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Abstract. Zinc oxide (ZnO) is an environmental-friendly semiconducting, piezoelectric and non-
ferroelectric material, and plays an essential role for applications in microelectromechanical 
systems (MEMS). In this work, a fully integrated two-degree-of-freedom (2DOF) MEMS 
piezoelectric vibration energy harvester (p-VEH) was designed and fabricated using ZnO thin 
films for converting kinetic energy into electrical energy. The 2DOF energy harvesting system 
comprises two subsystems: the primary one for energy conversion and the auxiliary one for 
frequency adjustment. Piezoelectric ZnO thin film was deposited using a radio-frequency 
magnetron sputtering method onto the primary subsystem for energy conversion from mechanical 
vibration to electricity. Dynamic performance of the 2DOF resonant system was analyzed and 
optimized using a lumped parameter model. Two closely located but separated peaks were 
achieved by precisely adjusting mass ratio and frequency ratio of the resonant systems. The 2DOF 
MEMS p-VEH chip was fabricated through a combination of laminated surface micromachining 
process, double-side alignment and bulk micromachining process. When the fabricated prototype 
was subjected to an excitation acceleration of 0.5 g, two close resonant peaks at 403.8 and 489.9 
Hz with comparable voltages of 10 and 15 mV were obtained, respectively.  
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1. Introduction 

Recent advances in internet of things (IoT) and wireless sensing networks provide new insights into 
sustainability and availability of new types of micro-energy storage and conversion devices, including 
MEMS-based micro/nano generators, thermoelectrics and solar cells [1-3]. Conventional MEMS-based 
vibration energy harvesters are capable of transforming mechanical energy into electrical energy 
through piezoelectric [4-6], electromagnetic [7-9], electrostatic [10-12] and triboelectric mechanisms 
[13-15]. Piezoelectric materials possess a unique merit of direct electromechanical coupling which can 
efficiently convert mechanical strain into electrical energy and vice versa. MEMS-based piezoelectric 
vibration energy harvesters (p-VEH) have advantages of high power density and ease of miniaturization. 
Therefore, MEMS p-VEH is capable of converting kinetic energy into electrical energy by continuously 
pre-stressing or stretching piezoelectric materials under external cyclic loadings. 

Generally the performance of p-VEHs is highly dependent on the piezoelectric properties of the 
materials. The piezoelectric materials commonly used for actuating and sensing include piezo-ceramics 
such as lead zirconate titanate (PZT), barium titanate (BaTiO3), single crystal of quartz, thin films of 
ZnO or AlN, as well as thick films based on piezoceramic powders and polymeric materials (PVDF). 
Though the piezoceramics including PZT and micro-fiber-composites (MFC) are the common choices 
as the transducers for energy harvesting applications, they encounter difficulties in miniaturization, thin 
film deposition, and MEMS fabrication process [16], which make them non-applicable in micro-scale 
applications. PVDF is a semicrystalline polymer that exhibits the largest piezoelectric constants among 
piezo-polymers. However, PVDF encounters challenge to form uniform β phase crystal orientation 
during the silicon-based spin-coating process, making them more suitable in wearable and flexible 
applications. BaTiO3 thin films have relatively high piezoelectric coefficient and high dielectric 
properties. The high temperature annealing process for crystallization is a challenge for MEMS 
compatible multilayered fabrication process. Both AlN and ZnO are lead-free environmental-friendly 
non-ferroelectric materials. They have excellent semiconducting and piezoelectric properties with 
permanent polarizations along the c-axis crystallographic direction. AlN has been widely used in energy 
harvesting and ultrasound tweezers applications [17-19]. ZnO piezoelectric thin film does not require 
high-temperature post-deposition annealing and high-voltage poling process [20]. Due to these unique 
merits, ZnO-based piezoelectric thin film plays an essential role in MEMS applications including 
sensors [21], actuators [22] , acoustic wave generators [23, 24] and smart slider to detect the head-disk 
contact [25]. In this work, we integrate ZnO thin film into a MEMS p-VEH for converting ambient 
kinetic energy of vibrations to electrical energy. 

For vibration-based MEMS energy harvesting applications, one of the key challenges is the narrow 
operation bandwidth [26]. The MEMS-based energy harvester is usually designed as a single spring-
mass-damper (1DOF) system. The kinetic energy can only be scavenged near its intrinsic resonance 
frequency whereas the ambient vibrations usually have broadband frequency spectra or multiple peaks. 
To address this limitation, numerous approaches for frequency broadening have been proposed, 
including multimodal energy harvesting [27-29], resonance tuning [30] and other nonlinear techniques 
[31-33]. Multimodal energy harvesters are supposed to be more effective with matched multiple 
frequencies to better harness kinetic energy in these scenarios. For MEMS-based p-VEH energy 
harvesters, multimodal techniques are also more advantageous in terms of wafer-level fabrication and 
minimal post-assembly process.  
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This work presents design and fabrication of ZnO-based MEMS p-VEH with two-degree-of-freedom 
(2DOF) and multi-modal structure. The 2DOF system has a primary subsystem for energy conversion 
and an auxiliary subsystem for frequency adjustment, and piezoelectric ZnO thin film is deposited onto 
the primary subsystem for strain-to-electricity energy conversion.  

