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Abstract

ELECTROSTATIC AND PIEZOELECTRIC MICRO ENERGY HARVESTER

Yi Li, PhD

The University of Texas at Arlington, 2015

Supervising Professor: Zeynep Celik-Butler

Nowadays wireless sensors are widely used in all kinds of fields such as
biomedical, commercial and military. Micro energy harvesters converting the wasteful
energy from environment into electricity enable the possibility of self-powered wireless
sensor systems. This dissertation aims to develop micro energy harvesters to harness
wasted mechanical vibrational energy.

An electrostatic micro energy scavenger was designed to incorporate MEMS
comb-drive in-plane overlap as well as in-plane gap closing topologies into one hybrid
structure. The device geometry and dimensions were optimized to maximize the energy
harvesting efficiency. UV-LIGA process combined with nickel electroplating was utilized
to fabricate the devices. A shaker platform in conjunction with a calibrated accelerometer
was used to measure the harvested AC voltage with varying acceleration. A peak to peak
value of 0.800 V was generated under an external acceleration magnitude of 78.4 m/s? at
a vibration frequency of 1.90 kHz. The electromechanical simulations agreed with the
measured data.

Design, fabrication and characterization of a piezoelectric zinc oxide nanowire
(ZnO NW) micro energy generator was performed. Low temperature hydrothermal growth
of vertically aligned nanowires was integrated with MEMS surface micromachining

technology to fabricate the membrane proof-mass structure and the piezoelectric sensor



structure. Zinc oxide nanowires were compressed or released by the top layer of
membrane proof-mass in response to external vibration. A peak output power of 70 pW
was observed across an optimal 7 MQ load when the device was excited with a peak
acceleration of 1.4 g at 40 Hz which is the structural resonant frequency of the helicopter.
The corresponding output voltage between the top and the bottom electrodes was 21.4

mV.
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Chapter 1

Introduction
1.1 Overview of Wireless Sensor Networks (WSNs) and Necessity of Energy Harvesting

Technology
Wireless sensor networks (WSNs) have many wireless sensor nodes which can
sense the physical signals and transmit the converted electrical signals to the outside. A
typical wireless sensor node includes power generating, sensing, computing and
communication subsystems. Generally speaking, the communication subsystem
consumes ~ 60% of the total power. Sensing subsystem consumes 6-20% [1]. The rest is
consumed by the computing subsystems. Table 1-1 lists the power specifications for

several common sensors.

Table 1-1 Power specifications for several common sensors [1].

Sensor Voltage (V) Current (mA) Power (mW)
Temperature 3.3 0.008 0.026
Light 3.3 0.03 0.099
Humidity 3.3 0.3 0.99
Vibration 3.3 0.6 1.98
Barometric pressure 5 7 35

Nowadays, batteries are still the dominant power sources for the wireless sensor
nodes. Since batteries have a limited lifetime which requires periodic replacing or
recharging, continuous operation of the sensing system is compromised. Table 1-2 lists
the power density of several energy storage technologies over the lifetime [2]. Figure 1-1

depicts the improvement of several important computing technologies such as disk




capacity and battery energy density from 1990 to 2003 [3]. The power density of batteries

needs to be improved to catch up the growth of other technologies.

Table 1-2 Power density for several energy storage technologies [2]

Power density Power density
(MW/cm?), (MW/ecm?d),
1 year life time 10 year life time
Batteries (non-recharge, lithium) 90 7
Batteries (rechargeable, lithium) 15 0
Micro heat engine
(hydrocarbon fuel) 320 32
Fuel cells (methanol) 220 22
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Figure 1-1 Improvements in the computing technologies from 1990-2003 [3] ( Reprinted

with permission. Copyright © 2005, IEEE)

To alleviate this issue, two approaches are explored: one is to develop a low
power-consuming sensing system by improving the design and fabrication techniques;
the other is the possibility of incorporating energy harvesters into the sensing system.

The idea of energy harvesting is not new. Windmills, hydroelectric generators and solar



panels have been widely employed over the past decades. The real challenge is to
integrate the harvesters into the modern electronic systems without failing to meet the
power requirements.
1.2 Available Energy Sources for WSNs and Overview of Energy Harvesters

The ambient energy sources are mainly of four forms: radio frequency energy,
light, thermal energy and mechanical vibrations. Much effort has been spent to convert
these energies into electricity. For example, solar cell has been successfully used in
outer space and daily lives by scavenging the sunlight based on the photovoltaic effect.
The thermoelectric generators usually employ the structure of thermocouples and follow
the principle of “Seebeck effect” [4]. The Seebeck coefficient of material denotes the
efficiency of conversion of the electrical potential difference from a temperature
difference. Table 1-3 lists several energy harvesting sources and their achievable power

densities [1].

Table 1-3 Energy harvesting sources and their corresponding power densities [1]

Energy

Efficiency Power density Comments/challenges
source
Radio The ambient radiation level is
) 2
frequency 50% <1 yW/cm very low and has been spread

out in a wide range.

Scaling down the size of the

Light 10~25% 100 mW/cm?(outdoor), harvester is hard since power
9 ° 100 uyW/cm? (indoor) depends on the surface area of
solar panels.

Efficiency is relatively low. High

2
60 uW/em? (human), temperature difference is

0, 0,
Thermal | 0.1%. 3% | 100 mw/cm? (industrial) |
desired.

4 yW/cm? (human, Hz), Harvesters are compatible with

i i ~ 0,
Vibration 25~50% 800 yW/cm? (machine, kHz) | the MEMS fabrication process.

Among all the above energy sources, the mechanical vibrations occur in

numerous places such as common household goods, industrial plant equipment,




vibrating structures like buildings and bridges (Table 1-4) [5]. The widely available

vibration sources make the vibration-to-electricity conversion a promising method.

Table 1-4 Acceleration magnitude and frequency of fundamental vibration modes for

various sources [5]

Vibration source Acceleration (m/s?) fpeak (HZ)

Car engine compartment 12 200
Base of 3-axis machine tool 10 70
Blender casing 6.4 121
Clothes dryer 3.5 121

Person nervously tapping his heel 3 1
Car instrument panel 3 13
Door frame just after door closes 3 125
Small microwave oven 25 121
HVAC vents in office building 0.2-15 60
Windows next to a busy road 0.7 100
CD on notebook computer 0.6 75
Second story floor of busy office 0.2 100

1.3 Mechanical Vibrational Energy Harvesters
1.3.1 General Theory of Vibration-to-Electricity Conversion Model
A simple linear model for the vibration-to-electricity conversion is presented in
Figure 1-2 [5]. The inertial mass is mechanically attached to an inertial frame through the
springs. The inertial frame accepts the outer vibrations y(t). Hence, the suspended inertial
mass has the relative displacement z(t). This model is described by equation below

according to the Newton’s law [5]:
mpm'z'(t) +(b, +b,)z(t) +kz(t) = —mpmj}(t) (1.1)

where, mpm is the mass of the proof-mass, z(t) is the relative displacement of mass, be is

the electrical damping coefficient, b, is the mechanical damping coefficient, k is the



spring constant, y(t) is the input vibration displacement with typical frequency w and

magnitude.

Figure 1-2 Schematic of the generic vibration generator [5]

Here, the electrical and mechanical damping force are simply assumed to be
linearly proportional to the velocity v. The work done by the electrical damping contributes

to the generated power and is given as [6]:
v 1 2 1 )
P ZI bvdv=—byv =—bz". (1.2)
0 2 2

The magnitude of relative displacement can be solved by using the Laplace

transformation of Eq. 1.1. The damping coefficients b. and b, are replaced by the

damping ratios {e and {m :b =2m¢w,. k is replaced by the resonant frequency wy :

k= ma)n2 . The magnitude of relative displacement is given by:

_| -~ |
1~ +2(¢, +¢,) jow, + @ |

Y. (1.3)

2]

The magnitude of power is then derived as:
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where, ¢, =(, t ¢, .
If the resonant frequency w;, of this mass system matches the input vibration
frequency w, the maximum magnitude of power is achieved :

P

_ mce(:sz

(1.5)
max 4<.T2

The magnitude of displacement Y can be expressed as:Y = Al . (A is the magnitude
of acceleration). Therefore, the magnitude of power can be expressed by the acceleration
from the vibration sources. It is apparent that the power is proportional to the acceleration
and mass.

| | szeAz
max 4a)<.T2 :

(1.6)

The following conclusions can be drawn: The generator should be designed to
resonate with the input vibration frequency. The power is optimized with lower {n. The
power is inversely proportional to the frequency with the defined acceleration, so the
generator should be designed to resonate with the low frequency of the source spectrum.
The power is proportional to the square of acceleration magnitude and mass of the proof
mass.

Generally three types of generators utilize the vibrational energy. They are

electromagnetic [7], piezoelectric and electrostatic [8] energy harvesters.



1.3.2 Electromagnetic Energy Harvester

The operation principle of the conventional electromagnetic energy convertor is
based on Faraday’s law. The induced electromotive force in any closed circuit equals to
the rate of change of the magnetic flux. It can be quantitatively described as following:

49y

1.7
" (1.7)

emf =‘

where, emf is the magnitude of the electromotive force and ®g is the magnetic flux
through the circuit. The conventional configuration of the converter consists of a moving
rotor and an inductive coil shown in Figure 1-3 [9]. As the external vertical vibration is
exerted, the magnet will oscillate in the z direction with respect to the coil and hence the
change of the magnetic flux is induced in the coil. As a result, voltage is generated across
the coil. The device described in [9] generates a voltage with the peak to peak value of
18 mV at the resonant frequency of 55 Hz with the acceleration of 14.9 m/s2. The
corresponding output power is 0.61 pW. One challenge with the small scale
electromagnetic harvester is that magnet is hard to be realized using a micro fabrication
process. Furthermore, the strong magnetic field may interfere with the operation of the

other electronic components [10].

