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Polyvinylidene fluoride (PVDF)/ZnO nanowire arrays were prepared on polydimethylsiloxane
(PDMS) substrates for piezoelectric pressure sensor applications by the chemical bath deposition
method. The effects of three different catalysts, namely, NaOH, NH,OH, and C¢H;,N, (HMT),
on the crystal structure, surface structure, and optical characteristics of ZnO nanowires have
been studied. The piezoelectric sensing properties of pressure sensors formed by coating PVDF
on ZnO nanowires were also studied under different forces. The results showed that the ZnO
nanowires obtained with HMT have a hexagonal wurtzite crystal structure with a good c-axis
(002) preferred orientation, as well as the largest length of 5800 nm and a length-to-width ratio
of 72.5. The maximum sensitivity of the sensor with the ZnO nanowire length of 5800 nm is 61.1
mV/N. In addition, the sensor exhibits an optimized linear response within the applied pressure
range of 0.1-1.2 N.

1. Introduction

Pressure sensors are sensors that detect and measure physical touch or pressure. These
sensors are used in various applications, including robotics, consumer electronics, medical
devices, and industrial automation.!"® In recent years, many researchers have studied the
applications of materials such as ZnO, Pb(ZrTi)O; (PZT), and polyvinylidene fluoride (PVDF)
in pressure sensors. Because of their superior piezoelectric properties and high sensitivity, these
materials are suitable for pressure sensing applications.®~® Among these materials, ZnO is a
piezoelectric ceramic that creates electrical signals in reaction to applied mechanical stress,
making it ideal for converting mechanical pressure into electrical signals. PZT exhibits a high
sensitivity and piezoelectric property, making it suitable for detecting subtle changes in pressure.
PVDEF is ideal for wearable pressure sensors because of its excellent flexibility and scalability in
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large-area production. The composite of ZnO nanowires and PVDF films offers multiple
advantages for pressure sensing applications owing to their unique properties, including high
length-to-width ratio, large surface area, excellent mechanical properties, high responsiveness,
and piezoelectric properties. For example, Deng et al. used electrospinning technology to
prepare cowpea-structured PVDF/ZnO nanofiber sensors that showed a sensitivity of 0.403
mV/N in bending and pressing modes.”) Taleb et al. prepared a ZnO/PVDF-TrFE(Trifluor
oethylene) piezoelectric composite flexible piezoelectric composite film as a pressure sensor
through spraying and casting methods with a sensitivity of 18.5 mV/N.(!O) Chen et al. used an
electrospinning method to prepare a P(VDF-TrFE)/ZnO nanofiber pressure sensor with a
sensitivity of 8.30 mV/kPa.(!)

However, there are few research studies on the chemical bath deposition method to prepare
the PVDF/ZnO nanowire pressure sensors. The chemical bath deposition method has the
advantages of low temperature, energy saving, controllable morphology, high purity, and good
crystallinity. In this study, ZnO nanowires with high length-to-width ratio and large surface area
were deposited by the chemical bath deposition method, allowing flexibility in sensor design
and fabrication. These nanowires can be integrated into flexible substrates, enabling the
development of bendable and stretchable pressure sensors. This helps improve the durability and
reliability of pressure sensors in harsh operating environments and adapts to irregular surfaces.
In this investigation, the ZnO nanowires were coated with a piezoelectric polymer film of PVDF,
which can effectively add an additional layer of piezoelectric material. PVDF is a piezoelectric
material, which means that it generates an electric charge under mechanical stress or applied
pressure. By coating ZnO nanowires with a PVDF film, the pressure stimulation for the
sensitivity of the sensor can be improved. When pressure is applied to the sensor, both the ZnO
nanowires and the PVDF film deform, producing a measurable electrical signal to detect and
quantify the applied pressure. The integration of ZnO nanowires and PVDF films improves the
overall responsiveness and efficiency of the pressure sensor. In this study, PVDF/ZnO nanowires
were prepared on a polydimethylsiloxane (PDMS) substrate coated with silver electrodes. The
effects of catalysts (NaOH, NH,OH, and CzH{;N, (HMT)) on the structure and optical
properties of ZnO nanowires are discussed in this study. We also explore the effects of catalysts
on the output voltage and sensitivity of composite pressure sensors.

