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 In this study, we investigated the effects of seed layer thickness on the structural and 
piezoelectric properties of ZnO nanowires (ZNWs) and evaluated their energy harvesting 
performance. ZNWs with seed layer thicknesses of 100, 200, 300, and 400 nm were synthesized 
and characterized. The results show that a ZNW with a 300 nm seed layer (ZNW-300) has the 
highest aspect ratio, resulting in excellent piezoelectric performance with a piezoelectric charge 
coefficient (d33) of 10.5 pm/V and a peak-to-peak voltage output of 4.6 V. The energy harvesting 
performance was further verified through a 150 μF capacitor charging test, which successfully 
charged to 3.5 V in 12 s, generating a power output of 76.56 μW. These findings highlight the 
potential of ZNW-based piezoelectric nanogenerators for self-powered applications, including 
wearable electronics, wireless sensor networks, and sustainable energy harvesting systems.

1. Introduction

 In recent years, the continued growth of the global demand for energy and increasingly 
severe environmental problems have generated much attention on the development of renewable 
energy and environmentally friendly energy technologies. Among the various available 
approaches, piezoelectric energy harvesting has been extensively studied owing to its ability to 
convert ambient mechanical energy into electrical energy, offering potential solutions for 
powering microdevices and low-power electronics.(1–4) This energy conversion is facilitated 
through the piezoelectric effect, where mechanical strain induces charge displacement within 
specific materials, resulting in the generation of voltage and current.(5–7) Piezoelectric 
nanogenerators (PENGs) have been widely adopted for use in wearable electronics, wireless 
sensor networks, and self-powered devices because of their ability to function effectively under 
low-frequency mechanical vibrations.(8–12) Zinc oxide (ZnO) has been extensively employed as a 
key material in PENGs owing to its wide bandgap, high piezoelectric coefficient, and chemical 
stability.(13–15) ZnO nanowires (ZNWs) have been recognized for their large surface-area-to-
volume ratio and superior piezoelectric properties.(16–18) The piezoelectric performance of 
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ZNWs is largely governed by their crystal structure, alignment, and dimensions, all of which are 
strongly affected by the seed layer on which they are grown. Seed layer thickness plays a crucial 
role in determining the nucleation and growth characteristics of ZNWs, making its control 
critical in optimizing their performance in piezoelectric applications.(19–21)

 Several studies have been conducted on the effect of seed layer thickness on the growth 
behavior of ZNWs, including their crystallographic orientation, aspect ratio, and defect 
density.(22–24) However, research on the effects of different seed layer thicknesses on the 
piezoelectric properties of ZNWs for energy harvesting and sensor applications is still limited. 
Understanding the relationship between seed layer thickness and the piezoelectric properties of 
ZNWs is crucial for enhancing the design and fabrication of high-efficiency PENGs. In this 
study, we investigate the effects of ZnO seed layer thickness on the structural and piezoelectric 
properties of ZNWs and evaluate their energy harvesting performance. ZNWs were synthesized 
on seed layers with thicknesses of 100, 200, 300, and 400 nm by a hydrothermal method. The 
morphological and crystallographic properties of the nanowires (NWs) were characterized by 
scanning electron microscopy (SEM) and X-ray diffraction (XRD). The piezoelectric response 
was assessed through d33 measurements, while the energy harvesting capability was evaluated 
by measuring the voltage output and capacitor charging performance.

