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Abstract. Zinc oxide (ZnO) as an environmental-friendly non-ferroelectric material plays an 

essential role in microelectromechanical systems (MEMS) due to its excellent semiconducting and 

piezoelectric properties. For the first time, a fully integrated two-degree-of-freedom (2DOF) 

MEMS piezoelectric vibration energy harvester (p-VEH) using ZnO thin films has been presented 

for converting ambient kinetic energy to electrical energy. The 2DOF energy harvesting system 

comprises of two subsystems: the primary subsystem for energy conversion and the auxiliary 

subsystem for frequency adjustment. Piezoelectric ZnO thin film is deposited on the primary 

subsystem for strain-to-electricity energy conversion through room-temperature RF magnetron 

sputtering method. The dynamic behavior of proposed 2DOF resonant system is examined and 

optimized by a lumped parametric numerical model. Two close and comparable peaks are found 

to be likely achieved by carefully adjusting mass and frequency ratios. The MEMS energy 

harvesting chip has been fabricated through a laminated surface micromachining with double-side 

bulk micromachining process. The surface morphology and crystalline quality of ZnO-based 

MEMS device is characterized through field-emission scanning electron microscopy (FE-SEM), 

and energy-dispersive X-ray spectroscopy (EDS), respectively. With the fabricated prototype 

excited at 0.5 g, two close peaks of 403.8 and 489.9 Hz with comparable voltages of 10 and 15 

mV are obtained, providing good agreement with the modeling predictions.  
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1. Introduction 

Recent advances in internet of things (IoT) and wireless sensor networks reveal new insight into 

sustainability and availability of new type micro energy storage and conversion devices, including 

MEMS-based micro/nano generators, themoelectrics and solar cells. Typical MEMS-based vibration 

energy harvesters are capable of transforming mechanical energy to electrical energy through 

piezoelectric [1-3], electromagnetic [4-6], electrostatic [7-9] and triboelectric mechanisms [10-12]. 

Piezoelectric materials possess the unique merit of direct electromechanical coupling that can convert 

mechanical strain to electrical energy and vice versa. MEMS piezoelectric vibration energy harvesters 

(p-VEH) have the merits of high power density and ease of miniaturization. Therefore, MEMS p-VEH 

is capable of converting kinetic energy to electrical energy by continuously pre-stressing or stretching 

piezoelectric materials under external cycling excitations. 

Generally, the performance of p-VEHs is highly dependent on the piezoelectric properties of the 

materials. The piezoelectric materials can be categorized into several forms, including piezoceramic 

(PZT or lead zirconate titanate), Barium titanate (BaTiO3), single crystal (quartz), thin film (ZnO or 

AlN), thick film based on piezoceramic powder and polymeric materials (PVDF). Although 

piezoceramics including PZT and Micro-Fiber-Composites (MFC) are most commonly used 

piezoelectric materials in traditional energy harvesting applications, they encounter difficulties in 

miniaturization and thin film depositions in MEMS fabrication process [13]. These make them not 

feasible in micro-scale applications. ZnO is an environmental-friendly non-ferroelectric material and 

has excellent semiconducting and piezoelectric properties[14]. Compared to the AlN-based 

piezoelectric film deposition process, the formation of ZnO piezoelectric thin film does not require 

high-temperature annealing process or high-voltage poling process. Due to these unique merits, ZnO-

based piezoelectric thin film plays an essential role in microelectromechanical systems (MEMS), such 

as sensors [15], actuators [16] , acoustic wave generations [17] and smart slider to detect the head-disk 

contact [18]. In the current study, we are endeavor to applying ZnO-based piezoelectric thin film to a 

fully integrated MEMS p-VEH for converting ambient kinetic energy to electrical energy. 

Regarding to vibration-based MEMS energy harvesting applications, one of the key challenges is the 

narrow bandwidth problem [19]. The MEMS-based energy harvester is usually designed as single 

spring-mass-damper system. The kinetic energy can only be scavenged near its sole resonance while 

the ambient vibrations usually have broadband frequency spectrums. To address these limitations, 

numerous frequency broadening approaches have been proposed, categorized as multimodal energy 

harvesting [20-22], resonance tuning [23] and nonlinear technique [24-26]. For MEMS-based p-VEH 

energy harvesters, multimodal techniques are more advantageous in terms of wafer-level fabrication 

and rare post-assembly process.  

