting similar trends to the XRD results 
(Fig. 2a). Since β and γ crystalline phases belonged to the electroactive 
phase of P(VDF-TrFE) copolymers, the proportions of polar β- and 
semipolar γ-phase crystallinity were calculated as follows [49,50]: 

Fβ = FEA× (
ΔAβ

ΔAβ + ΔAγ
) × 100% (5) 

Fγ = FEA× (
ΔAγ

ΔAβ + ΔAγ
) × 100% (6) 

where Fβ and Fγ are the proportions of β- and γ-phase crystallinity, 
respectively; ΔAβ represents the difference in absorbance between the 
characteristic peak at 1275 cm− 1 and the nearest valley around 1260 
cm− 1; ΔAγ represents the difference in absorbance between the char
acteristic peak at 1234 cm− 1 and the nearest valley around 1225 cm− 1. 
The calculated proportions of β- and γ-phase crystallinity are listed in 
Table 1. When the TiO2-NF doping concentration increased to 10 ppm, 
the proportion of the β-phase crystallinity in the TiO2-NFs:P(VDF-TrFE) 
nanocomposite films increased by approximately 8.3 %, while that of 
the γ-phase decreased by 1.7 %, compared to the pure P(VDF-TrFE) films 
under the TA and UATA treatments. This trend was attributed to in
teractions between the TiO2-NFs and the arranged dipoles for the phase 
transformation from the γ- to the β-phase. However, excessive TiO2-NF 
doping in the P(VDF-TrFE) copolymers to 15 ppm could disrupt the 
dipole arrangement, decreasing crystallinity.

Fig. 2(c) shows the XRD patterns, the integrated area under the 
diffraction peaks, and the crystallization percentages of β- and γ-phases 
for the TiO2-NFs:P(VDF-TrFE) nanocomposite films with a 10-ppm TiO2- 
NF doping concentration under UATA at different UV power densities. 
According to Eqs. (1) to (3), the integrated area under the diffraction 
peaks and the crystallization percentages of the β- and γ-phases of the 
TiO2-NFs:P(VDF-TrFE) nanocomposite films were calculated, as 

depicted in the right of Fig. 2(c). With increasing UV power density 
during UATA, the crystallization percentage of the β-phase increased 
significantly, reaching a maximum of approximately 84.3 % in the U20 
sample. When the UV power density exceeded 25 mW/cm2, the crys
tallization percentage of the β-phase decreased by approximately 10 % 
compared to that with a 20-mW/cm2 UV power density. Fig. 2(d) shows 
the FTIR spectra of the nanocomposite films with UATA at different UV 
power densities. Similarly, the crystallinity of the electroactive phase 
and proportions of the polar β- and semipolar γ-phases were analyzed 
using the Beer-Lambert law, as formulated in Eqs. (4) to (6) (Table 2). 
For the samples with UATA at 20-mW/cm2 UV power density, the 
crystallinity of the electroactive phase and proportions of the polar 
β-phase crystallinity increased to over 85.2 % and 73.2 %, respectively. 
This was attributed to more UV light being absorbed by TiO2-NFs to 
generate more photon-induced electron-hole pairs in the nanocomposite 
films through the photocatalytic reaction, aligning the γ-phase into the 
β-phase dipoles. Nevertheless, if the UV power density exceeded 25 
mW/cm2, excessive generation of electron-hole pairs and too much UV 
radiation during UATA disturbed the alignment of polarized dipoles in 
the P(VDF-TrFE) films and degraded the P(VDF-TrFE) polymer matrix 
[51], respectively, decreasing the polar β-phase crystallinity. In Fig. 2, 
both XRD patterns and FTIR spectra corroborated that the TiO2-NFs:P 
(VDF-TrFE) nanocomposite films with UATA at a moderate 20-mW/cm2 

UV light power density generated sufficient photon-induced electron-
hole pairs through the photocatalytic reaction by TiO2-NFs, facilitating 
optimal alignment of polarized dipoles in P(VDF-TrFE) films for further 
applications in self-powered piezoelectric UV photodetectors.