Planar spring

Figure 1-3 An electroelectromagnetic generator [9] (Reprinted with permission. Copyright

© 2009, Springer-Verlag)



1.3.3 Electrostatic Energy Harvester

The electrostatic harvester is based on the movement of variable capacitors. An
advantage of the electrostatic generator is that the device structures can be fabricated by
MEMS process and thus easily integrated with other microelectronic components. An
example of this type of generator is shown in Figure 1-4 [11]. The structure consists of a
moving proof-mass with comb drive fingers as the movable electrode. The stationary
fingers are anchored on the substrate as the fixed electrodes. Mechanical guidance is
used to aid the motion of proof-mass. The maximum rms power is about 3.5 yW with the
acceleration of 13g. There are two limitations for this kind of generator: an initial voltage
source is needed to charge the capacitor, or electrets are desired which can permanently
store charges in the ideal case [12, 13 ,14]. The other disadvantage is that pull in effect

might occur if a high polarizing voltage is applied to the capacitor.

Isclation Mechanical
Trench Guidance Proof Mass

Proof Mass
with movable
electrodes

,,,,,,,,,,,,,, Mechanical
Guidance

)

Interdigid ated Comb Electrodes

Figure 1-4 An electrostatic energy harvester [11] (Reproduced with permission.

Copyright © IOP Publishing. All rights reserved)



1.3.4 Piezoelectric Energy Harvester
1.3.4.1 Piezoelectric Effect and Piezoelectric Materials

The word “piezoelectricity” comes from the Greek word “piezo” which means
pressure. The piezoelectric effect was first discovered by the brothers Pierre and
Jacques Curie in 1880. Piezoelectric effect is related to the interaction between the
mechanical stress and electric dipole moments in the solid. It is a reversible process.
When the material is deformed by the mechanical stress, the electric charges and fields
are induced. On the other hand, when the electric field is applied to the piezoelectric
material, the material will respond to it with mechanical deformation. Piezoelectric energy
harvester utilizes the direct piezoelectric effect to convert the mechanical strain into
electricity.

Three types of materials are commonly used for the piezoelectric energy
harvesters: ceramics [15], polymers and nanostructures of some semiconductors. The
first two types are normally used for the conventional piezoelectric microgenerators. The
most common piezoelectric ceramic materials are lead zirconate titanate (PbZrxTi1-xOs,
PZT), barium titanate (BaTiOs) and lead titanate (PbTiOs, PCT). Most piezoelectric
ceramics have the perovskite structure ABO:s. It is a simple cubic structure with a large
cation-A on the corner, a smaller cation-B in the body center and oxygen-O in the centers
of the faces [16]. PZT is widely utilized due to its excellent piezoelectricity. However, it
cannot handle large strain since it is very brittle. Polymer polyvinylidene fluoride (PVDF)
is a common piezoelectric polymer material. The piezoelectric effects of zinc oxide (ZnO)
or gallium nitride (GaN) nanowires have been demonstrated in many piezoelectric

nanogenerator designs [17, 18].



1.3.4.2 Conventional Piezoelectric Microgenerators

The most common design for the conventional piezoelectric microgenerator is
the cantilever structure coated with piezoelectric ceramics [19]. There are usually two
mechanisms: the ds; mode or the ds3s mode [20]. ds33 and d3s denote the piezoelectric
strain coefficients. The schematic of these two modes are shown in Figure 1-5 [20]. In the
ds3 mode, the electric field direction is parallel to the mechanical stress/strain direction,
while in the ds; mode, the electric field direction is perpendicular to the mechanical

stress/strain direction. The mathematical expression can be modeled as [20]:
& =d,E, (1.8)

Vi =0.g5L

; (1.9)
where, €3 is the mechanical strain, o3 is the mechanical stress (N/m2). E;is the electric
field (V/m). dsi (m/V) equals to the product of the piezoelectric constant g3 (Vm/N) and
dielectric constant of piezoelectric materials. V3 (V) is the electrical potential difference
between the electrodes. L; (m) is the distance between the electrodes. The common
design structures for these two modes are shown in Figure 1-6. In the dss mode, PZT
cantilever structure is realized by SOI wafer with Si as the proof-mass. Pt is used as the
electrode. The average power is 0.32 yW. The corresponding power density is 416
MW/cm? [21]. In the ds3 mode, cantilever structure is realized by the bulk micromachining
process. SiO2 and/or SiNx works as the membrane layer, while ZrO: is used as the
diffusion barrier layer. The Pt/Ti interdigitated electrode layer is on top of the PZT thin film

layer. The proof-mass is made of SU-8 photoresist. This device generates 1 yW power

across a 5.2 MQ load resistor [20].
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(a) l b)) * Vi3 -

%
s O3<= E, O3

Figure 1-5 Schematics for (a) the dss mode and (b) the d3s mode [20]

(a) ], bt (b) Pt/Ti  Proof-mass
h %i electrodes
. PZT
— Pt/Ti S .
] 0
- . ¥ Interdigitated
Sio, S § electrodes

Figure 1-6 The design structures for (a) the dss mode [21] (Reprinted with permission.
Copyright © 2009 Elsevier B.V.) and (b) the d33;mode [20] (Reprinted with permission.

Copyright © 2005 Elsevier B.V.)

The typical values of ds3 and dss for several piezoelectric materials are shown in
Table 1-5 [22]. d33 is usually higher than d3;. Moreover, L3 can also be larger than L, due
to the interdigitated electrode design, while the L; is limited by the thickness of

piezoelectric film. It concludes that the ds; mode is a better choice.

Table 1-5 Piezoelectric strain coefficient of several materials [22]

ds3 d31
PZT-5A 450 x 102 180 x 102
PZT-5H 380 x 1012 260 x 1012
PVDF 33 x 1012 23 x 1012

11



1.3.4.3 Piezoelectric Nanogenerators Utilizing Nanostructure of Materials

The piezoelectric nanogenerator utilizing nanostructure of ZnO has been first
demonstrated by Z. L. Wang. Electric current is generated when the atomic force
microscope (AFM) tip deflects a single nanowire. The complete structure of
nanogenerator has been further achieved by either compressing/stretching or bending
the nanowires. In Figure 1-7 (a), ZnO nanowires grow laterally on the flexible substrate.
The nanowires have tensile strain when the substrate is bent, and therefore, the electrical
potential is built at two ends of the nanowires. This device demonstrated an open circuit
voltage of ~1.2 V and a short circuit current of ~ 26 nA [23]. Another structure was that
the vertically standing nanowires were bent by a wafer coated with pyramid-shaped ZnO
nanotips (Figure 1-7 (b)). The whole device was excited by an external ultrasonic wave.

This device could be stacked together to form a four-layer structure which then generated

power density of 0.11 yW/cm? at 62 mV [24].

(I

Figure 1-7 Piezoelectric nanogenerators. (a) Nanowires are stretched on a flexible
substrate [23] (Reprinted with permission from Macmillan Publishers Ltd). (b) Nanowires
are bent by the nanotips [24] (Reprinted with permission from ACS publications.

Copyright © 2008 American Chemical Society).

1.3.4.4 Comparison of Conventional Microgenerators and Nanogenerators
Compared to the conventional piezoelectric material PZT, ZnO has a relatively

lower piezoelectric coefficient. However, ZnO has some favorable properties. First, ZnO

12



nanowire can be deformed by a very large scale without cracking due to the high
elasticity. This is superior compared to the brittle PZT. Second, from fabrication point of
view, ZnO nanowires can grow in the chemical solution at low temperature, while
fabrication of PZT usually needs a higher temperature process. Third, considering the
application fields, ZnO can be used as biosensors due to its biocompatibility. ZnO is a
green material, while PZT has heavy metal ions which are not environmental friendly.
1.4 Challenges and Opportunities for Energy Harvesters

For a wireless sensor node which is powered by an energy harvester, one key
requirement is that the power generated from the harvesters must at least equal to the
consumed power by the systems. Electrostatic energy harvesters always require an initial
voltage to polarize the capacitors which is less attractive than the self-exciting
piezoelectric energy harvesters. The power generated by the piezoelectric energy
harvester still needs to be improved by either utilizing the advanced piezoelectric
materials with better piezoelectricity or more superior design structures. In addition, the
wireless sensors can be equipped with the advanced power management systems. The
storage elements such as capacitors can store the generated energy from harvesters
while sensors are in a sleep state. When sensors are in active state, the stored energy
will be utilized for the proper operation of the sensors.

1.5 Summary

Wireless sensor nodes have been widely used in military, medical and civil fields
to sense the physical signals and translate into the electrical signals. Batteries provide
the power for the wireless sensor nodes in most cases. Wireless sensor nodes with the
embedded energy harvesters are superior compared to the conventional battery-
supported supported ones since the periodic replacement of batteries has been avoided.