In the current work, for the first time, we presented a ZnO-based MEMS p-VEH with two-degree-of-

freedom (2DOF) multimodal system. The 2DOF multimodal system has a primary subsystem for energy 

conversion and an auxiliary subsystem for frequency adjustment. Piezoelectric ZnO thin film is 

deposited on the primary subsystem for strain-to-electricity energy conversion. The details of device 

design, fabrication and characterization will be deliberated in the following sections. 
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2. Device Design and Fabrication 

The schematic design of 2DOF MEMS vibrational energy harvester with piezoelectric ZnO thin films 

is shown in Figure 1. The device consists mainly of two parts, the 2DOF spring-mass resonant structure 

and ZnO-based piezoelectric thin film.  

The 2DOF resonant structure is constructed on a SiO2/Si/SiO2 wafer. It is composed of two subsystems, 

the inner auxiliary frequency tuning system and the outer primary power generation system. The inner 

auxiliary subsystem has a circular mass suspended by three parallel spiral beams around. The diameter 

and height of the circular mass is 3.4 mm and 500 µm, respectively. The geometry of spiral beam is 

formed with three 120° circular arcs, which are designed with different radii and tangent connected to 

each other at the conjunction points. The outer primary subsystem has a ring shape mass suspended by 

three small arc beams. The ring shape mass has 5.4 mm outer radius, 2.05 mm inner radius and 500 µm 

height. Each small arc beam is 5.75 mm in outer radius, 5.5 mm in inner radius and 45 µm in height. 

The arc beams are evenly arranged in rotatory symmetry with 120°distributed around the primary mass. 

It is worth noting that the heights of both the outer and inner masses are the same as the wafer thickness 

of 500 µm, while the suspended beams are only 45 µm in height formed by double-side deep reactive 

ion etching (DRIE) process. The low stiffness and large mass congfiguration will facilitate to achieve 

low resonance of the whole 2DOF system. 

The piezoelectric ZnO thin film is patterned on the top of the outer arc beams for energy conversion, as 

shown in Figure 1. The ZnO thin film is sandwiched with top and bottom Pt/Au electrode layers. Since 

ZnO is non-ferroelectric materials, the whole process is conducted in the room temperature environment, 

making high-temperature post annealing or high-voltage poling process not necessary. When an external 

vibration excites the 2DOF spring-mass resonant structure, the ZnO thin film on the surface of outer 

arc beams would suffer continuously prestressing and stretching, resulting mechanical energy to 

electrical energy conversion. 

 

Figure 1. Schematic of 2DOF MEMS vibrational energy harvesting chip with piezoelectric ZnO thin films 

and enlarged view of top electrode layer/ZnO layer/bottom electrode layer sandwiched structure  
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The fabrication flow of ZnO-based 2DOF MEMS energy harvesting chip is depicted in Figure 2. The 

process includes sacrificial layer-by-layer surface micromachining process and double-side DRIE bulk 

micromachining process. It begins with a 500 µm thick SiO2/Si/SiO2 wafer substrate. Pt (150nm)/Au 

(150nm) conducting layer is patterned on the top of SiO2 insulation layer through a sputtering and lift-

off process (figure 2(a)). The Pt/Au layer serves as bottom electrode. Photoresist is then spin coated on 

the surface of bottom electrode. This is followed by lithography process to create openings for next thin 

film deposition (figure 2(b)). One of the critical processes is the room-temperature deposition of ZnO 

piezoelectric thin film from a 3 mm thick and 99.99% purity ZnO target in the RF magnetron sputtering 

system (figure 2(c)). After that, the surplus ZnO is removed by wet etching process (figure 2(d)). 