Fig. 3(a and b), and S3(a)-(c) show surface morphology images of the 
P(VDF-TrFE) films doped with different TiO2-NF concentrations under 
TA and UATA treatments. All samples exhibited needle-like β-phase 
crystallinities, indicating significant electroactive crystallization for 
TiO2-NFs:P(VDF-TrFE) nanocomposite films with TA and UATA treat
ments. To quantify the crystalline characteristics, the crystallite length, 
density, and filling factor in these images were analyzed. The crystallite 
length was denoted by the arrow in Fig. 3(a) [52], and the crystallite 
density and filling factor were defined by the amount and percentage of 
needle-shaped crystalline in the SEM images [53]. Statistical distribu
tions of the crystallite length, density, and filling factor are plotted in 
Fig. S3(d)-(f), respectively. There was approximately no change in 
crystallite length, density, and filling factor of the P(VDF-TrFE) films 

Table 1 
Calculated proportions of β- and γ-phase crystallinity for the P(VDF-TrFE) film 
under TA and the P(VDF-TrFE) films doped with different TiO2-NF concentra
tions under UATA.

Sample TA UATA 5ppm 10ppm 15ppm

FEA 71.6 % 71.8 % 73.3 % 78.2 % 72.2 %
Fβ 56.6 % 57.0 % 60.7 % 64.9 % 58.4 %
Fγ 15.0 % 14.8 % 13.6 % 13.3 % 13.8 %

Table 2 
Calculated proportions of β- and γ-phase crystallinity for the TiO2-NFs:P(VDF- 
TrFE) nanocomposite films with a 10-ppm TiO2-NF doping concentration under 
UATA at different UV power densities.

Sample U10 U15 U20 U25

FEA 78.2 % 83.5 % 85.2 % 81.5 %
Fβ 64.9 % 70.5 % 73.2 % 68.3 %
Fγ 13.3 % 13.0 % 12.0 % 13.2 %

Fig. 3. Surface morphology images of the P(VDF-TrFE) films (a) without and 
with a 10-ppm TiO2-NF doping concentration under UATA at (b) 10, (c) 20, and 
(d) 25 mW/cm2. The crystallite length used to quantify the crystalline char
acteristics of these samples was marked in arrow in (a).
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with TA and UATA treatments, consistent with the fact that UV light 
cannot be absorbed by the P(VDF-TrFE) films. For P(VDF-TrFE) films 
doped with 10-ppm TiO2-NFs under UATA, the crystallite length, den
sity, and filling factor increased significantly, indicating a more pro
nounced generation of the β-phase crystallinity in this sample compared 
to that in the UATA sample, corresponding to the XRD and FTIR trends 
in Fig. 2. Fig. 3(c and d), and S4(a),(b) show surface topography images 
of the TiO2-NFs:P(VDF-TrFE) nanocomposite films with a 10-ppm 
TiO2-NF doping concentration under UATA at different UV power den
sities. Similarly, the crystallite length, density, and filling factor of these 
samples were analyzed to plot their statistical distributions, as shown in 
Fig. S4(c)-(e), respectively. The crystallite length of the U20 sample 
increased considerably from 416 to 819 nm, accompanied by a denser 
crystalline structure, compared with that of the U10 sample. The 
increased UV light power density during UATA effectively increased the 
generation of β-phase crystallinity in the nanocomposite films. However, 
a slight decrease in crystallite length, density, and filling factor was 
observed in the U25 sample, meaning that too much UV light irradiation 
deteriorated the arrangement of β-phase crystallinity in the TiO2-NFs:P 
(VDF-TrFE) nanocomposite films.