There are different kinds of waste energy from the environment such as thermal, light,

13



radio frequency or vibration. Based on the practical conditions and the availability of the
energy sources, a specific energy harvester for that energy source can be utilized. The
vibrations from the car engine, helicopter skin or bridge are all stable sources for the
vibrational energy harvesters. Electromagnetic, electrostatic or piezoelectric are the three
principles for the vibration energy harvesters. The usage of electromagnetic energy
harvester is limited since the magnet may interfere with the other electronic components
of wireless sensor nodes. Electrostatic energy harvester is favorable due to the
compatibility with the traditional MEMS fabrication process, whereas the initial charging to
the system is required. Piezoelectric energy harvester is self-powered due to the direct
piezoelectric effect of materials. Piezoelectric nanogenerators utilizing the piezoelectricity
of nanostructures such as ZnO nanowires have several attractive properties compared to

the conventional piezoelectric micro energy harvesters.
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Chapter 2
Hybrid Electrostatic Energy Harvester Incorporating In-Plane Overlap and In-Plane Gap
Closing Mechanisms
2.1 Overview of Conversion Mechanisms and Topologies for Electrostatic Energy
Harvester
2.1.1 Conversion Mechanisms
In an electrostatic energy harvester, MEMS capacitor is the device which
converts the vibrational to electrical energy. The input vibrational energy is converted to
electrical energy stored in the capacitor and then transported to the load via the external
circuitry. This process, in which either the charge or voltage remains constant, is called a
charge constrained or voltage constrained conversion cycle. It is well known that for a
MEMS parallel plate capacitor, the capacitance C and charge Q can be given by the

below equations:

C= —80;"’ (2.1)
o=Crv (2.2)

where, & is the permittivity of the vacuum, Ao is the overlapping or the effective area of
the electrodes, d is the gap distance between the electrodes and V is the voltage across
the capacitor.
2.1.1.1 Charge Constrained Conversion Cycle

The charges on the variable capacitor are held constant for the charge
constrained conversion cycle. The vibration induces a change in the overlap area or gap
distance which results in the capacitance change. Subsequently, the newly gained
voltage is applied to a storage capacitor that stores the generated energy. The circuit

diagram is shown in Figure 2-1 [5].
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Figure 2-1 Circuit model for charge constrain conversion [5]

Vin is an original voltage source, C, is the variable capacitor, Cpas is the parasitic
capacitance, Cswre is the storage capacitor. SW71 and SW2 are switches that are
employed to control the operation of the system. The system operates in three steps. The
first step is called pre-charge of the variable capacitor: an external vibration causes C, to
reach its maximum value Cpnax, then pre-charge happens once switch SW17 closes and

SW2 opens. The charge and energy stored on the variable capacitor are given as:

o=C_V. (2.3)

Ecl = V;nzcm (24)

ax *

N | —

During the second step, the energy harvesting occurs. The switch SW1 is immediately
opened, so the charges are constrained on the variable capacitor. At the same time,
vibration takes place to make the variable capacitor change to the minimum value Cpin.
Therefore, voltage increases to the maximum value Vgax and energy stored in the

variable capacitor increases to Ec2 which are given as below:

Q = Cmianax (25)
ECZ :%I/maxzcmin‘ (26)
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Energy transfer occurs in the third step. The switch SW2 is closed and SW1 remains
open. Therefore, the charges stored in the variable capacitor will be shared with Csore
and Cpar. So the energy has now been successfully transferred to Cstore.

It is apparent that the net energy harvested by the system from the vibration is

just the energy difference between the first step and second step given as below: [5].

1 1

Eharvested = ECZ - Ecl = E Vmaxzcmin - E Vinzcmax

= l Vmax M Cmin l V;n len Vmax Cmax (27)
2 Cmin 2 Cmax
vy ).
2 in" max max mm

2.1.1.2 Voltage Constrained Conversion Cycle

In a voltage constrained conversion cycle, the voltage on the variable capacitor is
kept constant using a constant voltage source, while the charge on the capacitor varies
based on the change of capacitance [25].

During the first step, the variable capacitor with the maximum capacitance of

Cmax is pre-charged by the voltage source Vnax. Therefore the energy is given by:

E =112 ¢ (2.8)

vl 2 max — max

Next, a mechanical force causes the capacitance to decrease to Cpin while voltage

remains constant. At this step, energy is given by:

_1,
Ev2 - 5 max Cmm (2 9)
The net harvested energy is given by:
Ehar’vested = E E . Vrrzlax ( max mm ) (2 1 O)
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These two possible energy conversion cycles can also be shown in the charge-

voltage plane in Figure 2-2 [25].

Q
c
Cmax
B
Qo [T : /Z: b
E Cmi'n :
' v
A Vf'n Vmax (E )

Figure 2-2 Two types of conversion cycle [25]

In the charge constrained case, the variable capacitor with the maximum
capacitance is charged by the initial voltage Vi, which corresponds to the path segment
A-B. During the segment B-D, the energy conversion occurs with the charge constrained.
The voltage increases as the capacitance decreases until its minimum value. The net
generated energy is the area enclosed by the path A-B-D-A, which is the area difference
of triangular ADQo and ABQo.

Eesica = Aaps = AADQO - AABQO

— QO Vmax _ QO I/[n Cmax Vin Vmax _ Cmin Vmax Vl

2 2 2 2

— (C - Cmin )Vmax V;n
2

1 (2.11)

max

where, Qo is the constant charges on the variable capacitor.
For the voltage constrained case, the variable capacitor retains its maximum
capacitance value Cmax during segment A-C. The energy conversion occurs in the path

C-D where the variable capacitor changes to its minimum capacitance value Cpi» with a
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constant voltage. The total energy generated is the area enclosed by the path A-C-D-A,

which is the area difference of triangular ACE and ADE.

1

= AACD = AACE - AADE = EVz - Cmin)' (2.12)

harvested "~ max( max

It is clear that the energy available from the charge constrained case is less than
that of the voltage constrained case. Both systems require the careful design of the
power circuitry which controls the operation of components. Both conversion systems
require an external voltage source to polarize the variable capacitor. One basic constraint
for both cycles is the maximum allowable voltage, which is limited by the breakdown
voltage of the switches in the charge constrained cycle or the pull in voltage of the
variable capacitor.

2.1.2 Topologies

The key factor of electrostatic energy conversion is the change in the variable
capacitor induced by the external vibration source. There are three basic topologies for a
MEMS capacitor: out-of-plane gap closing, in-plane gap closing and in-plane overlap.

2.1.2.1 Out-of-plane Gap Closing Converter

Figure 2-3 Out- of-plane gap closing converter [5]

The side view of an out-of-plane gap closing converter is shown in Figure 2-3.
Two large parallel electrode plates are used to construct the variable capacitor. The
upper plate is mechanically anchored to the substrate through the springs, therefore it is
free to move. The black arrow marks its vibration direction. The variable capacitance of

the device is simply shown below:
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(2.13)

where, W denotes the width of the large plate, L denotes the length of the plate and z,
denotes the gap distance of the two parallel plates. If the charge constrained system is
employed, the electrical damping force also called electrostatic force F. can be
expressed by the below equation:

n_d@/2C) 0
¢ dz, 26, WL

(2.14)

where, Q denotes the charge on the variable capacitor.

In order to acquire a large capacitance change, the upper plate must move a
significant amount, possibly coming too close to the substrate. The electrostatic pull-in
would probably happen in this situation. The device might be damaged if permanent
attachment to the substrate were to occur. The additional design of the mechanical stop
would help to alleviate this issue.

2.1.2.2 In-plane Gap Closing Converter

Figure 2-4 In-plane gap closing converter [5]
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Figure 2-4 depicts the top view of an in-plane gap closing converter. Many comb
drive fingers are connected in parallel to form the variable capacitor. The darkest portions
represent the stationary fingers anchored on the substrate. The lighter grey portions
denote the proof- mass and moving fingers anchored to the substrate through springs.
The dark arrow shows the vibration direction. Thus the gap between the fingers is
changing with vibration. Mechanical stops can be incorporated in the standard fabrication

processes for protection. The variable capacitor’'s capacitance is given as:

_ 2g
Cv - Ngfoth (WJ (215)

where, Ny is the number of gaps per side formed by fingers, h is the overlap length of the
fingers, t is the thickness of the device, g is the initial gap between fingers and y is the
displacement of the proof-mass in Y direction. The derived electrostatic force is given by

[26]:
(2.16)

The electrostatic force is proportional to the displacement of the proof-mass, and thus
acts like a mechanical spring.

2.1.2.3 In-plane overlap converter

. 1X direction .

Figure 2-5 In-plane overlap converter [5]
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For the in-plane overlap converter, a similar topology to the in-plane gap closing
converter is used (Figure 2-5). The differences between them are the vibration direction
and spring design. For the in the in-plane overlap converter, the overlap areas of the
comb drive fingers change with vibration. The capacitance of variable capacitor is given
as:

C = Ng&‘ol(h +X) (2.17)
g
where, x is the displacement of the proof-mass in X direction. The expression for the
electrostatic force is given by [26]:
Fe__ 22
¢ 2Ng€0t(h +x)*

(2.18)

2.1.2.4 Comparison of three topologies

In summary, it is difficult to incorporate the mechanical stopper in the out-of-
plane converter, while it is dangerous to device due to the possibility of electrostatic pull-
in. For the other two converters, the implementation of a mechanical stopper would not
be an issue from the fabrication point of view. The in-plane overlap converter requires a
large displacement to gain the large capacitance change which might cause potential
instability of the system. When it reaches to the maximum deflection, the system might
have the out-of-plane displacement; whereas the gap closing converters require relatively
smaller spring deflection which helps to improve the stability of the system [5].

2.2 Design and Simulation

2.2.1 Design Structure

The novelty of work presented here lies in the simultaneous use of in-plane
overlap and in-plane gap closing capacitance variation modes with the vibration of the

proof-mass. The device is built on a silicon substrate as shown in Figure 2-6 (a).
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Figure 2-6 (a) Design schematic for the in-plane overlap and in-plane gap closing energy

harvester. (b) Equivalent electrical circuit model.