Repeatedly, another Pt (150nm)/Au (150nm) layer served as top electrode is deposited on the top of 

ZnO layer through the same lift-off process as shown in Figure 2(b). Thus, the top electrode layer/ZnO 

layer/bottom electrode layer is formed with a sandwiched structure (figure 2(e)). After the piezoelectric 

thin film deposition is finished, the next step is to define the 2DOF resonant structure. SiO2 opening via 

is formed by photolithography and reactive-ion etching (RIE) process (figure 2(f)). Subsequently, DRIE 

process is applied to etch away the silicon substrate to pattern the front-side spring-mass structure 

(figure 2(g)). The wafer is front-side bonded to another supporting wafer with heat conductive silver 

paste and then flipped over with backside DRIE process to form the seismic mass. Finally, the 

supporting wafer is removed and the whole ZnO-based 2DOF MEMS energy harvesting chip is released 

(figure 2(f)).  

 

 

Figure 2. Fabrication flow of ZnO-based 2DOF MEMS energy harvesting chip on SiO2/Si/ SiO2 wafers 
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3. Parametric Analysis of Piezoelectric 2DOF System 

 

Figure 3. Lumped parameter model of proposed 2DOF p-VEH with ZnO piezoelectric thin films;(b) the 

corresponding 2DOF spring-mass resonant structure 

 

The lumped parametric model of proposed 2DOF p-VEH and the corresponding spring-mass resonant 

structure are shown in Figure 3(a) and 3(b), respectively. In the current study, the energy harvesting 

resonant system is designed with two-degree-of-freedom structures aiming to achieve two close and 

comparable peaks. These enable the proposed harvester to be more adaptive to some practical kinetic 

scenarios where the vibration sources may has multiple peaks. The 2DOF p-VEH resonant system is 

composed of a primary subsystem and an auxiliary subsystem. The primary subsystem has primary 

mass 𝑚1, mechanical damping 𝜂1, spring stiffness 𝑘1 and piezoelectric energy conversion element. 

The auxiliary subsystem has the auxiliary mass 𝑚2, mechanical damping 𝜂2 and spring stiffness𝑘2. 

According to the lumped parametric model shown in Figure 3(a), the governing equation of 2DOF 

piezoelectric energy conversion system can be derived as  
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where θ is the piezoelectric electromechanical coupling coefficient, V is the voltage across the resistance 

R, θV is the backward electromechanical coupling force (θV) induced by piezoelectric ZnO thin film. 

Considering the weak coupling conditions in the current energy conversion system, the effect of the 

backward electromechanical coupling force (θV) on the dynamic behavior of the 2DOF resonant system 

is negligible. Therefore, by letting 𝑥 = 𝑌1 − 𝑌0 and 𝑦 = 𝑌2 − 𝑌1, the equation (1) can be represented 

as  
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In order to achieve two close and comparable peaks, the mass ratio (μ) and frequency tuning ratio (α) 

should be carefully adjusted in the parametric model. Letting 
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Applying Laplace transform and setting 𝑠 = 𝑗𝜔, the equation (2) can be derived as 
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where μ, α and ζ are the dimensionless parameters representing the mass ratio, frequency tuning ratio 

and the damping ratio, respectively. 
1   and 

2   are the resonances of the primary and auxiliary 

subsystem, respectively. By solving the equation (4), the normalized displacement of the primary mass 

can be obtained as  
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Figure 4 shows the contour plotting of normalized displacement of the primary mass versus different 

mass ratios (μ) and frequency tuning ratios (α) under various excitation frequencies (Ω): (a) α=0.8; (b) 

α=0.9; (c) α=1.0; (d) α=1.1. The primary damping (ζ1) and the auxiliary damping (ζ2) are set as the same 

as 0.004. It can be clearly observed that two peaks can be created with the proposed 2DOF resonant 

system. When controlling the frequency tuning ratio (α) in 0.9～1 and mass ratio (μ) approximate to 0, 

two close and comparable peaks can be obtained, as depicted in Figure 4(b-c). In the current study, the 

frequency tuning ratio (α) and mass ratio (μ) are set as 0.92 and 0.04, respectively. These form a 

theoretical foundation of the mechanical design of proposed 2DOF spring-mass system. The details of 

the design parameters of proposed 2DOFpiezoelectric MEMS energy harvesting chip are illustrated in 

the Table 1. 