3.2. Output characteristics of piezoelectric nanogenerators with UATA- 
treated TiO2-NFs:P(VDF-TrFE) nanocomposite films

Based on the previous-discussed material analyses, a mechanism for 
the change in the electroactive phases of the TiO2-NFs:P(VDF-TrFE) 
nanocomposite films upon UATA was established. Owing to the non- 
absorptiveness of UV light in P(VDF-TrFE) copolymers, only thermal 
annealing induces crystallization, resulting in a less electroactive phase 
as illustrated in Fig. 4(a). With appropriate TiO2-NF doping in the P 
(VDF-TrFE) films with UATA, the TiO2-NFs absorbed UV light to 
generate electron-hole pairs through a photocatalytic effect, thereby 
assisting the P(VDF-TrFE) copolymers in aligning dipoles to promote the 

generation of β-phase crystallinity (Fig. 4b), as revealed by the XRD and 
FTIR spectra of Fig. 2(a and b). Thus, an increase in polarization was 
obtained in the ferroelectric hysteresis, as shown in Fig. S5(a), 
contributing to the enhanced permittivity for the samples with a TiO2- 
NF doping concentration of 10 ppm (Fig. S5(c)) [46]. Fortunately, only a 
slight increase in leakage current and dielectric loss of the P(VDF-TrFE) 
films with the doping of TiO2-NFs was observed, as shown in Fig. S5(b) 
and (c). In Fig. 4(c), with increasing UV light power density of the UATA, 
more electron-hole pairs were generated to align the dipoles more 
directionally in the P(VDF-TrFE) films, leading to the generation of more 
β-phase crystallinity for an enhanced polarization. However, if the UV 
light power density of the UATA was too strong (Fig. 4d), excessive 
electron-hole pairs would disturb the dipole alignment, and excessive 
UV radiation would damage the P(VDF-TrFE) copolymers for the 
degraded polarization and unwanted leakage paths, as confirmed by the 
ferroelectric hysteresis and dielectric properties in Fig. S5(d)-(f); these 
results are described in Supporting Note S1.

Then, the piezoelectric properties of the TiO2-NFs:P(VDF-TrFE) 
nanocomposite films with UATA were analyzed, as shown in Fig. 5. First, 
the piezoelectric coefficient (d33) was examined to present a decreasing 
trend with an increase in the applied force from 1 to 2 N at an oscillation 
frequency of 110 kHz (Fig. 5a). When the force applied to the piezo
electric TiO2-NFs:P(VDF-TrFE) nanocomposite films increased, the 
deformation space for the film compression continuously decreased, 
giving rise to a decrease in piezoelectric polarization [53]. When the UV 
light power density of the UATA was increased from 10 to 20 mW/cm2, 
the d33 of the TiO2-NFs:P(VDF-TrFE) nanocomposite films increased 
significantly from 40 to 55 pC/N, which was larger than that of the pure 
P(VDF-TrFE) film by approximately 23 pC/N [54]. Nevertheless, a 
further increase in UV light power density induced a noticeable degra
dation in d33, which is consistent with the trend observed in the material 
analyses and ferroelectric properties discussed above. Meanwhile, the 
TiO2-NFs:P(VDF-TrFE) PENGs with UATA at different UV light power 

Fig. 4. Schematic diagrams to illustrate the change in the electroactive phases of the P(VDF-TrFE) films (a) without and with a 10-ppm TiO2-NF doping concentration 
under UATA at (b) 10, (c) 20, and (d) 25 mW/cm2.
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densities were fabricated, and their Voc and Isc were measured in a 
darkroom to evaluate their self-powered capabilities. Fig. 5(b) shows the 
Voc waveforms of the TiO2-NFs:P(VDF-TrFE) PENGs under the applica
tion of a 40-kPa pressure at a 2-Hz frequency. Additionally, the Voc and 
Isc waveforms of the devices were measured under different applied 
pressures at a 2-Hz frequency, as shown in Figs. S6 and S7, respectively. 
Under the application of a 40-kPa pressure, the maximum Voc and Isc 
values of the U20 PENG were 3.88 V and 4.55 μA, respectively. 
Compared with U10, the U20 PENG exhibited approximately 150 % and 
207 % improvements in Voc and Isc, respectively. To analyze the output 
performance for energy harvesting, different load resistances were series 
to TiO2-NFs:P(VDF-TrFE) PENGs and the voltage across the load resistor 
was measured under the application of a 40-kPa pressure at a 2-Hz 
frequency, as shown in the waveforms of the voltage across the load 
resistor (Fig. S8). Subsequently, the power density was calculated by 
using the formula: P = VL