2. Materials and Methods

Before synthesizing ZnO nanowires, a ZnO thin film was employed as a seed layer to
facilitate their growth. Zinc acetate and propylene glycol were utilized to prepare the ZnO
precursor, with a ZnO concentration of 0.5 M. The solution was continuously mixed in a 60 °C
water bath for three hours to achieve a clear and uniform mixture. Spin coating at 3000 rpm for
30 s was carried out to deposit the seed layer onto the PDMS substrate. The specimens were
heat-treated at 600 °C for two minutes to establish a ZnO seed layer on the substrate. ZnO
nanowires were synthesized using a hydrothermal technique. The zinc acetate
[Zn(C,H;30,),-2H,0] solution of 10 mM was mixed with three different catalysts of 0.15 mol
NaOH, 0.15 mol NH,OH, and 0.2 mol HMT at 90 °C for 6 h to obtain the ZnO nanowire. To
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remove the solvent, the samples were cleaned with deionized water and allowed to dry naturally
at ambient temperature. The PVDF films were deposited on ZnO nanowires using a solution
process coating technology. The piezoelectric polymer materials should be doped in
dimethylformamide (DMF) organic solvent, followed by thorough stirring to ensure complete
dissolution. The PVDF precursor solution was distributed onto the substrate surface by spin
coating. After coating, the PVDF/ZnO nanowires were heated in a heating furnace at 120 °C for
one hour to eliminate DMF and solidify the PVDF layer. This step promotes solvent evaporation
and crystallization of the PVDF polymer, helping to enhance the structural integrity and
piezoelectric properties of the PVDF film. A conductive copper foil was attached to both sides of
the PVDF film to form the electrodes of the pressure sensor. Finally, the PDMS layer was grown
on the PVDF film by spin coating to complete the structure of the pressure sensor shown in Fig.
1.

The crystalline characteristics of ZnO nanowires were evaluated using an X-ray
diffractometer (XRD) with Cu Ka radiation (1 = 1.5418 A). Field emission scanning electron
microscopy (FE-SEM) was used to characterize the sample surface morphologies.
Photoluminescence (PL) spectroscopy, employing a He-Cd laser at 325 nm, was conducted to
measure the optical emissions of the ZnO nanowires across the 325-600 nm wavelength range.
The Raman spectra of the samples were measured with an excitation wavelength of 532 nm from
an argon laser to investigate the structural properties and vibrational modes of the ZnO
nanowires. To evaluate the piezoelectric response of the ZnO-nanowire-based pressure sensor, a
charge amplifier was used to convert the charge signal generated by the piezoelectric PVDF/ZnO
nanowire pressure sensor into an output voltage. When the PVDF/ZnO nanowire pressure sensor
is pressed with a finger, a digital force gauge records the pressing force. A digital oscilloscope
was used to acquire and postprocess the output voltage of the pressure sensor.

3. Results and Discussion

The crystallinity of ZnO nanowires was investigated using X-ray diffraction. The XRD
crystallinities of ZnO nanowires prepared using different catalysts (NaOH, NH,OH, and HMT)
are shown in Fig. 2. All XRD patterns can be classified as the structure of hexagonal wurtzite
ZnO (JCPDS card number 36-1451). The strongest peak of ZnO in terms of crystal orientation
corresponds to the (002) plane, showing a strong preferred orientation in the [001] direction. The
results revealed that the (002) diffraction peak intensity of the ZnO nanowires prepared using

[ PDMS

71 Zn0O nanowire
[ PVDF
7 Copper foil

Fig. 1. (Color online) Structure of robotic pressure sensor.
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Fig. 2. XRD analysis results of ZnO nanowires prepared with (a) NaOH, (b) NH,OH, and (c) HMT catalysts.

the HMT catalyst is the highest, showing excellent crystallinity compared with other samples.
The study revealed that catalysts considerably affect the crystallinity and structural properties of
ZnO nanowires. Among the catalysts studied, HMT promotes superior nucleation and growth
for ZnO crystallization compared with NaOH and NH,OH.

The plane and cross-sectional SEM images of ZnO nanowires prepared with NaOH, NH,OH,
and HMT catalysts are shown in Fig. 3. The results showed that the morphology of the ZnO
nanowires was affected by different catalysts. The average diameter, length, and length-to-width
ratio of the ZnO nanowires, derived from the analysis of Fig. 3, are summarized in Table 1. The
ZnO nanowires synthesized using NaOH, NH,OH, and HMT catalysts exhibit average diameters
of 40, 60, and 80 nm and corresponding lengths of 1250, 3800, and 5500 nm, respectively.
According to the observed results, the diameter, length, and length-to-width ratio of the the ZnO
nanowires prepared with the HMT catalyst are the largest. The reason could be that HMT
decomposes amines in aqueous solution, providing OH— groups for ZnO nucleation on the
surface of the substrate. With the slow amine cleavage rate of HMT, the pH value of the water
remains relatively stable, leading to a decreased mole concentration of the complexes of metal
ions.(?) The precipitation response of ZnO can be determined at a low degree of supersaturation
to facilitate heterogeneous growth, making it easy for ZnO nanowire crystals to grow in
columnar shapes.!¥ The addition of NaOH and NH,OH catalysts to the aqueous solution
considerably elevates the pH, resulting in an increased concentration of metal complexes. ZnO
predominantly undergoes uniform nucleation, leading to nanowires with reduced diameter and
smaller length.(14