 

Figure 4. Contour plotting of normalized displacement of the primary mass versus different mass ratios (μ) 

and frequency tuning ratios (α) under various excitation frequencies (Ω): (a) α=0.8; (b) α=0.9; (c) α=1.0; 

(d) α=1.1  
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Table 1. Design parameters of proposed 2DOF Piezoelectric MEMS energy harvesting chip 

Component Designed parameter Values 

Primary mass Height h1 500 µm 

 Radius R1 1 mm 

 Weight m1 3.66 mg 

Auxiliary mass Outer radius R3 5.4 mm 

 Inner radius R2 2.05 mm 

 Weight m2 91.3 mg 

 Height h2 500 µm 

Outer spring beam Height ho 45 µm 

 Circular arc angle 𝜃 6.3° 

 Inner radius R4 5.5 mm 

 Outer radius R5 5.75 mm 

Inner spring beam Height hi 45 µm 

 Width wi 200 µm 

 Spacing li 50 µm 

ZnO thin films ZnO Thickness dz 1.1µm  

 Top Pt/Au dt 300 nm 

 Bottom Pt/Au dt 300 µm 

 Resistance Ri 240 kΩ 

MEMS p-VEH chip Volume Vo 14.5×14.5×0.5 mm3 

 

4. Results and Discussion 

4.1 MEMS Device Characterization 

Figure 5(a) shows optical image of the fabricated 2DOF MEMS piezoelectric energy harvesting chip. 

The overall size of the energy-harvesting chip is 14.5 mm×14.5 mm×500 µm. It is noted that the surface 

colour of the inner spiral beam and small circular mass become purple after micromachining process. 

This is probably due to the heat concentration problem during long-term DRIE process. SEM image of 

the inner auxiliary circular mass with parallel spiral beam is shown in Figure 5(b). It can be seen that 

the surface of beam and mass is kept approximately flat even though the thickness of the spiral beam is 

as thin as 43～45 µm. The top view of the top electrode/ZnO/bottom electrode sandwiched layers is 

shown in Figure 5(c). The multilayer structure is fabricated through a laminated layer-by-layer surface 

micromachining process. One of the key concerns is the short circuit problem of the top and bottom 

electrode. Therefore, during the ZnO thin film deposited by RF magnetron sputtering process, the 

bottom electrode should be fully covered by the ZnO semiconducting films. As shown in Figure 5(d), 

the line width of the top electrode is designed to be relatively narrow. Even though some misalignment 

may occur during multilayer deposition process, the overall device is still safe to operate normally. 
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Figure 5. (a) ZnO-based 2DOF piezoelectric energy harvesting chip; (b) SEM images of the auxilliary mass 

with inner spiral beams; (c) top view of ZnO thin film with top electrode; (d) SEM images of the outer 

circular-spring beam with ZnO thin film and top electrode 

 

The cross section of ZnO-based multilayer thin film is further characterized by field-emission scanning 

electron microscopy (FE-SEM), as shown in the Figure 6(a). The multilayered thin film structure can 

be clearly observed, including silicon substrate, SiO2 insulation layer, bottom Pt/Au electrode layer, 

ZnO piezoelectric thin film layer and top Pt/Au electrode layer. The enlarged view of ZnO thin film is 

further characterized in Figure 6(b). The thickness of the ZnO and SiO2 are around 1.1 and 0.5 µm, 

respectively. The cross sectional morphology clearly demonstrates that the ZnO thin film has uniform 

columnar texture which is grew perpendicularly to the top surface. This indicates that the ZnO thin film 

is highly c-axis-oriented and has excellent piezoelectric quality. The atom composition ratio of the 

multilayered structure is determined by energy dispersive X-ray spectroscopy spectrum analysis (EDS), 

as shown in Figure 6(c). The EDS analysis results demonstrate that the atomic percentages of oxygen, 

silicon, zinc and platinum are 53.98, 26.48, 17.91 and 18.37 %, respectively. These further confirms 

that silicon oxide insulation layer, zinc oxide piezoelectric layer and platinum conducting layer exist in 

the fabricated sample structure. 
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Figure 6. (a) Cross section of MEMS piezoelectric energy harvester with multilayered structure: Pt/Au 

conducting layer, ZnO piezoelectric layer, SiO2 insulating layer and silicon-supporting layer; (b) Enlarged 