2/(RL × S), where VL and RL are the voltage and 
resistance of the load resistor, respectively, and S is the force area of the 
PENGs. Fig. 5(c) shows the power density versus load resistance 

characteristics of the TiO2-NFs:P(VDF-TrFE) PENGs. The U20 PENG 
presented the highest power density, 3.5 × 10− 3 mW/cm2, at a 1-MΩ 
load resistor, demonstrating excellent output characteristics. To confirm 
the repeatability of the U20 PENG, cycling endurance tests were per
formed, as shown in Fig. 5(d). Even after 600 cycles, no degradation of 
the Voc waveform was observed, indicating the robustness of the 
TiO2-NFs:P(VDF-TrFE) PENGs for UV light detection.

To investigate the photo-detection characteristics of the PENGs, a 
fixed pressure of 40 kPa was applied at a 2-Hz frequency with UV light 
irradiation at different power densities. The Isc values of these devices 
were recorded using an oscillator, and the measurement results are 
shown in Fig. 6(a and b), and S9(a),(b). Statistical analysis of the Isc of all 
samples under UV light irradiation at different power densities is pre
sented in Fig. S9(c). When the power density of the UV light increased, a 
significant increase in Isc was observed for all samples. Notably, the U20 
sample exhibited the highest responsive current of more than 15 μA, 
which was consistent with the trend obtained in the piezoelectric output 
characteristics in Fig. 5. To further quantify the photo-detection 

Fig. 5. (a) Piezoelectric coefficient (d33) versus force characteristics of the TiO2-NFs:P(VDF-TrFE) nanocomposite films with a 10-ppm TiO2-NF doping concentration 
under UATA at different UV power densities. The force from 1 to 2 N was applied at an oscillation frequency of 110 kHz. (b) Voc waveforms of the TiO2-NFs:P(VDF- 
TrFE) PENGs under the application of a 40-kPa pressure at a 2-Hz frequency in a dark environment. (c) Power density versus load resistance characteristics of the 
TiO2-NFs:P(VDF-TrFE) PENGs. (d) Cycling endurance tests of the U20 PENG in a dark environment. Even after 600 cycles, no degradation of the Voc waveform 
was observed.
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characteristics of the UATA-treated TiO2-NFs:P(VDF-TrFE) PENGs at 
different UV light power densities, which served as self-powered 
piezoelectric UV photodetectors, the responsivity (R), detectivity (D*), 
and external quantum efficiency (EQE) were calculated using the 
following equations [55–58]: 

R = (I − I0)/(PUV × S) (7) 

D∗ = R × (S/2eI0)
0.5 (8) 

EQE = (R× hc / eλ) × 100% (9) 

where I0 and I represent the Isc in the dark and UV light environments, 
respectively. Besides, PUV, S, e, h, c, and λ are the UV light intensity, UV 
light irradiation area, electron charge, Planck constant, light speed, and 
wavelength, respectively. Statistical analyses of responsivity, detectiv
ity, and EQE of all samples under UV light irradiation at different power 
densities are shown in Fig. 6(c and d), and S9(d), respectively. Notably, 
the U20 sample demonstrated excellent photo-detection characteristics 