Figure 4 shows the Raman spectra for the ZnO nanowires to investigate the effect of different
catalysts on the microstructural and vibrational properties of the nanowires. The Raman active-
zone-center optical phonons at /" point of the Brillouin zone can be denoted by the following
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Fig. 3. Plane and cross-sectional SEM images of ZnO nanowires synthesized using (a) and (b) NaOH, (c) and (d)
NH,4OH, and (e) and (f) HMT catalysts.

Table 1
Structural properties of ZnO nanowires grown using various catalysts.

Nanowire length-to-width

Reaction catalysts Nanowire length (nm) Nanowire diameter (nm) ratio
NaOH 1250 40 31.3
NH4OH 3800 60 63.3
HMT 5800 80 72.5

—— (¢) HMT 3 1: E(H)-E(L)

= (b) NH,OH 2:A(TO)

= (a) NaOH 3:E(H)

4:E(LO)

Raman Intensity (arb. units)

200 300 400 500 600 700

Raman shift (cm™)

Fig. 4. (Color online) Raman spectra for ZnO nanowires synthesized using (a) NaOH, (b) NH,OH, and (c) HMT
catalysts.
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representations: /', = A; + E; + 2E, + 2B,. The B; modes are silent modes, the A; and E; modes
are polar and split into transverse optical (TO) and longitudinal optical (LO) phonons, whereas
the E, modes are nonpolar and Raman active only.!>) The Raman scattering peaks located at
331, 383, 436, and 573 cm™! can be observed for all nanowires, as shown in Fig. 4. The peak at
331 cm™! occurs under the resonance condition and can be interpreted as the second-order
Raman spectra arising from zone boundary phonons E,(H)—E,(L). The peaks located at 383
I are assigned to A, symmetry with the TO mode. The E,(H) mode centered at 436 cm™!
indicates the crystallization of the nanowires for the wurtzite hexagonal ZnO involving oxygen

cm

atoms.(1%) The E2(H) mode Raman peak intensity of ZnO nanowires using HMT is higher than
when using NaOH and NH,OH, which indicates that ZnO nanowires using HMT have higher
crystallinity, which is consistent with XRD analysis. The bands at 573 cm™! correspond to E,
symmetries with LO modes. It is generally accepted that the E;(LO) is related to the formation of
defects in ZnO. Therefore, the progressive appearance and higher intensity of the E1(LO) Raman
peak in ZnO nanowires synthesized using NaOH and NH,OH suggest a higher concentration of
defects, such as oxygen vacancies and zinc interstitials, in these nanowires compared with those
synthesized using HMT.(17)

The room-temperature PL spectra of ZnO nanowires were determined in different aqueous
solutions of zinc acetate and zinc nitrate at an excitation wavelength of 325 nm and are shown in
Fig. 5. The PL spectrum of ZnO nanowires at room temperature shows two main peaks: one is
that of ultraviolet emission near 374 nm, and the other is that of yellow emission from 470 to 650
nm. Ultraviolet emission is mainly produced by exciton emission near the band edge. This is
caused by the recombination of free excitons as a results of the collision of excitons with each
other.!® The yellow light emission can be called deep-energy-level emission, which is caused by
the recombination of electron holes and oxygen vacancies generated by illumination.19-2D) The
research results showed that the intensity of the ultraviolet emission of nanowires synthesized
using HMT is stronger than those of ZnO nanowires synthesized using NaOH and NH,OH,
indicating that the nanowires synthesized using HMT have better crystallinity. In addition,
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Fig. 5. (Color online) Spectra of ZnO nanowires synthesized using (a) NaOH, (b) NH,OH, and (c) HMT catalysts.
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compared with nanowires synthesized using HMT, ZnO nanowires synthesized using NaOH and
NH,4OH have strong and broad yellow-green emission centered at ~560 nm. This indicates that
the ZnO nanowires synthesized using NaOH and NH,OH have defects such as surface oxygen
vacancies and structural defects. The origin of the yellow peak can be attributed to point defects
such as Zn, while the green-band emission is believed to be the superposition of different PL
bands including V- and Vg-related bands. The PL results are consistent with those of Raman
studies.

