
Wafer-Level Vacuum-Packaged 
Piezoelectric Energy Harvesters Utilizing 

Two-Step Three-Wafer Bonding 
By Nan Wang 

WORD COUNT 	 2462 	 TIME SUBMITTED 	24-FEB-2017 01:31 PM 

PAPER ID 	 27695313 



Wafer-Level Vacuum-Packaged Piezoelectric Energy Harvesters Utilizing TVo-Step 
Three-Wafer Bonding 

Nan Wang, Li Yan Siow, Lionel You Liang Wong, Chcngliang Sun, Hongmiao Ji, Dannayuda I Made, 
Peter Chang, Qingxin Zhang, Yuandong Gu 

histilute of Microelectronics, A*STAR (Agency for Science, Technology mid Research), J 
2 rusionopolis Way, 908-02 Innovis Tower, Singapore 138634, sunc(eNme.a-star.edu.sg. 

Abstract—This paper reports on the successful 
implementation of a wafer-level vacuum-packaged, 
CNIOS-compatible aluminum nitride (AIIN) based 
microelectromechanical system (NIEMS) energy 
harvester (EII). The reported EII features high Q-factor 
(709.3) and high-g survivability (harmonic at 20g), 
nchieved through wafer-level vacuum-package scheme 
which reduces the air damping effect and increases the 
Q-factor, overcoming the tradeoff between vibration 
amplitude and output power density for EHs operated in 
all-. A power of 468.77µN, bandwidth of 71Hz (3.66%) is 
delivered by a —0.119cm3  footprint (1x0.7x0.1705cm°) 
EH at 20g sinusoidal input vibration, equates to u record 
power density of —3.93mW/cm3. This novel packaging 
and design scheme, which utilizes two-step three-wafer 
wafer level eutectic bonding, allows size reduction and 
shock-resilience improvement of future EII. The ability 
to harvest broad spectrum mechanical vibration energy 
with small footprint and high-g survivability, makes the 
reported EII one step closer towards powering the next 
generation battery-less Smart Tire Pressure Monitoring 
system (TP\IS). Furthermore, the whole integration 
process, including the wafer-level vacuum-packaging 
process, is CINfOS compatible, making the reported RH 
viable for mass production with low fabrication cost, 
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used in tune vibration systems due to their ability to 
convert mechanical citergy from vibration into 
electrical energy, in order to power those wireless 
sensors [4-71. There are several factors which affect the 
capability of  lhacrgy  harvesters to generate wen, 
including the electromechanical properties 	the 
piezoelectric material that is used in the energy 
harvester, the nature of the vibration source from which 
the mechanical energy is being harvested, as well as the 
structural properties of the cncr h wester designed 
which the energy conversion fi•cLi mcchanical energy 
to electrical energy tales place. In order to maximize 
die energy harvested from the ambient vibration 
source, several methods were carried out, of which the 
most popular method is to change the structural 
configuration of the piezoelectric energy harvesters. 
Cantilever plates or beams, due to their relatively easy 
construction and cllceliveness in harvesting energy 
from ambient vibration source by mechanical 
cmnplilication mechanism, are the most commonly used 
structures for piezoelectric energy harvesters 18-91. 
Previous studies on piezoelectric energy harvesters 
usually locus on improving the performance of single 
element device through more optimized design of lie 
gcounctry, device slrcturc, and mcchanical boundary. 

geometric configuration and dimension of all 
gy-harvesting device usually remains unchanged 

once the device is implemented. Such a harvesting 
structure may become less effective in power 
generation when it operates in a varying-frequency 
vibrating system. 

As ie demand for powering remote wireless 
senso►tjtodes  (WSN) increases significantly over 
recent years, a great deal of research emphasis has been 
on piezoelectric energy harvesters (EHs) due to their 
ability to power micro sensors by converting ambient 
vibrational mechanical energy to electrical energy. 
Cantilever beans, being the most commonly used 
sGueturvs for piezoelectric EI-Is due to easy 
implementation and effective energy harvesting 
mechanism, are facing two main challenges: 

i.0  MIRODUCTtoN 	
/ 

Over the recent years, a great deal of rescarchJ 
attention 	and 	development 	effort 	in 
microelectromechanical systems (HEMS) and wireless 
sensors has been paid to micro-sensors, micro-
actuators, as well is micro-systeuts which are formed 
by integrating microelectronics with miaroniechanical 
devices for various types of applications [1-31. in quite 
a number of application scenarios, these nicrosyslems 
could not be powered by external power source 
because either they are standalone or embedded in 
certain environments, where it is very difficult to have 
physical connection to die outside world. Energy 
harvesters, especially the piezoelectric ones, are widely 
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1. In order to have high output power density, the 
vibration amplitude of the cantilever has to be large. 
However, large vibration amplitude degrades the Q 
factor due to increased air damping erect, and 
subsequently reduces the output power density. 
Therefore, there is a tradeoff between the vibration 
amplitude and output powcr density for EM operated 
it air. 