Figure 2-7 (a) Device structure. (b) Definition of parameters for overlap fingers, (c) gap

closing fingers, and (d) springs.
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Table 2-1 Design Parameters Summary

Parameter Symbol Design Dfe5|gn .
consideration
Proof-mass length Lom
Proof-mass width Wom optimized
. max set by UV-
Proof-mass thickness tom 7 um LIGA restrictions
Gap between proof-mass and substrate tps 2 um
Initial overlap of overlap fingers hoi optimized
Length of overlap fingers Ho 2 ho
Gap between overlap fingers Joi 4 uym de]EiJrYit-iI(_Jlr?I?mit
Width of overlap or gap closing fingers Wol, Wgc 5um de]EiJrYit-iI(_)Ir?l'iAmit
Overlap length of gap closing fingers hgc 30 um
Length of gap closing fingers Hgc 75 pm
Gap between the gap closing fingers Jgc 9 um
Distance bgtwegn two adjacent gap dgo 27 um
closing finger groups
Resonant frequenc f 0.80 or 1.50 vibrations on
quency kHz aircraft skin [27]
Number of springs in parallel for one N
device s
Length of spring Is 335 um
Width of spring Ws 4 uym

Electroplated nickel is chosen to be the material for the proof-mass and springs
due to its resistance to corrosion as well as the relative ease of electroplating [28]. The
proof-mass is suspended by serpentine springs from the substrate. Capacitive comb
fingers construct either in-plane overlap capacitors Co2 and Co1 On two opposing sides of
the proof-mass (left/right in Figure 2-6 (a)), or in-plane gap closing capacitors Cyc2> and
Cgcr On the other two opposite sides (top/bottom of Figure 2-6 (a)). An equivalent
electrical circuit is used to analyze the harvested power (Figure 2-6 (b)). Ry, R are 65

MQ load resistors. A 50 V dc voltage source Viias is employed to charge the 1 pF bias
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capacitor Cypiss to provide the initial charge for the system and to emulate an electret. Two
variable capacitors Cs (Cs = Cor + 2Cgc1) and Cz (C2= Coi2 + 2Cgyc2) are formed between
the proof-mass pad and the stationary finger pad1 or between the proof-mass pad and
the stationary finger pad2 (Figure 2-7). They vary in opposite directions when the proof-
mass oscillates from side to side. Charges stored in these variable capacitors flow
through R and R2, and therefore ac currents with a 180° phase difference are generated.
Structural parameters of the device shown in Figure 2-7 are listed in Table 2-1.
2.2.2 Power Simulation and Optimization

Based on the above definition for design parameters, variable capacitor C; can

be written in terms of the displacement x in X direction:

2NoiEotpm (ot =) | 2N et pme (2.19)
Lol 8ge T X

Gx)=Cyp * 2Cgcl =

where Ny is the number of overlap fingers on one side of the proof-mass, Ny is the
number of gap closing fingers on one side of the proof-mass. Voltage across capacitors

V1 can be expressed as [29] :

—_4N _ il
v = = (2.20)
Cl (%) 2Nol‘gotpm (hol —X) + 2Ngc£0tpmhgc

8ol 8gc tX

where q; is the charge stored in C;. Electrostatic force F;existingin Cy is given by:

2N0150tpmh01 2Ng050t h

pm'lge
f =@l _ s 8ol (8ge +¥)’ 221)
dx 2 (ZNOleotpm(hOl -X) N 2Ngceotpmhgc 2
8ol 8gc X

Similar equations for Cy, V2 and F» can be derived by replacing x with —x in Eqgs. (2.19) -
(2.21). Based on Kirchhoff’'s voltage law and Newton’s second law, the characterization

circuit is modeled as [30]:
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d‘]l

q, tq
Rl dt V(l x) = lbm2+mes
R =y (g0~ 0 Ty, 2.22)
dt bias
d2
pm d2 F(qzx) F(le) kx (B +B +B 3) pmax

where, mpm is the mass of proof-mass, ax is the external acceleration in x direction and k;
is the lateral spring constant of the device.

Mechanical damping due to internal friction is responsible for the energy loss in
the system. Mechanical damping force is modeled to be proportional to the velocity of
proof-mass. Bns defined as the slide film damping coefficient between the proof-mass

and the substrate is given by [2] :

uA um
Bml = == = (223)
tP[ ptpm tP[

where, Apm is area of proof-mass, u is the viscosity of the medium and p is the density of
nickel layer. Similarly, Bm2 is the slide film damping coefficient between the overlap
fingers [2]:

_4uN t,.h
ol” pm ol (224)

gol

mZ

Bms defined as squeeze film damping coefficient between gap closing fingers is given [2]:

32uN,t,,’h,,
= (2.25)
(8 —X)’

Among the above three damping coefficients, slide film damping between the proof-mass
and the substrate is the dominant one due to the large area of the proof-mass. In order to
minimize mechanical damping induced energy loss, according to previous analysis, a

larger gap between the proof-mass and the substrate or a thicker proof-mass is desired.
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The latter will increase the inherent stress of the proof-mass. Both will complicate the
fabrication of the device.

Under the external acceleration of 1gsin(2xft), the expected power was optimized
with respect to W,m and ho. The resonant frequencies are chosen as 1.50 or 0.800 kHz
based on the aircraft fuselage and wing vibrational modes [27]. Solving Eq. (2.22) for

q1(t) and q2(t), the harvested power from load resistors can be written as:

P(W,

m 2

dg dg
h ) =R (L) + R, (2), 2.26
ol) 1( dt 2( dt) ( )

Finally, four types of designs are chosen (Figure 2-8). The naming of the devices
is based on two design parameters: the resonant frequency and spring constant. The
device named as F1500K10 has a resonant frequency of 1500 Hz and a spring constant
of 10 N/m. “F” denotes the resonant frequency. “K” denotes the spring constant. There

are other three devices: F1500K15, F800K15 and F800K20.

(@)

Figure 2-8 Solid models for device (a) F1500K10, (b) F1500K15, (c) F800K15, and (d)

F800K20.

27



Table 2-2 Summary for power optimization results.

Resonant P L w. h Power Power
Device Options Frequency Nl, pm pm of W Density
(Hz) (N/m) | (mm) | (mm) | (um) | (nW) (W/m?)
F1500K10 Optimal 1500 10 1.95 | 1.26 10 6.24 534
Optimal 1500 15 293 | 1.31 | 11.2 11.7 650
F1500K15 -
Final 1500 15 293 | 1.31 10 11.6 643
Optimal 800 15 2.93 | 3.06 | 104 16.3 305
F800K15 -
Final 800 15 293 | 3.09 10 15.2 280
Optimal 800 20 5 2.54 10 304 402
F800K20 -
Final 800 20 5 256 | 10 29.2 383
(b) F1500K15

-

Wo

_— 2

Q)
W

Power (W)

ho/ (In )

ho/ fr m)

2.2

(d) F800K20

2.4 N 2.6
W g«\\

Figure 2-9 Power optimization contour for device (a) F1500K10, (b) F1500K15, (c)

F800K15, and (d) F800K20.
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10 Transient plots of power across the loads with the final design parameters for
F1500K15, (f) F800K15, and (h) F800K20.

device (a) F1500K10, (c) F1500K15, (e) FB00K15, and (g) F800K20. Transient plots of
voltage across the loads with the final design parameters for device (b) F1500K10, (d)

Figure 2-



Table 2-2 lists the optimal values for the initial overlap of overlap fingers h, and
the width of proof-mass W,n. Moreover, the corresponding power and power density
have been presented. The final design parameters for W, and h are carefully chosen
based on the optimal values. Since power is a weak function of hy, the smaller hy is
desired due to the fabrication considerations. W, is chosen carefully as well in order to
avoid those values at which the power changes abruptly. Power contours with respect to
ho and Wpm are shown in Figure 2-9. The transient performances of power and voltages
across the loads with the final design parameters are shown in Figures 2-10.

In order to understand the effects of bias voltage and bias capacitor, power
optimization simulation is performed for device F1500K10 with different voltage and
capacitance values. The output power increases in an exponential manner with Vs, but
does not change when Cpiss changes (Figure 2-11). If load resistors are varied, the
optimal Wym or hy values obtained for the maximum power remain the same for all

practical purposes, while the output power shows a modest increase (Table 2-3).

10 L] L} L] L] L] 10 L] L] L] L] L] L] L]
(a) o (b)
(o]
8k -
1k o -
= S ep” o o o
£ (] £
g g
A | o 4 2 4F o
(o]
2p -
0.01 -
o 1 L 1 1 1 0 ' 1 ' 1 L 1 1
0 10 20 30 40 50 60 0 02 04 06 08 1 12 14 16
(V) Cias (HF)

bias

Figure 2-11 The output power with respect to (a) Vbpias(Cbias = 1 uF), and (b) Coias (Vpias =

50 V). R1= Rz = 65 MQ for both cases.
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Table 2-3 Power optimization with respect to load resistors (Vpias= 50 V, Cbias= 1 PF)

R1, Rz (MQ) Wpm (mm) hoi (pm) Power (nW) | Power density (W/m?3)
5.00 1.25 11.20 3.96 340.54
12.00 1.26 10.00 3.98 340.35
20.00 1.24 11.20 5.35 463.18
27.00 1.24 10.80 5.51 477.53
35.00 1.25 10.00 5.14 442.93
42.00 1.25 10.40 5.79 498.92
50.00 1.25 10.00 6.43 554.34
57.00 1.25 11.20 6.41 551.00
65.00 1.26 10.00 6.24 534.00

In order to investigate the benefit of the hybrid structure, simulation is repeated
with single vibrational mode designs for device F1500K10. For example, with only in-
plane gap closing capacitors, the output power is 1.06 nW, while the output power is
0.217 nW if only in-plane overlap capacitors are considered. In fact, the hybrid structure
results in more power than the sum of power from each mode.