2. Device Design and Fabrication 

A schematic design of the proposed 2DOF MEMS p-VEH with ZnO thin films is shown in Figure 1. 
The 2DOF spring-mass resonant structure is constructed on a SiO2/Si/SiO2 wafer. It is composed of two 
subsystems. The inner auxiliary subsystem has a circular mass suspended by three parallel spiral beams. 
The diameter and height of the circular mass are 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 
tangentially 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 an outer radius of 5.4 mm, an 
inner radius of 2.05 mm and a height of 500 µm. Each small arc beam has an outer radius of 5.75 mm, 
an inner radius of 5.5 mm and a height of 45 µm. The arc beams are evenly arranged in a rotatory 
symmetry with 120° distributed around the primary mass. It is worthwhile to note that the heights of 
both the outer and inner masses are the same as the wafer thickness of 500 µm, whereas the suspended 
beams are only 45 µm in height and made using a double-side deep reactive ion etching (DRIE) process. 
The low stiffness and large mass configuration will facilitate low resonances of the whole 2DOF system. 

Piezoelectric ZnO thin film is deposited and patterned on the top of the outer arc beams for energy 
harvesting as shown in Figure 1. The ZnO thin film is sandwiched with top and bottom Pt/Au electrodes. 
Since ZnO is a non-ferroelectric material, the whole process can be conducted at room temperature and 
eliminate high-temperature post annealing and high-voltage poling processes. When an external 
vibration source excites the 2DOF spring-mass resonant structure, the ZnO thin film on the surface of 
outer arc beams will be continuously stressed and stretched, thus effectively converting the mechanical 
energy into electricity. 

 
Figure 1. Schematic illustration of 2DOF MEMS p-VEH chip and enlarged view of ZnO thin film sandwiched 
structure (top electrode layer/ZnO layer/bottom electrode layer)  
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The fabrication procedure of the ZnO-based 2DOF MEMS p-VEH chip is shown in Figure 2. The 
procedures include a sacrificial layer-by-layer surface micromachining process and a 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 top of SiO2 insulation layer through a sputtering 
and lift-off process (Figure 2(a)). The Pt/Au layer is served as the bottom electrode. Photoresist is then 
spin coated on the surface of bottom electrode. This is followed by a lithography process to create 
windows for the next step of thin film deposition (Figure 2(b)). One of the critical processes is the room-
temperature deposition of ZnO piezoelectric thin film, which was obtained by RF magnetron sputtering 
a 3 mm thick and 99.99% purity ZnO target (Figure 2(c)). After that, the ZnO is patterned using a wet 
etching process (Figure 2(d)). Another Pt (150nm)/Au (150nm) layer served as the top electrode is 
deposited onto the top of ZnO layer through the 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)). 
The following step is to define the 2DOF resonant structure. For this purpose, SiO2 via is formed by 
photolithography and reactive-ion etching (RIE) process (Figure 2(f)). Subsequently, the 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 using a heat conductive silver paste and 
then backside etched using the 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 procedure of ZnO-based 2DOF MEMS p-VEH chip on SiO2/Si/ SiO2 wafers 
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3. Modeling of 2DOF MEMS p-VEH 

 

Figure 3. (a) Lumped parameter model of proposed 2DOF MEMS p-VEH with ZnO piezoelectric thin film; 
(b) the corresponding 2DOF spring-mass resonant structure 
 
The lumped parameter model and the spring-mass resonant structure of proposed 2DOF MEMS p-VEH 
are shown in Figures 3(a) and 3(b), respectively. In this work, we aim to design the structure to provide 
two closely located and comparable resonant peaks so that the energy harvesting is more robust in the 
practical vibration scenarios. The primary subsystem of the 2DOF p-VEH has the primary mass 𝑚𝑚1, 
mechanical damping 𝜂𝜂1, spring stiffness 𝑘𝑘1 and piezoelectric element. The auxiliary subsystem has 
the auxiliary mass 𝑚𝑚2, mechanical damping 𝜂𝜂2 and spring stiffness 𝑘𝑘2. The governing equation of 
the 2DOF MEMS p-VEH system can be derived as:  