in terms of responsivity, detectivity, and EQE, reaching 0.14 mA/W, 4 ×
108 jones, and 4.5 %, respectively. The superior photo-detection 
behavior could be attributed to the electron-hole pairs generated by 
the UV light via TiO2-NFs, which assisted in the alignment of piezo
electric dipoles in the P(VDF-TrFE) copolymers under the application of 
pressure, thus significantly enhancing the piezoelectric Isc. Thus, the 
pressure-dependent photo-detection characteristics of this sample were 
investigated, as shown in the output waveforms of Fig. 6(b) and S10, 
respectively. Statistical analyses of the Isc, responsivity, detectivity, and 
EQE of the U20 sample under UV light irradiation at different pressures 
are presented in Fig. S11. With an increase in applied pressure, the Isc of 
the U20 sample was gradually increased, meaning that a higher pressure 
could enhance the piezoelectric characteristics of PENGs. On the other 
hand, the responsivity, detectivity, and EQE of the sample were almost 
the same under the application of different pressures, which implied that 
the applied pressure was independent of the photo-detection charac
teristics of our self-powered piezoelectric UV photodetectors. Finally, 
the photo-detection characteristics of our UATA-treated TiO2-NFs:P 

Fig. 6. Photo-detection characteristics of the (a) U10 and (b) U20 PENGs. A fixed pressure of 40 kPa was applied at a 2-Hz frequency with UV light irradiation at 
different power densities. Statistical analyses of (c) responsivity and (d) detectivity of the PENGs under UV light irradiation at different power densities.

Table 3 
Photo-detection characteristics of our UATA-treated TiO2-NFs:P(VDF-TrFE) and previously proposed PVDF-related self-powered piezoelectric photodetectors.

Structures Light 
source

Voc (V) 
(Dark)

Isc (μA) 
(Dark)

Voc (V) 
(Light)

Isc (μA) 
(Light)

R 
(mA/W)

D* 
(Jones)

EQE 
(%)

Refs.

ITO/ZnO:PVDF/Al UV 17.5 – 15 – – – – [17]
ITO/MAPI:PVDF/ITO Visible 2 0.03 0.75 0.08 – – – [25]
ITO/C3H7NH3PbI3:PVDF/ITO Visible 4.5 1 – 7 2.0 × 10− 5 3.7 × 107 4.6 ×

10− 3
[59]

Ag/GO:PVDF/Ag Visble – 2.2 – 6.2 2.6 × 10− 5 3.1 × 107 6.2 ×
10− 3

[60]

ITO/C3N4:PVDF/Al Visble 2.5 0.04 0.02 – 1.7 × 10− 3 – – [61]
FTO/TiO2-NFs:P(VDF-TrFE) /nþ- 

Si
UV 4 4.5 10 15 0.14 4.0 £ 108 4.5 This 

work
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Fig. 7. (a) Schematic diagram of the measurement setup for UVI detection via the TiO2-NFs:P(VDF-TrFE) self-powered piezoelectric UV photodetectors. The inset 
shows the relationship between UV light power densities and UVI levels analyzed using an optical power meter and a UVI meter. (b) Isc waveforms of the U20 self- 
powered piezoelectric UV photodetectors under irradiation at different UVI levels were investigated using an oscilloscope. (c) Circuit diagram to light up a corre
sponding number of LEDs when the self-powered piezoelectric UV photodetector was irradiated to different intensities of UV light (UVI 1 ~ 11) under a continuous 
finger tapping. Photographs of the self-powered piezoelectric UV photodetector under continuous tapping to light up (d) one and (e) six LEDs under the irradiation of 
UV light with a UVI of 1 and 6, respectively. Photographs of the self-powered piezoelectric UV photodetector under continuous tapping to light up (f) one LED in 
cloudy weather with a UVI of 1 and (g) six LEDs in sunny weather with a UVI of 6. The measurements were performed outdoors at the same location under different 
weather conditions.
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(VDF-TrFE) and previously proposed PVDF-related self-powered piezo
electric photodetectors are summarized in Table 3. Comparing to those 
of previous studies [17,25,59–61], our optimized devices presented the 
best output current of approximately 4.5 and 15 μA in dark and UV light 
environments, respectively. The superior photo-detection characteris
tics obtained in this study demonstrate a significant advancement in the 
development of self-powered piezoelectric UV photodetectors by uti
lizing UATA in TiO2-NFs:P(VDF-TrFE) nanocomposite films.