2.2.3 FEM Analysis
2.2.3.1 Mechanical Simulation

CoventorWare is utilized to simulate the mechanical performance of the devices
excited by a, = 1g acceleration in the negative Z direction and ax = 20g acceleration in
the positive X direction. The proof-mass is anchored to the substrate by the springs.
Therefore, the anchor surfaces of the springs are fixed mechanically as boundary
conditions. The mechanical simulation results for each device are shown in Figures 2-12,
2-13. To save the simulation time, the proof-mass can be modeled as a solid plate
without etch holes as long as the mass of proof-mass remains constant. Therefore, a
smaller value of equivalent density of nickel is used to set up the simulation models.
However, due to the small size of device F1500K10, the complete model with etch holes

is utilized for simulation.
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(a) F1500K10 . (b) F1500K15

:0,/‘ Displacement X: -3.9E-03 5.0E-01 1.0E+00 1.5E+00 2.0E+00 [ ' Displacement X: -4.2E-03 4.5E-01 9.0E-01 1.4E+00 1.8E+00
o COVENTOR i COVENTOR

(c) F8OOK15 ' (d) F800K20

Displacement X: -1.2E-02 1.3E+00 2.7E400 4.0E+00 5.3E+00 Y Displacement X: -1.4E-02 14E+00 2 9E+00 44E400 5 .8E+00

COVENTOR COVENTOR

Figure 2-12 The displacement in X direction for (a) F1500K10, (b) F1500K15, (c) F800K15, and (d) F800K20. (a,= -1g, ax= 20g)
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(a) F1500K 10 (b) F1500K 15

Displacement Z: -7.2E-02 -5.4E-02 -3.6E-02 -1.8E-02 5.6E-05 & Displacement Z: -7.1E-02

COVENTOR il

(c) F80OK15 - d (d) F800K20

Displacement Z: -3.2E-01 -24E-01 -1.6E-01 -8.1E-02 1.5E-04 & > Displacement Z: -3.0E-01

COVENTOR L

Figure 2-13 The displacement in Z direction for (a) F1500K10, (c) F1500K15, (e) F800K15, and (g) F800K20. (a;= -1g, ax= 20g)
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Based on the proof-mass displacement x or z, the equivalent lateral and vertical

spring constants k; and k, are given as:

_mmar
k =—2
1

X

m_a
— pm™z
k, =

z

The theoretical calculations for the spring constants are given: [31, 32, 33, 34]:

e, w’
k, =N, —-

to2

Ywe 3

s"pm

N,
A

(2.27)

(2.28)

(2.29)

(2.30)

where Y is the Young’'s modulus for the electroplated nickel layer (Y = 220 GPa) [35].

Spring length /s and width ws were carefully chosen to maximize the &, /k; ratio such that

other modes of motions besides that in X direction are negligible.

Table 2-4 lists the values of k; and k, based on theoretical calculation as well as

FEM simulation. The lateral spring constants agree with each other. From FEM

simulation, displacement of the proof-mass in z direction is not uniform, while the

maximum value is used in Eq. (2-28) to find out k. This explains that the values based on

the FEM simulation are lower than that from the theoretical calculation.

Table 2-4 Calculation and simulation for spring constants

. Calculation FEM simulation
Device Ns | mpm(kg) (N/m)
ki kv X (4m) z (um) ki (N/m) | kv(N/m)
F1500K10 8 | 1.04x107 | 10.5 | 32.1 2.00 0.072 10.2 14.2
F1500K15 | 12 | 1.67x107 | 15.7 | 48.2 1.80 0.071 18.2 23.1
F800K15 12 | 4.82x107 | 15.7 | 48.2 5.30 0.32 17.8 14.8
F800K20 16 | 6.93x107 | 21.0 | 64.2 5.80 0.30 234 22.6
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2.3.3.2 Modal Harmonic Simulation

Modal harmonic simulation is done to find out the dominant vibration mode of the
proof-mass. The same meshed solid model as in the previous mechanical simulation is
employed for this analysis. The anchored surfaces of the springs are fixed as the surface
boundary conditions. 1g acceleration is applied in the negative Z direction to emulate the
gravity as the volume boundary condition. Additional harmonic acceleration between the
frequencies of 600 Hz and 3000 Hz with 1g magnitude is applied to the movable proof-

mass in the X direction.
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Figure 2-14 The generalized displacements of six modes for device (a) F1500K10, (b)

F1500K15, (c) FBO0K15, and (d) F800K20.
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(c) F800K15 (d) F800K20

&’ Modal Displacement Mag.: 0.0E+00 2.5E-01 5.0E-01 7.5E-01 1.0E+00 Modal Displacement Mag.: 0.0E+00 7.5€-01 1.0E+00

um 965.799 Hz COVENTOR i COVENTOR

Figure 2-15 The vibrating modes with the highest generalized displacements for device (a) F1500K10 (mode1), (b) F1500k15

(mode1), (c) F8BO0K15 (mode2), and (d) FBOOK20 (mode1).



The generalized displacements of six vibration modes are shown in the Figure 2-
14 with respect to frequency for each device. Except for device F800K15 that has the
highest generalized displacement for mode2, all other devices have the highest
generalized displacement for mode1. The mode with the highest generalized
displacement vibrates in the expected X direction (Figure 2-15). The simulated natural
frequencies of these modes are close to the design values.
2.3.3.3 Capacitance Simulation

In order to reduce the computing time, half symmetry is utilized to simulate the
capacitance between the proof-mass pad and the stationary finger pad1 or between the
proof-mass pad and the stationary finger pad2. The stationary finger pad1 lies on the
same side of the device as the proof-mass pad. The meshed model for device F800K20
is presented in Figure 2-16. The voltage of 6 V, 0 V, 0 V are applied to proof-mass pad,
stationary finger pad1 and stationary finger pad2 respectively. The simulated
capacitances are listed in the below Table 2-5. The theoretical values are fairly smaller

than the simulated values due to the contribution of parasitic capacitance.

Stationary
finger

Figure 2-16 The meshed model of device F8BO0K20 for capacitance analysis

37



Table 2-5 The simulated and calculated capacitance

Capacitance between Capacitance between .
Capacitance of
. proof-mass pad and proof-mass pad and -
Device . . . . theoretical value
stationary finger pad1 stationary finger pad2 (pF)
(pF) (pF)
F1500K10 0.243 0.224 0.0843
F1500K15 0.331 0.311 0.0119
F800K15 0.381 0.411 0.0142
F800K20 0.540 0.526 0.207

2.3.3.4 Damping Simulation

DampingMM solver is used to simulate the damping coefficient.

In case of the slide film damping of the proof-mass with respect to the substrate,
the quartered symmetry of a solid model without the stationary fingers is utilized for
device F800K20 (Figure 2-17). The simulated damping coefficient value of 1.01 x 10 *
N/(m/s) is close to the calculated value of 1.03 x 10 N/(m/s) based on the previously
discussed equation under the conditions of viscosity of air = 18.6 x 10 Pals; density of

nickel = 8.91 x 10-15 kg/um3; mass of proof-mass = 6.85 x 107 kg.

Figure 2-17 F800K20 meshed model for the proof-mass slide film damping simulation.

38




As for the slide film damping between the overlap fingers, it is proportional to the
number of gaps between the fingers. To simplify the simulation, here only several comb
drive fingers are built into the simulation model (Figure 2-18). The mesh type is
Manhattan brick with the size of 1x1x1 um in every direction. Similar to the slide film
damping between the proof-mass and the substrate, the sidewalls are defined as the
damping surfaces and the gap between overlap fingers is 4 ym. According to Table 2-6,
the damping coefficient per gap remains the same for these two cases. So the total
damping coefficient of the device is easily extrapolated by multiplying the number of gaps
with unit damping coefficient (Table 2-7). According to Eq. (2.24), the overlap areas of the
fingers should be used, while in simulation the area of sidewall defined as damping
surface is twice the overlap area. Therefore, half of the simulated values are used to

extrapolate the overall damping coefficient which agrees with the theoretical calculation.

Figure 2-18 FEM Model of the overlap fingers for slide film damping simulation. (a) 4

gaps (b) 2 gaps.

Table 2-6 Simulation for slide film damping coefficient between the overlap fingers

Case # of Damping Coefficient | Damping coefficient/gap
gap (N/(m/s)) (N/(m/s))
2 moyable figures, 3 4 1.302 x 10 3.26 x 10-1°
stationary figures
1 movable figures, 2 2 0.651 x 100 3.26 x 10-10
stationary figures
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Table 2-7 The extrapolated and MATLAB computed slide film damping coefficient

between overlap fingers

Devi # of Da_n?pmg Extrapol_at_ed Damping Theoretical

evice aps coefficient/gap coefficient from value (N/mls))
9ap (N/(m/s)) CoventorWare (N/(m/s))

F1500K10 | 432 3.26 x 10-10 1.41 x 107 1.41 x 107

F1500K15 | 648 3.26 x 10-10 2.11 x 107 2.11 x 107

F800K15 648 3.26 x 10-10 211 x 107 2.11 x 107

F800K20 1108 3.26 x 10°10 3.61x 107 3.61x 107

In the case of squeeze film damping of the gap closing fingers, the same method
has been employed. The damping coefficient can be extrapolated by multiplying the
damping coefficient per gap with the number of gaps (Table 2-8). Among the six surfaces
of one movable finger (Figure 2-19 (a)), the two sidewalls are defined as the damping
surfaces. The surface connecting to the proof-mass is defined as a non-free surface. The
other three surfaces are defined as free surfaces. The summary and comparison of the

extrapolated and calculated values are listed in Table 2-9.