FE-SEM image of 1.1 μm thick ZnO thin film; (c) Energy dispersive X-ray spectroscopy spectrum analysis 

(EDS) of the piezoelectric multilayered structure  

 

4.2．Power Generation Experiments 

The fabricated energy harvesting chip is further attached to a vibration testing system for electrical 

performance evaluation. The testing setup is mainly composed of a function generator, a voltage 

amplifier, an accelerometer, a shaker and a data acquisition system (DAQ NI USB-6289 M series). In 

the experiment, a swept frequency from 350 to 500 Hz at 0.5g and load resistance of 250 kΩ is applied 

to the MEMS 2DOF piezoelectric energy harvesting chip. Output voltage response in time-domain 

signal is directly recorded with DAQ sytem, as shown in Figure 7(a). It can been clearly seen that two 

comparable peak have been obtained with the output voltages around 10 and 15 mV, respectively. These 

are in good agreement with the previous modeling predications that two effective peaks can be readily 

obtained when the frequency tuning ratio α is around 0.9～1 and a small mass ratio near 0. By applying 

fast Fourier transform (FFT) to the time-domain signal, the frequency domain response can be derived, 

as shown in Figure 7(b). The resonant frequencies of the two peaks are found to be 403.8 and 489.9 Hz, 

respectively. The frequency ratio of the second peak to the first one is calculated to be only 1.21, 

exhibiting closer peaks compared to the previous studies in the literature [20, 21]. The output power 

and voltage of proposed 2DOF p-VEH device at various load resistances are presented in Figure 8. The 

operating frequency and excitation acceleration are set at 490 Hz and 0.5 g, respectively. The maximum 

output power is found to be 0.46 nW with an optimum load resistance of 240 kΩ. The normalized power 
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density of the p-VEH device, defined by power/volume/acceleration2, is calculated as 1.75×10-7 W•cm-

3•g-2 for the particular device. Although the output power and power density of the present MEMS chip 

seems to be moderate at the current stage, it offers new insights in realizing complex piezoelectric 

MEMS harvesters with piezoelectric ZnO thin films. 

 

Figure 7.  Output voltage of the MEMS 2DOF piezoelectric energy harvester prototype with a swept 

frequency from 350 to 500 Hz: (a) output voltage in time domain response; (b) frequency domain signal by 

fast Fourier transform 

 

Figure 8. Output voltage and power against different resistances at the resonance of 490 Hz with the 

acceleration of 0.5g 
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5. Conclusion 

In this paper, a fully integrated MEMS 2DOF energy harvester based on ZnO thin films has been 

successfully designed, modeled, fabricated and characterized. The MEMS p-VEH chip with volume of 

14.5×14.5×0.5 mm3 has a primary subsystem for energy conversion and an auxiliary subsystem for 

frequency adjustment. Through lumped parametric numerical analysis, it is found by controlling the 

frequency tuning ratio (α) in 0.9～1 and mass ratio (μ) approximate to 0, two close and comparable 

peaks can be obtained. The MEMS p-VEH chip is then successfully fabricated through a laminated 

layer-by-layer surface micromachining process and double-side DRIE bulk micromachining process. 

Both the MEMS device structure and power generation capability have been carefully characterized. 

Through FE-SEM and EDS analysis, it is found ZnO thin film is highly c-axis-oriented and has excellent 

piezoelectric quality. The power generation experiment demonstrates that close peaks of 403.8 and 

489.9 Hz with comparable voltages of 10 and 15 mV are obtained respectively, providing good 

agreement with the modeling predictions. Although the performance of the current prototype is 

moderate, it offers new insights in realizing 2DOF multimode MEMS energy harvesting chip with 

piezoelectric ZnO thin films. 
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