2. Materials and Methods

 The ZnO seed layers were deposited on fluorine-doped tin oxide (FTO) substrates using an 
RF magnetron sputtering system. High-purity ZnO (99.99%) was used as the target material. 
The FTO substrates were cleaned ultrasonically in acetone, ethanol, and deionized water for 15 
min each, followed by drying with nitrogen gas. The sputtering process was carried out under a 
base pressure of 5 × 10−6 Torr, with an RF power density of 7.4 W/cm2 and an argon flow rate of 
20 sccm. The substrate temperature was maintained at 200 °C during deposition. ZnO seed 
layers with thicknesses of 100, 200, 300, and 400 nm were prepared by varying the deposition 
time. The deposition process is schematically illustrated in Fig. 1(a). ZNWs  were grown on the 
ZnO seed layers by a chemical bath deposition (CBD) method. The growth solution was prepared 
by dissolving zinc nitrate hexahydrate [Zn(NO3)2·6H2O] and hexamethylenetetramine (HMTA, 
C6H12N4) in deionized water at a concentration of 25 mM each. The seeded FTO substrates were 
immersed in the growth solution and maintained at 90 °C for 6 h in a laboratory oven. After 
growth, the samples were thoroughly rinsed with deionized water to remove any residual salts 
and dried at room temperature. The growth process is depicted in Fig. 1(b). The samples were 
labeled ZSL-100, ZSL-200, ZSL-300, and ZSL-400 for seed layers, and ZNW-100, ZNW-200, 
ZNW-300, and ZNW-400 for corresponding NW growths.
 The structural properties of the ZnO seed layers and NWs were characterized by XRD with 
Cu Kα radiation (λ = 1.5406 Å). The surface morphology and dimensions of the ZNWs were 
examined by field-emission SEM (FE-SEM, Hitachi SU8010). The piezoelectric coefficient (d33) 
of the ZNWs was measured using a Quasi Static Piezo d33 Meter (PKD3-4000). The methodology 
for piezoelectric coefficient measurement is illustrated in Figs. 1(e)–1(g), where localized 
mechanical stress is applied using the Piezo d33 Meter, and the resulting piezoelectric response is 
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measured and calibrated. PENGs were fabricated by sandwiching ZNW arrays between the FTO 
substrate and a top Au electrode. The assembly process is shown in Fig. 1(c). To evaluate the 
energy harvesting performance of the ZNW-based PENG, cyclic mechanical force was applied 
using a linear motor system, as shown in Fig. 1(d). The generated output voltage was recorded 
using an oscilloscope. Additionally, a capacitor charging test was performed to assess the power 
generation efficiency. A 150 μF capacitor was connected to the nanogenerator, and the voltage 
buildup over time was measured.

3. Results and Discussion

 The XRD patterns of ZnO seed layers with different thicknesses (ZSL-100, ZSL-200, ZSL-
300, and ZSL-400) are presented in Fig. 2. The diffraction peaks confirm the hexagonal wurtzite 
crystal structure of ZnO with a dominant (002) peak, indicating preferential growth along the 
c-axis. As the thickness of the ZnO seed layer increases from 100 to 400 nm, the intensity of the 
(002) peak increases significantly, indicating improved crystallinity and preferential orientation 
along the c-axis. The ZSL-400 sample exhibits the highest diffraction intensity on the (002) 
plane, which indicates that a thicker seed layer promotes enhanced crystal growth and grain 
alignment. This improvement can be attributed to a higher nucleation density, which facilitates 

Fig. 1. (Color online) (a)–(c) Schematic of the preparation of ZNW PENGs. (d) Piezoelectric energy harvesting 
measurement. (e)–(g) Methodology for piezoelectric coefficient measurement.
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the formation of well-aligned ZnO grains. Furthermore, the full-width at half-maximum 
(FWHM) of the (002) peak decreases with increasing seed layer thickness, indicating a reduction 
in structural defect density and improved crystallite size.
 To further analyze the shift in (002) peak position, Fig. 3 shows enlarged XRD patterns in the 
33.4 to 35° range. The (002) peak positions for different seed layer thicknesses are as follows: 
ZSL-100 at 34.02°, ZSL-200 at 34.1°, ZSL-300 at 34.29°, and ZSL-400 at 34.38°. The observed 
shift in peak position with increasing seed layer thickness suggests a reduction in residual strain 
and an improvement in lattice ordering. The systematic increase in peak position towards higher 
angles indicates compressive stress relaxation within the ZnO film, contributing to enhanced 
crystallinity and structural stability.
 Table 1 shows the structural parameters of the ZnO seed layers with different thicknesses 
derived from the XRD data. As observed, the (002) peak position shifts slightly to higher angles 
as the seed layer thickness increases, indicating reduced residual strain and enhanced 
crystallinity. Additionally, the FWHM values show a slight increase with seed layer thickness, 
which affects the estimated crystallite size. The crystallite size (D) of the ZnO seed layers was 
estimated using the Scherrer equation:(25)

 
cos
KD

λ θ
= , (1)

where K is 0.9, λ is the X-ray wavelength (0.154 nm), β is the FWHM of the (002) diffraction 
peak, and θ is the Bragg angle. The estimated relative grain boundary densities corresponding to 
each seed layer thickness are shown in Table 1. The grain boundary density is estimated using 
the reciprocal of the crystallite size. The data indicate that the crystallite size decreases as the 
seed layer thickness increases, suggesting that thicker films introduce a higher density of grain 
boundaries. The structural integrity and crystallographic orientation of the seed layer directly 
affect the subsequent ZNW growth, affecting their alignment, morphology, and ultimately, the 
performance of PENGs. The same results are also shown in Fig. 4, which shows the plan-view 
SEM images of ZnO seed layers with different thicknesses. These images illustrate that as the 