3.3. Self-powered piezoelectric UV photodetectors with UATA-treated 
TiO2-NFs:P(VDF-TrFE) nanocomposite films for UV index detection

In practical applications, the TiO2-NFs:P(VDF-TrFE) self-powered 
piezoelectric UV photodetectors were implemented for UVI detection. 
This novel photodetector serves as a warning system for individuals 
engaged in outdoor activities, preventing overexposure to UV radiation 
and potential sunburn. A schematic diagram of the measurement setup is 
illustrated in Fig. 7(a). To validate the output characteristics of the self- 
powered piezoelectric UV photodetectors under UV irradiation, UV light 
from sunlight was simulated using a custom-made UV light source and 
the measurements were conducted in a blackbox. Initially, the rela
tionship between UV light power densities and UVI levels was analyzed 
using an optical power meter (843-R, Newport Corporation, USA) and a 
UVI meter (Model 6.5R, Solarmeter, USA), respectively, as shown in the 
top-right inset of Fig. 7(a). The Voc and Isc waveforms of the self-powered 
piezoelectric UV photodetectors under irradiation at different UVI levels 
were investigated using an oscilloscope, as shown in Fig. 7(b) and S12 
(a), respectively. Consequently, the UVI values could be acquired ac
cording to the Voc and Isc versus UVI characteristics, as presented in 
Fig. S12(b) and (c), respectively. The measurement not only correlated 
the output characteristics of the self-powered piezoelectric UV photo
detectors with the UVI values but also provided relevant information for 
the circuit design of the stepping illumination of LEDs.

A circuit that enables the self-powered piezoelectric UV photode
tector to light up a corresponding number of LEDs when irradiated with 
different intensities of UV light under continuous tapping was designed, 
as shown in the circuit diagram and lumped circuit on a breadboard of 
Fig. 7(c) and S13, respectively, with the details of relevant components 
listed in Table S3. For the circuit design principles to perform the 
stepping illumination of LEDs, 11 individual sections representing UVI 1 
to 11 were divided with identical components. Taking the sub-circuit of 
UVI 1 for example, the diode (D1) primarily acted as a switch to 
determine whether the voltage signal could pass through or not. Addi
tionally, it could rectify the output voltage (VPG) provided by the TiO2- 
NFs:P(VDF-TrFE) self-powered piezoelectric photodetectors under the 
application of a fixed pressure and the illumination of UV light at 
different UVI values. If the VPG exceeded the cut-in voltage of the diode 
for approximately 0.5 V, the voltage signal of VPG ‒ 0.5 V, i.e. VG1, was 
applied to the gate of the MOSFET (M1), otherwise the subsequent cir
cuitry would be interrupted. The MOSFETs in this circuit served as 
switches to drive the LEDs. The drain voltage (VD) of the MOSFETs for 1 
V was supplied via a power supply and a resistor (R1) across the gate and 
source of M1 was applied to modulate the VGS of the device. Initially, the 
source voltage of M1 (VS1) was quite small because the effective resis
tance of LEDs was extremely small, which was insufficient to turn the 
LED1 on. When the VGS exceeded the threshold voltage (Vt) of M1 for 
approximately 0.7 V, the device turned on, allowing the VS1 to be 
approximately equal to 1 V, thereby the LED1 illuminated. The resis
tance value of the resistors (R1 to R11) was adjusted to 5.1 kΩ to match 
the output voltage generated by the TiO2-NFs:P(VDF-TrFE) self-powered 
piezoelectric photodetectors under the application of a fixed pressure of 
40 kPa and the illumination of UV light at different UVI values, as shown 
in Fig. S12(a). Fig. S14(a) demonstrates the characteristics of the LED 
illumination under continuous tapping of the self-powered piezoelectric 
UV photodetector in a darkroom, which was screenshot from Video S1. If 
there was no UV light irradiation on the self-powered piezoelectric UV 