(a)

Free surface

Da}nping surface

Figure 2-19 FEM model of gap closing fingers for squeeze film damping simulation. (a) 1

group. (b) 2 groups.
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Table 2-8 Summary of squeeze film damping between the gap closing fingers

. - Damping

Case Damping Coefficient # of coefficient/gap
(N/(m/s)) gap NI(mfs))
1 group figures 6.81 x 10° 2 3.41x10°
2 group figures 1.36 x 108 4 3.41x10°

Table 2-9 The extrapolated and MATLAB computed squeeze film damping coefficients

between gap closing fingers

Devi # of Da.“lp'"g Extrapol_at_ed Damping Theoretical

evice aps coefficient/gap coefficient from value (N/mis))
9ap (N/(m/s)) CoventorWare (N/(m/s))

F1500K10 42 3.41x10° 1.43 x 107 1.76 x 10”7

F1500K15 44 3.41 x10° 1.50 x 10”7 1.85x 10”7

F800K15 102 3.41 x10° 3.47 x 107 4.24 x 107

F800K20 86 3.41x10° 2.93 x 107 3.61x 107

2.3 Fabrication

Based on the optimized device parameters and design, the energy harvester was
fabricated using UV-LIGA. First, a 0.5 ym thick SisN4+ was deposited on a silicon wafer as
an isolation layer. Aluminum interconnection lines and the pad layer were sputtered and
subsequently patterned by a liftoff process (Figure 2-20 (a)). A photo-definable polyimide
was chosen as the sacrificial layer, which was patterned by traditional lithography to
create anchor openings for the suspended proof-mass (Figure 2-20 (b). A 0.1 nm gold
layer was evaporated as a seed layer followed by a mold layer made of negative
photoresist with a high aspect ratio. Nickel sulphamate solution was utilized to
electroplate the proof-mass. In order to minimize the internal tensile stress, an organic

stress reducer was added into the plating solution. Electroplating was processed at 45 °C
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with a current density of 13 mA/cm? [35, 36]. An nickel layer of 8.8t1 um thick was
obtained at an approximate growth rate of 0.16 um/min over 50 minutes of electroplating.
The mold layer was removed in acetone. The evaporated gold layer was subsequently
etched by argon-plasma anisotropic sputtering (Figure 2-20 (c)). As a final step, the
sacrificial layer was ashed in an oxygen plasma to release the proof-mass. The

fabricated device is shown in Figure 2-20 (d).

(a) (b)

Figure 2-20 (a) Aluminum interconnection lines and pad layer. (b) Sacrificial layer. (c)

Electroplated nickel layer. (d) The final released device.

SEM and microscope images of the fabricated devices are presented in Figure
2.21. The aluminum interconnection lines and pad layer are shown in Figure 2-21 (a).
Sacrificial layer opening at the anchoring areas, mold pattern around the stationary finger
area and electroplated nickel layer are depicted in Figures 2-21 (b)-(d), respectively. The
final released device F1500K10 is shown in Figure 2-22 (a). Due to the stress in the
electroplated nickel layer, the proof-mass bows up from the substrate (Figure 2-22 (b)).

This issue is even worse for the larger size devices.
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Figure 2-21 SEM and microscope images of fabricated devices. (a) Aluminum
interconnection lines and pad layer. (b) Sacrificial layer opening at the anchoring areas

(c) Mold pattern around the stationary finger area. (d) Electroplated nickel layer.

Figure 2-22 SEM images of fabricated devices. (a) The final released device F1500K10.

(b) Proof-mass bowing up from the substrate.
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2.4 Characterization

2.4.1 Characterization Setup

As discussed before, due to the fabrication issue with larger sized devices, only
device F1500K10 was packaged and characterized. Three bond pads for the proof-mass,
stationary finger pad1 and stationary finger pad2 were connected to a 28-pin dual in-line
package (DIP) by ultrasonic gold wire bonding. The package was then mounted on an
ED-10 shaker driven by a Crown DSi 1000 power amplifier and HP 3312A signal
generator at varying frequencies and magnitude. A reference accelerometer with a
sensitivity of 40 mV/g was also mounted on the shaker for calibration purpose. The
characterization setup is shown in Figure 2-23 [31]. A 6 V dc bias voltage source was
used to induce an initial charge on the 1 uF bias capacitor. AC output voltages across 5
MQ of Ry and R, each, were then measured by the oscilloscope. The load resistor values
were chosen in the lower range of the simulation results shown in Table 2-3, to
compensate for the increased capacitance due to parasitic effects in the measurement
set-up, such that frequency band-width is not significantly reduced because of the

increased RC time constant.

HP3312A
signal

i Reference generator
Shaker 3 R SOl accelerometer| |

Shielded room

Crown Dsi
1000
amplifier

GND

A 15 " 18
1 scwHoscopj

Figure 2-23 Characterization setup for the energy harvester [31].
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2.4.2 Frequency Sweep

In order to find the resonant frequency of the device, the shaker was excited at
different frequencies. Figure 2-24 shows the resonant frequency of the device is 1.90
kHz, which is higher than the expected value of 1.50 kHz. The resonant frequency f is

related to lateral spring constant k; and the proof-mass mpn, as following:

f=Jk/m, 12m= \/

Wider nickel springs resulted during fabrication due to the slight overdevelopment of the

Yw3
/ L /2= N—/27T 2.31
( pm pmp) \/ 21 L W p ( )

K pm

mold layer, thus yielding an actual resonant frequency higher than the expected value.
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Figure 2-24 Frequency response of the device with a resonant frequency of 1.90 kHz.

2.4.3 Signal to Noise Ratio

Figure 2-25 (a) illustrates that the generated peak to peak ac voltage across Ry
and R2is 0.8 V and 0.9 V, respectively, when the device is mounted on the shaker at an
excitation frequency of 1.90 kHz and an acceleration magnitude of 8g. To evaluate the

noise pick-up, the measurement is repeated with the device mounted off the shaker with
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the shaker still on. 8 mV peak to peak sinusoidal noise pick-up is detected (Figure 2-25

(b)). Thus, signal to noise ratio (SNR) is 100 or better.

Number of periods Number of periods

Figure 2-25 (a). Generated peak to peak ac voltage across Ry and Rzis about 0.8 V and
0.9 V respectively at an excitation frequency of 1.90 kHz and acceleration magnitude of
8g (at the moment the 6V DC bias voltage source is disconnected). (b) 8 mV peak-to-
peak noise pick-up with the same conditions except that the device is mounted off the

shaker.

2.4.4 Back Simulation Considering Fringe and Parasitic capacitances

Comb finger capacitors inherently exhibit fringing field capacitance because the
electric field not only emanates between overlap areas but also other surfaces of the
fingers. In Figure 2-26 (a), six of in-plane overlap capacitors with the proof-mass are
modeled. In addition to the expected electric field E; between the side walls of the
stationary and moving fingers, there are other fringing electric fields E», and Es. E> exists
between the end surface of the moving fingers and the stationary fingers. E; is between

the top surfaces of the stationary and the moving fingers [37]. The fringing field
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capacitors add to the harvesting of energy since the total change of capacitance
increases. For instance, if the proof-mass moves away from the stationary fingers, ideal
capacitance decreases. So does the fringing field capacitance. Likewise, fringing field
and ideal capacitance increase when the proof-mass moves closer to the stationary
fingers. Two scaling factors Sy, So are introduced for a more accurate capacitance
calculation. Additionally, parasitic capacitance Cpara exists between the aluminum lines on
the substrate and the proof-mass. This, however, does not contribute to harvesting.

Revised C; and C;are then expressed as:

aNEb(h=x) , o 2N, &b

C(x)=C,, +2C,, =S, 5 el ¢ +x £ +Cparal (2.32)

NEb(h-x) , o 2N, &b

Cx)=C,p+ 2C,, =S, > g2 g, +x “+Cpara2. (2.33)

Based on the section discussed before, V1, V>, Fy, and F2 are recomputed.

Scaling factors are defined according to FEM simulations using CoventorWare®.
The capacitance simulation is performed for one to six of in-plane overlap capacitors. Sy
is then evaluated as the ratio of the simulated capacitance to the theoretically evaluated
capacitance assuming a simple parallel plate expression with no fringing effects. In order
of find out Sger and Sgez, similar simulations are performed for in-plane gap closing
capacitors. Six of in-plane gap closing capacitors are shown in Figure 2-26 (b). According
to Figure 2-27, Sy is found out to be 4.15, Sgcr is 5.85 and Syc2 is 6.84. Cparat, Cparaz are
chosen as 1.10 pF, 0.70 pF respectively based on experimental readings.

Back simulation results with the scaling factors are shown in Figure 2-28. The
peak to peak values of generated ac voltage across Rs and R, are 0.700 V and 0.800 V

respectively. These simulated values agree well with the measured data.

47



Figure 2-26 (a) Six of in-plane overlap capacitors with electric fields, and (b) gap closing

capacitor groups.
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Figure 2-27 The capacitance scaling factors (a) So; and (b) Sgcr, Sgc2 are extracted from
the ratio of simulated capacitance values with the fringing effect to the classical parallel-

plate capacitance.
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Figure 2-28 Simulation results for the revised model: Vs, Vg2 at 1.90 kHz with an

acceleration magnitude of 8g (5 MQ Ry, R2, 1 UF Chpias and 6 V Viias).
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2.4.5 Impact of Bias Voltage

Since charge leakage takes place on the bias capacitor, Vrs and Vg2 gradually
decrease to zero. In order to provide a constant charge, the measurements were
repeated with the 6 V dc source connected across the bias capacitor. Figure 2-29 shows

a higher ac peak to peak output voltage of 1.20 V and 1.50 V across R; and Ry,

respectively, compared to 0.800 V and 0.900 V in Figure 2-25 (a) with the bias voltage
source disconnected.

VR T VRo
osb 1L 1] k
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o Y ‘l: .'"b'
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“1“@?\ \ \\X“ﬂ*‘ 5\,,%?.
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LR Tk N %
0 1 2 3

4
Number of periods
Figure 2-29 Generated peak-to-peak ac voltage across Ry and R2is about 1.20 V and
1.50 V, respectively at 1.90 kHz with an acceleration magnitude of 8g (6V dc bias voltage

source is connected).
2.4.6 Statistical Analysis of Measurements

In order to gain statistical information, six devices were characterized. According

to Figure 2-30, average ac peak to peak value for Vrs and Vg2 is 0.800 V and 0.900 V.
Standard deviations are 27% and 32% from the average values.

The possible reason for a relatively higher average value of Vg is that C;

probably experiences a larger change of capacitance. C; includes in-plane gap closing
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capacitors with longer stationary fingers, therefore scaling factor Syco is relatively higher
than Sgc1 which results in more contribution from fringing field capacitance. The relatively
high standard deviation is most likely related to processing variations, especially

electroplating, as it is difficult to control the thickness of nickel layer precisely.
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Figure 2-30 Statistical analysis of Vrs and Vrzat 1.90 kHz with an acceleration magnitude

of 8g (6V dc bias voltage source is disconnected).