The piezoelectric response of the nanowire pressure sensor is measured using a charge
amplifier, which transforms the sensor’s charge signal into an output voltage that is recorded and
analyzed using a digital oscilloscope. Figure 6 shows the voltage response of the PVDF/ZnO
nanowire pressure sensor with different catalysts. The ZnO nanowire pressure sensors under a
force of 1 N demonstrated voltage peaks of 10, 35, and 53 mV when NaOH, NH,OH, and HMT
were used as catalysts, respectively. The voltage peaks of PVDF/ZnO nanowire pressure sensors
using NaOH, NH,OH, and HMT are 22, 40, and 61 mV, respectively. Fabricating the PVDF/ZnO
nanowire pressure sensor with HMT leads to a high voltage peak amplitude owing to its
maximum length-to-width ratio, which enhances radial stress under equal pressure, thereby
increasing the piezoelectric dislocation along the c-axis.??) Furthermore, the output voltage of
the pressure sensors was enhanced when the polymer material was applied to the ZnO
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Fig. 6. (Color online) Analysis of piezoelectric sensing voltage differences in pressure sensors with ZnO nanowires
synthesized using (a) and (b) NaOH, (c) and (d) NH,OH, and (e) and (f) HMT catalysts. (a), (c), and (d) are the pure
ZnO nanowires, and (b), (d), and (f) are the PVDF/ZnO nanowires.
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nanowires. This can be attributed to the piezoelectric nature of PVDF, which generates charges
under mechanical stress or pressure, thereby enhancing the detection of the pressure sensor. The
integration of ZnO with PVDF films improves the overall responsiveness of the sensor and
performance under applied pressure.(2?

The piezoelectric response of the pressure sensor was evaluated under different applied
forces to analyze its dependence on external pressure. The associated voltage peak amplitude
was derived from the dynamic piezoelectric response waveforms of the pressure sensors. In Fig.
7, the voltage response of the sensor is shown under different applied forces. The results
demonstrate a linear increase in voltage response corresponding to the applied force. Table 2
presents the sensitivities of ZnO nanowire pressure sensors fabricated using different catalysts.
The ZnO nanowire pressure sensors using NaOH, NH,OH, and HMT catalysts exhibit
sensitivities of 8.8, 20.6, and 50.1 mV/N, respectively. The sensitivities of PVDF/ZnO nanowire
pressure sensors using NaOH, NH,OH, and HMT are 31.8, 39.6, and 61.1 mV/N, respectively.
The PVDF/ZnO nanowire pressure sensor fabricated with HMT exhibits a high sensitivity of up
to 61.1 mV/N, attributable to the significant length-to-width ratio along the c-axis orientation and
the incorporation of PVDF.

< (a) ZnO nanowire (NaOH)
60 L (b) PVDF/ZnO nanowire (NaOH)
—¥—(c) ZnO nanowire (NH,OH)

A (d) PVDF/ZnQ nanowire (NH,OH)
—&—(e) ZnO nanowire (HMT)

u— (f) PVDF/ZnO nanowire (HMT)
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Fig. 7. (Color online) Piezoelectric output voltages of pressure sensors subjected to various pressure conditions.

Table 2
Analysis of output voltage and detection differences among pressure sensors.

Piezoelectric detection

Pressure sensors Reaction catalysts voltages (mV) Sensitivity (mV/N)
NaOH 10 8.8
ZnO nanowire NH4OH 35 20.6
HMT 53 50.1
NaOH 22 31.8
PVDF/ZnO nanowire H4OH 40 39.6

HMT 61 61.1
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4. Conclusions

In this study, PVDF/ZnO nanowire piezoelectric pressure sensors were fabricated on PDMS
substrates by chemical bath deposition methods. Catalysts (NaOH, NH40OH, and HMT) were
studied for their effects on the lattice structure, surface features, optical properties, and
piezoelectric characteristics of ZnO nanowires. The results showed that the diameter, length, and
length-to-width ratio of the ZnO nanowires prepared using the HMT catalyst are the largest. The
PVDF/ZnO nanowire pressure sensor fabricated with HMT exhibits the highest voltage peak
amplitude and a sensitivity of up to 61.1 mV/N, attributed to the large length-to-width ratio along
the c-axis orientation and the incorporation of PVDF. This piezoelectric pressure sensor shows
promise for applications in robotic electronic skin for pressure sensing.
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