 

Fig. 2. XRD patterns of (a) ZSL-100, (b) ZSL-200, (c) ZSL-300, and (d) ZSL-400.
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seed layer thickness increases, the grains become smaller and the grain boundary density 
increases.
 Figure 5 shows the cross-sectional SEM images of ZNWs grown on different seed layer 
thicknesses. Table 2 shows the structural parameters of the NWs, namely, length, diameter, 

 

Fig. 3. Enlarged XRD patterns of (a) ZSL-100, (b) ZSL-200, (c) ZSL-300, and (d) ZSL-400 at 33.4 to 35°.

Table 1
Structured parameters of ZnO seed layers of different thicknesses obtained from XRD data.
Sample 2θ (deg) FWHM (deg) Crystallite size (nm) Grain boundary density
ZSL-100 34.02 0.3528 23.56108 0.0424
ZSL-200 34.1 0.37252 22.3185 0.0448
ZSL-300 34.29 0.37908 21.94375 0.0456
ZSL-400 34.38 0.39366 21.13544 0.0473

 

Fig. 4. Plane-view SEM images of (a) ZSL-100, (b) ZSL-200, (c) ZSL-300, and (d) ZSL-400. 
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aspect ratio, and piezoelectric coefficient (d33). The results show that as the seed layer thickness 
increases from 100 nm (ZNW-100) to 300 nm (ZNW-300), the NW length initially increases 
from 5710 nm to a maximum value of 6680 nm (ZNW-300). However, further increase in seed 
layer thickness to 400 nm (ZNW-400) resulted in a significant reduction in length to 4850 nm. 
The results show that a seed layer thickness of 300 nm is optimal for achieving the maximum 
growth of ZNWs, which may be due to the optimal grain orientation of ZNW-300 and the 
excessive grain boundaries of ZNW-400 resulting in shorter NWs. In addition, the NW diameter 
showed a decreasing trend from 150 nm (ZNW-100) to 100 nm (ZNW-400). The decrease in 
diameter with increasing seed layer thickness can be attributed to the change in the nucleation 
process, where thicker seed layers lead to smaller grains and thus finer NWs. This phenomenon 
affects the aspect ratio (ratio of length to diameter), with the highest value being 56.55 for ZNW-
300, indicating that this condition favors the most favorable anisotropic growth of ZNWs. The 
piezoelectric coefficient (d33) is a key parameter for evaluating the piezoelectric properties of 
ZNWs, and its variation trend is similar to that of the aspect ratio. The highest d33 value of 10.5 
pm/V was observed for ZNW-300, showing that the optimum seed layer thickness is beneficial 
for enhancing the piezoelectric performance. This improvement can be attributed to the 
increased aspect ratio, which enhances the mechanical deformation response under applied 
stress. In contrast, the decrease in d33 for ZNW-400 (9.2 pm/V) may be associated with the 

 

Fig. 5. Cross-sectional SEM images of (a) ZNW-100, (b) ZNW-200, (c) ZNW-300, and (d) ZNW-400. 

Table 2
Structural parameters of ZNWs with different seed layer thicknesses.
Sample Length (nm) Diameter (nm) Aspect ratio d33
ZNW-100 5710 150 38.07 7.5
ZNW-200 6220 130 47.85 8.3
ZNW-300 6680 110 60.72 10.5
ZNW-400 4850 100 48.50 9.2
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shorter NWs, resulting in a lower piezoelectric efficiency as a result of the decreased aspect 
ratio. Only ZSL-400 has no subsequent NW growth and exhibits a substantially lower 
piezoelectric coefficient (d33 = 5.6 pm/V). This phenomenon indicated that the presence of 
vertically aligned ZNWs significantly enhances the piezoelectric response. In addition, the 
optimized d33 value obtained in this study (10.5 pm/V) is higher than that of ZnO nanorods 
synthesized via chemical bath deposition, for which a d33 value of 7 pm/V was reported in a 
previous study.(26)