photodetector, the LEDs remained unlit due to the insufficient output 
voltage to activate the LEDs. Under the irradiation of UV light with a UVI 
of 1, 3, and 6, the self-powered piezoelectric UV photodetector gener
ated a sufficient output voltage to light up one, three, and six LEDs, 
respectively, as presented in Fig. 7(c), Fig. S14(b) and Fig. 7(d), which 
are screenshots from Videos S2, S3 and S4. To develop a UV radiation 
warning system for individuals engaged in outdoor activities, mea
surements were performed outdoors at the same location under different 
weather conditions. In cloudy weather with a UVI of 1, continuous 
tapping of the self-powered piezoelectric UV photodetector could only 
light up one LED, as revealed in the photograph and video in Fig. 7(e) 
and Video S5, respectively. Additionally, in sunny weather with a UVI of 
6, six LEDs were lit under the continuous tapping of the self-powered 
piezoelectric UV photodetector, as depicted in the photograph in 
Fig. 7(f), which was screenshot from Video S6. Based on the results 
obtained in this work, it is evident that the UATA-treated TiO2-NFs:P 
(VDF-TrFE) self-powered piezoelectric UV photodetector is capable of 
UVI detection. With the stepping illumination circuit of LEDs, the system 
can alert individuals engaged in outdoor activities to prevent UV over
exposure and skin burning.

4. Conclusion

In summary, TiO2-NFs:P(VDF-TrFE) nanocomposites were treated by 
UATA to enhance the β-crystallinity of the films, as confirmed by XRD 
and FTIR spectra. Under UV irradiation during the UATA, the UV pho
tons absorbed by TiO2-NFs generated electron-hole pairs via photo
catalysis, aligning the polarized dipoles in P(VDF-TrFE) for a superior 
piezoelectric coefficient. In the FE-SEM images, long and dense needle- 
shaped crystalline structures were clearly observed in the TiO2-NFs:P 
(VDF-TrFE) nanocomposite films. Additionally, the fabricated TiO2-NFs: 
P(VDF-TrFE) PENGs supplied a high power density of 3.5 × 10− 3 mW/ 
cm2 with stable operation for at least 600 cycles. Meanwhile, the PENGs 
could also serve as UV photodetectors to exhibit excellent responsivity 
and detectivity of 0.14 mA/W and 4 × 108 jones, respectively, under the 
application of a fixed pressure of 40 kPa at a 2-Hz frequency with UV 
irradiation. Hence, a UV overexposure warning system was established 
by connecting a self-powered piezoelectric UV photodetector with a 
lumped circuit to achieve the stepping illumination of LEDs under 
continuous tapping, corresponding to UVI levels. Real-time UVI infor
mation can remind individuals engaged in outdoor activities to be aware 
of UV overexposure. Thus, the UATA-treated TiO2-NFs:P(VDF-TrFE) 
PENGs possess excellent UV response and self-powered capabilities, 
which are promising for the future development of UV-assisted portable 
devices.
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[4] Faur CI, Moldovan MA, Văleanu M, Rotar H, Filip L, Roman RC. The prevalence 
and treatment costs of non-melanoma skin cancer in Cluj-Napoca Maxillofacial 
Center. Medicina (B Aires) 2023;59:1–13. https://doi.org/10.3390/ 
medicina59020220.

[5] World Health Organization. Global solar uv index—a practical guide. Geneva: 
WHO; 2002.
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