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

1 1 0 1 1 0 1 1 0 2 2 1 2 2 1 1 0

2 2 1 2 2 1 2 2 1 2 1

m Y Y Y Y k Y Y V Y Y k Y Y m Y

m Y Y Y Y k Y Y m Y

η θ η

η

 − + − + − + − − − − = −


− + − + − = −

      

    
            (1) 

where θ is the electromechanical coupling coefficient; V is the voltage across the load resistance R; θV 
is the backward electromechanical coupling force (θV) induced by piezoelectric thin film. In the 
piezoelectric energy harvesters (p-VEH), the dynamic behavior is generally dominated by spring 
restoring force, backward electromechanical coupling force and other mechanical damping forces. In 
the current study, the backward electromechanical coupling force (θV) induced by ZnO thin films is 
much smaller than the spring restoring force due to the low piezoelectric coefficient and small ZnO thin 
film thickness. 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 
system is negligible. The main objective of the modeling is to reveal the mechanism that two 
comparable and close peaks can be achieved by carefully controlling spring-mass parameters. These 
phenomena can also predicted by the dimensionless displacement of the primary mass. Therefore, the 
piezoelectric backward force (θV) is not taken into account in the current study. Therefore, assuming 
𝑥𝑥 = 𝑌𝑌1 − 𝑌𝑌0 and 𝑦𝑦 = 𝑌𝑌2 − 𝑌𝑌1 and rearranging equation (1), we now obtain:  

( ) ( )1 2 1 1 2 1 2 0

2 2 2 2 2 0

m m x x k x m y m m Y

m y y k y m x m Y

η

η

 + + + + = − +


+ + = − −

  

  
                                          (2) 

The following dimensionless parameters have been defined as: 
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Applying Laplace Transform, equation (2) can be modified into:  

( ) ( )2 2 2 2
1 1 1

2 2 2 2
2 2 2 0

ˆ ˆ ˆ ˆ ˆ1 2 1
ˆ ˆ ˆ ˆ2

s X sX X s Y s Y

s Y sY Y s X s Y

µ ζ ω ω µ µ

ζ ω ω

 + + + + = − +


+ + = − −
                                   (4) 

where μ, α and ζ are the dimensionless parameters representing the mass ratio, frequency tuning ratio 

and the damping ratio, respectively; 1ω   and 2ω   are the natural frequencies of the primary and 

auxiliary subsystems, respectively. By solving equation (4) and applying 𝑠𝑠 = 𝑗𝑗𝑗𝑗, the dimensionless 
displacement of the primary mass can be obtained as  

( )

2
2

2
2
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1 2
2

1
2

21 1 2
2

j
X

jj
j

µ
α ζ α

ζµ ζ
α ζ α

 Ω
Ω + − + Ω =

Ω −Ω − Ω
− + Ω + Ω +

+ Ω



                                              (5) 

In order to achieve two closely located and comparable resonant peaks, the mass ratio (μ) and frequency 
tuning ratio (α) should be carefully adjusted in the model. Figure 4 shows the contour plot of normalized 
displacements 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 to be 0.004. It can be seen that two peaks can be created with the 
proposed 2DOF resonant system. When the frequency tuning ratio (α) is around 0.9～1 and the mass 
ratio (μ) is tuned to be a very small value, two closely located and comparable peaks can be obtained as 
shown in Figures 4(b) and 4(c). In this work, α and μ are set to be 0.92 and 0.04, respectively. These 
form a theoretical foundation of the mechanical design of our proposed 2DOF spring-mass system. The 
details of the design parameters of proposed 2DOF MEMS p-VEH chip are listed in Table 1. 
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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 

Table 1. Design parameters of proposed 2DOF MEMS p-VEH 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 𝜃𝜃 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 
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4. Results and Discussion 

4.1 MEMS Device Characterization 

Figure 5(a) shows the optical image of the fabricated 2DOF MEMS p-VEH chip. The overall size of 
the energy-harvester is 14.5 mm×14.5 mm×500 µm. It is observed that the surface color of the inner 
spiral beam and small circular mass becomes purple after the micromachining process. This is probably 
due to the local heating problem during the long-time DRIE process. SEM image of the inner auxiliary 
circular mass with parallel and spiral beams is shown in Figure 5(b). It can be seen that the surface of 
beam and mass is flat even though the thickness of the spiral beam is as thin as 43～45 µm. The top 
view of the sandwiched structure is shown in Figure 5(c), which was 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 electrodes. Therefore, during the ZnO film deposition using the RF magnetron 
sputtering process, the bottom electrode was fully covered by the ZnO films. As shown in Figure 5(d), 
the line width of the top electrode is designed to be relatively narrow. Even though some misalignment 
could occur during the multilayer MEMS processes, the overall device is still safe to be operated 
effectively. 