 Figure 6 shows the working mechanism, experimental validation, and energy harvesting 
performance of the ZNW-based piezoelectric energy harvester. Figure 6(a) illustrates the energy 
harvesting circuit, where a ZNW-based piezoelectric device is connected to a bridge rectifier 
circuit to convert the AC piezoelectric output into DC voltage. The rectified voltage is 
subsequently stored in a capacitor for energy storage and potential applications in self-powered 
systems. Figure 6(b) shows the experimental demonstration of the device’s energy harvesting 
capability. The left image shows the device connected to an LED, and the right image captures 
the moment when a user taps the device with a finger, causing the LED to light up. This confirms 
that the mechanical force applied to the ZNW-based device generates sufficient electrical energy 
to power the LED, demonstrating its real-world applicability in energy harvesting. Figure 6(c) 
presents the piezoelectric voltage output of ZNWs with different seed layer thicknesses. The 
piezoelectric output measurements were conducted using a controlled impact test platform (as 
shown in the inset). A vibration shaker was used to apply a periodic force at a frequency of 1 Hz, 
exerting a vertical force of 1 N onto the piezoelectric device. The effective active area of the 

 

Fig. 6. (Color online) Demonstration of energy harvester and piezoelectric sensor. (a) Schematic of the circuit for 
energy harvesting and charging. (b) Energy harvesting test; tapping the device with a finger will light up the LED. 
(c) Voltage output of ZNW-based piezoelectric energy harvester. The inset shows the test setup with an impact force 
of 1 N. (d) Voltage versus time curve when a 150 μF capacitor is charged by tapping the device with a finger, 
generating power of about 75.56 μW.



2932 Sensors and Materials, Vol. 37, No. 7 (2025)

device was 3 × 5 cm2 (0.0015 m2). A force sensor was employed to monitor the applied force 
during the test. The output voltage was recorded using an oscilloscope to analyze the response of 
the ZNW-based energy harvester under mechanical excitation. The data indicate that ZNW-300 
exhibits the highest voltage output, aligning with the earlier findings that ZNWs with a seed 
layer thickness of 300 nm demonstrate superior piezoelectric performance owing to their 
optimized aspect ratio and alignment. The measured peak-to-peak voltage outputs for ZNW-100, 
ZNW-200, ZNW-300, and ZNW-400 were 2, 2.8, 4.6, and 3.3 V, respectively. The increase in 
voltage output from ZNW-100 to ZNW-300 is attributed to the enhanced aspect ratio and 
optimized NW growth. In addition, only the seed layer without NW growth (ZSL-400) exhibited 
a voltage output of only 1.1 V under the same mechanical excitation conditions. This considerable 
difference in output voltage clearly indicates that the NW architecture plays a crucial role in 
enhancing the piezoelectric energy harvesting performance. Figure 6(d) shows the voltage–time 
curve of a 150 μF capacitor being charged by the piezoelectric device when tapped. The voltage 
steadily increases, reaching about 3.5 V after approximately 12 s of tapping. The generated 
power P of 75.56 μW from the energy harvester is given by(27)

 
2

2
CVP

t
= , (2)

where C is the capacitance (150 μF), V is the voltage (3.5 V), and t is the charging time (12 s). 
This confirms the ZNW-based device’s potential for sustainable energy harvesting and self-
powered applications. The experimental results in Fig. 6 highlight the effectiveness of ZNWs in 
piezoelectric energy harvesting, demonstrating their ability to convert mechanical energy into 
usable electrical power. The successful lighting of the LED and the charging of a capacitor 
emphasize the potential applications of ZNW-based PENGs in wearable electronics, wireless 
sensor networks, and self-powered systems.

4. Conclusions

 In this study, ZNWs with different seed layer thicknesses were successfully synthesized, and 
their structural characteristics, piezoelectric properties, and energy harvesting performance 
were systematically analyzed. Experimental results show that ZNW-300 has excellent 
piezoelectric properties with the highest d33 value of 10.5 pm/V. The reason is that ZNW-300 has 
the highest aspect ratio of 56.55. In addition, the ZNW-300 piezoelectric generator can store 
energy to charge a 150 μF capacitor to 3.5 V in about 12 s, with a calculated power output of 60.2 
μW. This demonstrates the feasibility of utilizing ZNWs for small-scale energy storage and self-
powered electronic devices.
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