2.4.7 Comparison of State-of-the-art Designs

Table 2-10 is a comparison of results reported here and other state-of-the-art
designs predicted or experimentally observed. The presented device achieved a power
density of 2.07 x 10* yW/cm?® which is competitive among this group of designs.
According to aforementioned simulations, this hybrid structure design can achieve much
higher output power compared to the single mode design incorporating only either in-
plane overlap or gap-closing motion. From the fabrication point of view, UV-LIGA allows

thickness control which is not available for SOI technologies in the table.
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Zs

Table 2-10 Comparison table of state-of-the-art designs.

Volume Input Input Bias Power Power PD/A? Observed/
Source Model (cm?) Material Acceleration frequency voltage (W) density-PD | (uWs*cm™ redicted
(mis?) (Hz) V) H (MW/cm?) m2)? P
This In-plane
work overlap 1.40 x 1075 Ni 7.84 x 10" 1.90 x 10° 6 2.90 x 10 | 2.07 x 10* 3.37 o
and gap closing
2 '”"é'ligienggap SOl 2.25 1.20 x 102 10 116 x 102 | 2.29 x 101 P
38 'QVZ'FT‘;‘; 563 x 10 sol 9.10 x 102 73 5.00 x 10" | 8.88 x 10** P
In-plane 4% 2 2 1 4%
39 overlap 5.20 x 10 sol 1.64 x 10 9.1 x 10 150 5.00 x 10" | 9.62 x 10 3.58 P
40 'gvg'r?:; sol 127x102 | 13-15x102 | 50 3.50 0
41 'QVZLT‘;‘; 4.40 x 1073 sol 1.05 x 102 9.24x 102 | 2.10 x 10 P
Out of plane
42 gap 3.50 x 10 su-8 1.10 x 102 6 112 x 102 | 3.20 x 10° P
closing
43 o“cfv"efrgzne 198 x 10 | Silglass 245 2.50 x 10? 6 6.10 x 102 3.08* 5.13 x 10°" 0

*Calculated from the given information in the referenced paper.




2.5 Summary

A novel, hybrid capacitive electrostatic energy harvester is fabricated utilizing in-
plane overlap as well as in-plane gap closing variation modes simultaneously to
maximize the vibration conversion efficiency. MATLAB simulation is employed to optimize
the harvester geometry for the highest power. Under external acceleration magnitude of
8g, 0.800 V peak-to-peak ac output voltage is detected across a 5 MQ load resistor at the
resonant frequency of 1.90 kHz (6 V dc source was used to pre charge the 1 pF bias
capacitor). The non-uniformity of the electroplated nickel layer was the primary reason for
the observed 30% standard deviation from device to device. The power density of this
novel design ranks in third place among seven other state-of-the-art designs. Some
designs with higher power or power density require a higher polarizing voltage for the
bias capacitors.

In the current design, a dc bias voltage source is used to provide initial charges
in the system to prove this design idea. Further work includes embedding the pre-

charged electret into the system to realize a more practical application.
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Chapter 3
Piezoelectric Zinc Oxide Nanowire Micro Energy Harvester
3.1 Introduction

Nanosystems have numerous applications including medical, military and
commercial fields for their capability of sensing and actuating. Self-powered nanosystems
exhibit enormous advantages compared to conventional battery supported ones. On one
hand, the total size and weight can be greatly reduced due to the elimination of the
battery. On the other hand, its maintenance-free feature helps to ease the time and
inconvenience caused by the replacement of the battery. This benefit is even more
attractive when the nanosystem is applied in implantable biomedical fields. In order to
realize self-powered nanosystems, micro energy harvesters are developed to harness
the environmental waste energy, furthermore to convert into electricity [44, 45, 46, 47].

Photovoltaic [48, 49], thermal [50, 51] or electromagnetic radiation [52] energy
harvesters have been widely utilized. Under the circumstance that above energy sources
in surrounding environment are not sufficient or stable whereas mechanical vibrations are
available, vibrational energy harvesting is a good option. Vibrations from a running car,
helicopter or portable home air compressor are all alternative sources for energy
harvesting [53, 54, 55, 56].

Piezoelectric, electrostatic [57] or electromagnetic [58, 59] are three major
mechanisms for mechanical vibration energy harvesters. Piezoelectric energy harvester
is based on piezoelectric effect of materials which can generate distributed electrical
charges due to mechanical strain [60]. Zinc oxide nanowire (NW) or nanorod structure
exhibits excellent piezoelectricity due to the ability of reacting to small physical

deflections. The bandwidth of excitation is typically wide from 1 Hz to several thousand
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Hz, which can greatly expand application fields. A piezoelectric nanogenerator with zinc
oxide nanowire has been first demonstrated by Z. Wang et al [61].

As for the design presented here, the micro energy harvester utilizes vertically
aligned zinc oxide nanowires as the piezoelectric material. Mechanical stress or strain
along c-axis is induced by a top attaching layer of suspended membrane proof-mass
structure which vibrates in response to the external mechanical excitation. This design
successfully integrates the low temperature growth process of crystalline zinc oxide
nanowires and conventional MEMS surface micromachining technology. Another novelty
is that this design is expected to have better reliability because nanowires are
compressed and released by the membrane proof-mass structure, but are not in direct
contact with the external vibration source. In this way, it protects nanowires from tear and
wear due to repeated deformation.

3.2 Properties and Synthesis of Zinc Oxide Nanowire
3.2.1 Properties and Application of ZnO

Zn0O is a compound of group Il element, zinc, and group VI element, oxygen. By
nature, pure ZnO is a white powder that can be produced in a synthesis process in most
cases.

Crystalline ZnO is usually in hexagonal wurtzite structure (Figure 3-1) which is
the most common and stable form [62]. Either zinc or oxygen forms a tetrahedral unit.
The lattice constants of hexagonal structure are a = 0.330 nm and ¢ = 0.520 nm. The

cations Zn?* and the anions O?% form an ionic bond. According to Figure 3-1, electrically

positive charged zinc planes (0001) and negative charged oxygen planes (000 i) form

alternatively along c-axis. These charged surfaces are called polar surfaces which
construct a dipole moment and polarization. This feature accounts for the strong

piezoelectric effect of ZnO. ZnO has many kinds of nanostructures including nanowire,
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nanorod, nanobelt etc. as shown in Figure 3-2 [63]. The top surface is the polar surface
(0001) which is perpendicular to the fast growth direction + [0001]. ZnO nanowire or
nanorod structure is attractive because it can be realized using low temperature chemical

methods compatible with flexible substrate or conventional silicon fabrication processes.

Figure 3-1 Hexagonal Wurtzite structure of ZnO. White ball represents Zn?*. Yellow ball

represent O? [62].

(0001)

Figure 3-2 ZnO nanowire/nanorod/nanobelt [63].

ZnO is a direct band gap semiconductor material with a wide band gap of 3.3 eV

at room temperature. Therefore ZnO can endure high electric fields or power applications
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with a large breakdown voltage. Some of the optoelectronic applications are laser diodes
and light emitting diodes since ZnO has a large exciton binding energy which makes
excitonic process persist at room temperature [64, 65]. ZnO nanorods can also be used
as a field emitter due to the strong electric field accumulated on the sharp tips [66]. Front
contact of solar cell can be produced by aluminum doped ZnO since it can function as
good transparent electrodes [67]. Hydrogen gas sensors can be realized by ZnO nanorod
as well, that respond to the absorption of hydrogen molecules by change in the electrical
current flowing through [68, 69].
3.2.2 Synthesis Process for ZnO Nanostructure
3.2.2.1 Vapor-Solid Process

ZnO nanowire/nanobelt can be synthesized by a vapor-solid process. ZnO
powder is first evaporated into a gas phase in a high temperature furnace, and then
condensed to from a crystalline nanostructure. The advantage of this method is that no

catalyst is needed. Figure 3-3 shows the equipment for the vapor-solid process [63].

Furnace
B S S S R N
Alumina tube

N ]
Oxide powders Alumina substrate
.
[ 0 0 0 " 0

To Pump
Ar

Figure 3-3 Equipment for the vapor-solid process [63].

3.2.2.2 Vapor-Liquid-Solid Process

Another method for synthesis of ZnO nanowires is vapor-liquid-solid (VLS)
process which is typically used for one dimensional nanostructure growth. Unlike the
vapor-solid process, a catalyst in liquid alloy phase is introduced that absorbs ZnO vapor,
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and precipitates nucleation. This speeds up the crystalline nanostructure growth.
Therefore, the properties of the liquid catalyst control the aspects of the resultant

nanostructure. Figure 3-4 explains the basic steps of the VLS process [70].

Catalyst ZnO nucleus

Zn0
J nanowire
C T — iﬂ
Figure 3-4 Basic steps of VLS process [70].

3.2.2.3 Pulsed Laser Deposition

ZnO nanowires growth can also be realized by a pulsed laser deposition (PLD)
process. Typically this process is used for thin film deposition during which high energy
laser beam strikes the zinc target within the chamber filled with oxygen gas. A vaporized
plasma is formed and deposited on the substrate. Figure 3-5 shows the schematic view
of the PLD system [71]. Deposition conditions such as substrate temperature and

chamber pressure control the morphology of the nanostructure.

Laser beam

Laser plume

Substrate| | stage

Rotating target

Chamber

Figure 3-5 Schematic view of the PLD system [71].
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3.2.2.4 Our Approach- Hydrothermal Growth

Compared to the methods discussed above, hydrothermal growth is commonly
used for low temperature processing. One advantage is that by utilizing a ZnO seed layer
either in the form of nanoparticles or thin film, growth process does not depend on the
type of substrate. The other benefit is that it can be processed at low temperatures, which
is attractive for compatibility with conventional silicon fabrication technology, and plastic
substrates.