 

Figure 5. (a) ZnO-based 2DOF p-VEH 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 
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The cross-section morphology of ZnO-based multilayer thin film was characterized using a field-
emission scanning electron microscope (FE-SEM), and the image is shown in Figure 6(a). It can be 
clearly observed that the ZnO thin film exhibits textured polycrystalline property with RF magnetron 
sputtering deposition process. The multilayer 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 thickness values of the ZnO and SiO2 are around 1.1 and 0.5 µm, 
respectively. The cross-sectional morphology clearly shows that the ZnO thin film has a uniform 
columnar structure which is perpendicular to the top surface. The crystal orientation of fabricated ZnO 
thin film was examined using X-ray diffraction (XRD), which shows that the ZnO thin film is highly c-
axis-oriented (e.g., with a (0002) orientation in Figure 6(b)) and have an excellent piezoelectric quality. 
The piezoelectric coefficient of ZnO thin film by the current sputtering process is about 4.66 pC/N. The 
atomic composition ratio of the multilayered structure on the cross section of the multilayered structure 
was determined using energy dispersive X-ray spectroscope (EDS), and the result is shown in Figure 7. 
The atomic percentages of oxygen, silicon, zinc and platinum are 53.98, 26.48, 17.91 and 18.37 %, 
respectively. Gold layer may be covered by the ZnO film, therefore, gold atom was not detected in the 
EDS experiment. Clearly the EDS analysis is able to confirm that silicon oxide insulation layer, zinc 
oxide piezoelectric layer and platinum conducting layer all exist on the surface of the fabricated sample 
structure. 

 

Figure 6. (a) Cross-section FE-SEM image of multilayered structure of prototype: Pt/Au conducting layer, 
ZnO piezoelectric layer, SiO2 insulating layer and silicon-supporting layer; (b) X-ray diffraction (XRD) 
pattern of the ZnO thin film 
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Figure 7. Energy dispersive X-ray spectroscope spectrum (EDS) of the piezoelectric multilayered structure  

 
4.2．Power Generation Experiment 

The fabricated energy harvester was attached to a vibration testing system for its electrical performance 
evaluation. The testing setup was 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, 
the excitation frequency was swept from 350 to 500 Hz at 0.5 g with a constant rate of 5 Hz/s and a 
load resistance of 250 kΩ was applied to the MEMS 2DOF p-VEH chip. Output voltage response in 
time-domain signal was directly recorded with the DAQ system, and the results are shown in Figure 
8(a). It is noted that two comparable peaks have been obtained with the output voltages around 10 and 
15 mV, respectively. This is consistent with the predicted results from the modeling (see Section 3) that 
two effective peaks can be obtained assuming α = 0.92 and μ = 0.04. After a fast Fourier transform (FFT) 
was applied to analyze the time-domain signal, the two resonant peaks are found to be 403.8 and 489.9 
Hz, respectively, as shown in Figure 8(b). The frequency ratio of the second peak to the first one is only 
1.21, which is superior to those reported in the literature [27, 28]. The output powers and voltages of 
the fabricated 2DOF p-VEH device at various load resistances are presented in Figure 9. The operating 
frequency and excitation acceleration were set to be 490 Hz and 0.5 g, respectively, during the 
measurement. The maximum output power is 0.46 nW with an optimal load resistance of 240 kΩ. The 
normalized power density of the p-VEH device, defined by power/volume/acceleration2, was calculated 
to be 1.75×10-7 W•cm-3•g-2 for the prototyped device. Although the performance of fabricated prototype 
is moderate at the current stage, it offers new insights in realizing 2DOF multimode MEMS energy 
harvester with piezoelectric ZnO thin films. 
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Figure 8.  Output voltage of the MEMS 2DOF p-VEH 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 9. Output voltages and powers against different resistances at the resonance of 490 Hz with the 
acceleration of 0.5g 

 

5. Conclusion 

In this paper, a fully integrated MEMS 2DOF energy harvester based on ZnO thin films was successfully 
designed, modeled, fabricated and characterized. The MEMS p-VEH harvester with a 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 parameter modeling and analysis, it was found by controlling 
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a frequency tuning ratio (α) of 0.9～1 and a mass ratio (μ) approximate 0, two closely located and 
comparable peaks can be obtained. The MEMS p-VEH chip was successfully fabricated using a 
laminated layer-by-layer surface micromachining process and double-side DRIE bulk micromachining 
process. The power generation capability of the fabricated energy harvester was characterized. Power 
generation experiment showed two closely located peaks at 403.8 and 489.9 Hz with comparable 
generated voltages of 10 and 15 mV, respectively, which are consistent with the predicted from the 
modeling. The reported design offers the insights in realizing 2DOF multimode MEMS energy harvester 
using the piezoelectric ZnO thin films. 
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