2. In order to be operated in harsh environments 
with high acceleration such as Tire Pressure 
Monitoring System (TPMS), the fabricated EHs have 
to be shock resilient and mechanically reliable. 

In order to overcome the aforementioned two 
challenges, a novel two-step three-wafer wafer-level 
vacuum packaging scheme is proposed. In the proposed 
wafer-level vacuum packaging so 	e, the MEMS 
structural wafer is eutectic bond two capping 
wafers, with one capping wafer bonded to the top 
surface of tine ©NIS structural wafer and the other 
capping wafer bonded to the bottom surface of the 
MENIS structural wafer. As such, the cantilevers which 
consist We energy harvesters will be vibrating in a 
vacuum environment, minimizing the air damping 
effect and enhancing the Q factor. Consequently, the 
output power can also be improved. Meanwhile, 
cavities arc pre-dcfuned on both the capping wafers, 
with the depth of the cavities carefully calculated, in 
order to allow sufficient vibration amplitude of the 
cantilevers for output power, yet serve as mechanical 
stoppers to protect the cantilevers, making the 
fabricated energy harvesters shock resilient and 
mechanically reliable. 

II. 	STURCTURE DESIGN 

Figure 1 shows the 3D illustration and the resonant 
model of the designed wafer-level vacuum-packaged 
EH, In short, die vacuum-packaged EH consists of 
three parts: top and bottom cap Si with cavities; a 
middle MEMS device which is sandwiched by the top 
and bottom cap Si wafers. The cantilever beans of the 
EH could vibrate within (lie vacuum scaled room. Tine 
vacuum cavity reduces the air damping effect and 
enhances the Q-factor of tine EH, overcoming the 
aforementioned tradeoff and increases (lie output 
power. 

Figure 1: 3D illustration (a) and resonant model 
(b) 	of the designed vacuum packaged energy 
harvester. The pfiW 'mass is designed to connect to all 
sir constitutingoautilevers, in order to limit the 
torsional modes ofthe cantilevers. Also,  the  reliability 
of the fabricated energy harvester can also be 
improved. 

Figure 2: (a) Photograph and (b) the SEhI cross 
section view of the integrated vacuum packaged 
energy harvester. Eutectic AI--Ge wafer-level bonding 
is employed thrice during the fabrication process to 
bond three wafers together, i.e., bonding of the top 
cap wafer and the bottom cap wafer to the 111Eb1S 
wafer, creaKing the vacuum cavity for the cantilever to 
vibrate within. 



Testing Results 
— Simulation Results 

Simulated: 
Natural frequency: 
1911.26 Hz 
Acceleration. 1 g 
VP..: 2.283V 

C factor: 709 

Tested: 
Natural frequency: 
1936.47 Hz 
Acceleration: 19 
V""r 1.8811V 
Q factor: 709.3 

The MEMS part of tegoposed energy harvester 
consists of 6 cantilevers with a connected proof mass 
attached to the tip of each of the constituting 
cantilevers. The oof mass is designed to connect to 
all six constitute cantilevers, in order to limit the 
torsional modes of the cantilevers. Also, the reliability 
of the fabricated energy harvester can also be 
improved. 

Ill. FmizICATION PROCLSS 

The fabrication process of die HEMS structural 
wafer has been reported in our previous work 1101. 
Hcnce, it will not be repeated here for brevity. Cavities 
with depth of 270µm are etched on bout top and 
bottom cap wafers for the fabricated energy harvester 
to vibrato with sufficiently high amplitude. 

Eutectic AI-Ge wafer-level bonding is employed 
twice during the fabrication process to bond three 
wafers togellcr, i.e., bonding of the top cap wafer and 
the bottom cap wafer to the MEMS wafer, creating die 
vacuum cavity for the cantilever to vibrate within. As 
compared with conventional chip-lcvcl vacuum 
packaging, packaging cost has been significantly 
reduced. 

Xleehanical stoppers are employed to limit the 
vibration amplitude, increasing high g survivabilitd 
reliability of the fabricated LIT 

Figure 2 shoes the optical photograph and SEM 
image of the cross-scclion view of the integrated wafer-
level vacunnl-packaged Ell %%rith a footprint of 
1.Ocm ,0.7cm. Both top and bottom Si cavities have a 
depth of 2701mi.'file functional 1Mo/AIN/Mo stack has 
thickness of 0.2µm/1.2µm/0.2µm which was deposited 
on a SOI wafer with 301mt device Si layer. Total 
thickness of the device is 17051un. 

The entire in-house microfabrication process, 
including the AIN based MEMS process and Al-Ge 
eutectic wafer-level bonding process, is CMOS 
compatible. This makes the reported EH very suitable 
for mass production. 

IV. 	CHARACTERIZATION RESULTS AND DISCGION 

I-igure 3 shows die frequency response of the 
generated voltage from both the simulation and 
measurement results. From the figure we can see that 
the natural frequency of the device from the 
mcasurenncnl results is 1.939 k1-Iz which is in excellent 
agreement with the simulation results of 1.911 kI-Iz. 
Also, the simulated peak open-circuit output voltage is 
2.283V, which is very close to the measurement value 
of 1.881 IV. The discrepancy is due to the deviation of  

tic values of material properties that are used in FEM 
simulation from the value in the fabricated devices. 
The calculated Q-factor from the measurement results 
is 709.3, which is essentially the same as the 
measurement results of 709. Appl ng this value to the 
simulation, the simulated voltage sensitivity of 
2.283V/g is also close to the measurement result of 
1.88V/g. 
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Figure 3: Pottage .sensitivity frequency response of 
both simulation and measurement results. Both the 
simulated resonant frequency raid the sinnalated Q 
,factor are ven,  close to the measured valve. The 
simulated voltage sensitivity of 2.28317g is also close 
to the meaciirentent result of 1.8817g. 
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I ignre 4: The measured frequency response of the 

output open-circuit voltage with input acceleration 
from Ig to 20g. A record output open-circuit voltage 
of 6.921'for the vriciirtiii-I)ackaged energy harvester is 
slioirn ivith the input acceleration from lOg onwards. 
The peak open-circuit output voltage does not 
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3.3 V DC output 
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increase further after the input acceleration of IOg 
because the vibration amplitude of the cantilevers are 
limited by the hard stoppers formed by the cavities on 
the top and bottom crapping wafers. 

Figure 4 shows the generated open-circuit voltage 
frequency response at the different input accelerations. 
Intuitively, as the input acceleration increases from lg 
to 10g, the peek open-circuit output voltage increases 
from 1.88V to 6.92V. However, upon further increment 
of input acceleration from IOg to 20g, the peak open-
circuit output voltage remains at 6.92V and does not 
increase further. This is beause when the acceleration 
reaches to a certain value, the deflection of the device 
is limited by the hard stoppers mid therefore, the 
maximum generated open-circuit voltage is limited at 
6.92V. 
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Figure 5: The measured output power spectrum of 

the vacuum -packaged energy harvester with input 
acceleration from Ig to 20g. A record output power of 
468.771i11' is shown from tlae input acceleration of 
10g onwards. Upon further increment of the input 
acceleration from 10g to 20g, the peak close-circarit 
output power does not increase dire to the limitation 
in vibration amplitude by the mechanical stoppers 
(cavities on both top and bottom capping wafer), but 
the bantbvitklt of the output power increases. The 
banehvidth of the energy harvester at 20g input 
acceleration is 71Hz or 3.66%. 

Figure 5 presents a typical output power spectrum 
frequency response at the different input accelerations. 
To maximize the output power, an optimal 401:52 
resistor load is used for extracting the output power 
from the vacuum packaged energy harvester. When the 

M 	J 
tip of the proof mass touches the bottom of the Si 
cavities, the device outputs a record power of 
468.771W. Again, upon further increment of the input 
acceleration from 10g to 20g, the peak close-circuit 
output power does not increase mid remains at 
468.771M. However, the output bandwidth of the 
fabricated energy harvester increases with the 
increment of die input acceleration from IOg to 20g, 
with the measured 3dB bandwidth of the EH at 20g 
acceleration being 71 Hz or 3.66%. 
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Figure 6 shows the measured output voltage fiom 
power management circuit worked with the EH. From 
OV to around 1.7V, the circuit works in cold startup 
stage and the boost circuit draws power from the input. 
Beyond 1.7V, flue circuit works in normal operation 
stage and lie main boost circuit takes over the charging 
ftuielion and draws power from the storage capacitor. 
Using NJPPT (maximum power point tracking) 
algorithm, the main boost circuit modulates the input 
impedance and improves the power transfer efficiency. 
Starting from OV, after 67.23s, the output voltage of the 
storage capacitor reaches 3.3V, and then the boost 
circuits are disabled to protect the storage element. 

V. CONCLUSIONS 

hi conclusion, a wafer-level vacuum-packaged AIN 
HEMS EH with power management circuit, which 
achieves 468.77µW power output and 71Hz 3dB 
bandwidth with a small footprint of --0.119cro5 

1600 

Time (s) 

Figure 6:  a  measurement results of tlae energy 
harvester with power management circuit: DC output / 
from the power management circuit. A 10011F J  
capacitor is rased to store the energy could supply 3.3V 
DC oaq ut. 
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(1.0,7.0.1705cm) and a record power density of 3.93 
nt%hm', has been demonstrated. 
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