The most common chemicals used for hydrothermal growth are zinc nitride and
hexamethylenetetramine (HMTA) [72, 73]. Zinc nitride supplies Zn?* ions. O? ions come
from the water molecules. HMTA slowly hydrolyzes and gradually produces OH-. HMTA
assists nanowire/nanorod crystallization along fast growth direction c-axis by acting as a
polymer, preferentially attaching to non-polar surfaces. This can prohibit Zn2* ions from
landing on the non-polar surfaces. Therefore, the polar surface (0001) is supplied with
enough Zn2* and nanowires will continue to grow in the direction [0001] [74, 75]. This

process is governed by [63]:

(CH,),N, +6H,0 ~ 4 NH, +6 HCHO (3.1)
NH, +H,0 ~ NH,[H,0 (3.2)
NH,[H,0 -~ NH,” +OH" (3.3)
Zn** +20OH « Zn(OH), (3.4)

Zn(OH), o ZnO+H,0 (3.5)

ZnO seed layer is realized by the PLD process. A laser with a wavelength of 248
nm and energy of 500 mJ at Oz environment is used to strike at a 99.999 % purity ZnO

target to deposit the ZnO seed layer. The chamber pressure is kept at 100 mTorr. Laser
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repetition rate is 10 Hz. A 400 nm thick ZnO thin film forms on the 3” silicon substrate
heated to 300 °C during 10 mins of deposition. Figure 3-6 shows the SEM picture of the

top view of a 400 nm thick ZnO seed layer deposited under the above conditions.

Figure 3-6 SEM picture of the top view of a 400 nm thick ZnO seed layer fabricated by

PLD process.

After ZnO seed layer deposition, equimolar solution of 20 mM zinc nitride and
HMTA are prepared for the nanowire growth. Several conditions including chemical
concentration, solution temperature and growth time play an important role in determining
the density, diameter, aspect ratio, and morphology of the nanowire. It has been
observed that the diameter of the resultant nanowire increases when the concentration
increases. The solution temperature is kept at 85 °C during the whole 3-hour growth
period. Besides the above well-known conditions, maintaining a close contact between
the silicon wafer and the nutrient solution is also important. In order to keep the silicon
wafer steadily floating on the surface of the solution, a lid of 2” wafer box used as the
floating assistant is attached to the 3” silicon wafer by tapes. The wafer is then put facing
down into the solution.

3.2.2.5 Photoresist Template for ZnO Nanowire Growth
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In order to control growth area of the nanowire, one solution is to pattern the ZnO
seed layer. Another option is to use the negative photoresist such as NR1500 or SU-8 as
a template to define an opening area for ZnO NW growth. The ZnO seed layer is not
patterned in the latter approach. Figure 3-7 shows the nanowire growth directly on top of
the patterned seed layer. One potential problem with this method is that non-orderly
growth occurs on the silicon substrate that might impact the electrical conductivity if it

happens between separate metal lines, thus causing a short.
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Figure 3-7 (a) A patterned ZnO seed layer on a silicon substrate. (b) NW growth on top of

the seed layer. (c) NWs with the height of 4.5 um, and (d) the diameter of 250 nm.

Figure 3-8 shows a 500x500x1.7 um NR1500 opening area on top of a 500x500

pm patterned seed layer. No nanowire growth occurs in the overlapping area between

the opening area and the seed layer. NR1500 photoresist template has been destroyed
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in the heated nutrient solution during the 3-hour growth, as the photoresist is not

thermally stable enough to endure 85°C growth solution for such a long time.

a)

200 um

Figure 3-8 (a) A 500x500x1.7 um NR1500 opening area on top of a 500x500 uym seed

layer. (b) No NW growth in the overlapping area.

Figure 3-9 (a) SEM picture for 500x500x1.7 ym SU-8 opening area on top of a 500x500

pum seed layer. (b) NWs with the height of 5 um. (c) NWs with the diameter of 234 nm.
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Figure 3-10 (a) SEM picture after SU-8 is removed in 1165 remover. (b) Zoom in picture

of the NW block edge.

Aligned nanowires with the height of 5 ym and the diameter of 234 nm grow in
the overlapping area of 500x500x1.7 um SU-8 opening area on top of the 500x500 ym
seed layer (Figure 3-9). This proves that SU-8 is a suitable template for nanowire growth.
SU-8 is furthermore removed in heated 1165 remover for 30 mins. Figure 3-10 shows
SEM picture after SU-8 is removed.

3.2.3 Piezoelectricity of ZnO Nanowire
3.2.3.1 Bending of ZnO Nanowire

The piezoelectric effect of a material is due to the lack of inversion symmetry in
its lattice structure, which leads to electromechanical interaction between the electrical
and mechanical status. It is an exchangeable process. Electrical charges accumulate in
the material once mechanical strain exists; on the other hand, electric field applied to
material can result in mechanical strain. This effect can be explained mathematically by

[76]:

g =c & —¢ F
{p pq-q kp~k (3.6)

Di = eing +l(ikEk
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where, o is mechanical stress matrix (Pa), ¢ is elastic constant matrix (GPa), ¢ is
mechanical strain matrix, e is piezoelectric coefficient matrix (C/m2), E is electric filed
(V/m), D is electric displacement (C/m?), k is dielectric constant matrix (F/m). & is
vacuum permittivity. Their respective values for bulk or thin film ZnO are given by the

matrix below [76]:

G ¢ G 00 0 207 1177 1061 0 0 0

G e G 00 0 1177 207 1061 0 0O 0

G G O 0 0 106.1 106.1 2095 0 0 0
00 0 e 00Ty g a8 0 0 |

0 0 0 0 ¢« 0 0 0 0 0 446 0
0 0 0 0 0 C“—;CH 0 0 0 0 0 4465

0 0 0 0 ¢ O 0 0 0 0 -045 0
e,=[0 0 0 ¢ 0 0|z 0 0 0 -045 0 0,

e, e e, 0 0 0) (051 -051 122 0 0 0

kK, 0 0 kK 0 0 £, %7.77 0 0
kK,=| 0 k, 01|=|0 «5 0= 0 & X1.77 0
0 0 «ky, 0 0 « 0 0 £,%x8.91

Instead of anisotropic elastic constants, equivalent isotropic values are used for the
following FEM analysis with modulus Eun of 129 GPa and Poisson ratio v of 0.349. The
validity of this approximation has been shown by Y. Gao et al [76].

Typically two parameters are considered in the piezoelectric effect of a nanowire.
One is the piezoelectric potential distribution along the cross section surface due to
bending. The other is the electrostatic potential distribution along c-axis due to
compressing or stretching. Theoretical calculations have been done for the case of a
nanowire pushed by the lateral force f, on the tip. For a single nanowire with radius a,

64



and length /, the electrical potential ¢(r, 6) (in cylindrical coordinates) along the cross

section surface is given by [76]:

. + 3
b=l (140, + e, e KT T i ing (r<a)
8k I _E, & tKy a 37
/s 2K, a5 . .
2(1+V)e,. +2ve, —e.. [—2——]a’ sin @ r=a
o s e, e 2 (2a)

where, /i is area moment of inertia / = ma* / 4 . The maximum potential occurs at the

location where r = a. For the tensile side, 6 = -90°; for the compressive side, 6 = 90°. The
electrical potential distribution for a nanowire (a = 150 nm, / = 2 ym) under a lateral force
of 1 uN in y direction is computed using FEM in ANSYS (Figure 3-11 (a)). The
compressive side shows a maximum electrical potential of -0.662 V, while the tensile side
has a maximum value of 0.662 V which is approximately close to the theoretical

calculation value of 0.592 V. Displacement in y direction is 54 nm (Figure 3-11 (b)).
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Figure 3-11 ANSYS simulation for ZnO NW (a = 150 nm, / = 2 ym) under lateral force of 1

MN in y direction. (a) Electrical potential distribution. (b) Displacement in y direction.
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3.2.3.2 Compression of ZnO Nanowire

Another common type of mechanical deformation of ZnO NW is compression or
stretching along c-axis. Figure 3-12 shows the electrical potential distribution in a single
NW (diameter = 200 nm, length = 1200 nm) which is compressed by 0.020 nm on the top
surface. The bottom surface is fixed and grounded. The maximum value of the electrical
potential occurs on the top surface with a value of -0.394 V. A similar simulation has been
reported by Z. Gao et al with a very close value of -0.400 V [77].

Based on above simulation results, in order to achieve a certain amount of
electrical potential, deflection required in transvers direction is much higher than that in

vertical direction, which is parallel to the polarization c-axis.

NODAL SOLUTION ? NODAL SOLUTION
mic

JUN 13 2015
11:00:07

Figure 3-12 ANSYSS simulation for a ZnO nanowire (diameter = 200 nm, length = 1200
nm) which is compressed by 0.020 nm on the top surface. (a) Electrical potential

distribution. (b) Displacement in the z direction

3.3 Design and Structure
Based on the previous analysis for the piezoelectric properties of ZnO nanowires,
several design structures for the piezoelectric energy harvesters utilizing the compression

of the vertically aligned nanowires are presented. The following procedure is used to refer
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to the different device structures. NW1-G refers to the design, where, there is a single
(“1”) patch of nanowires and SisN4 is deposited in a grid (“G”) structure (Figure 3-13 (a)).
The cross section of such a device is shown in Figure 3-13 (b). On top of the ZnO seed
layer, a solid ZnO block is used to represent a patch of NWs growing in a confined area
defined by the photoresist template. A thick layer of polyimide is coated as the
mechanical support material for the subsequent layers. The top and bottom electrodes
connect to the top and bottom surfaces of the ZnO block, respectively. The top electrode
connects to the metal lines on the substrate through an opening in the polyimide layer.
The silicon substrate is covered by a layer of silicon nitride for the isolation purpose. The
silicon nitride membrane is built on top of the NW block. Moreover, nickel layer is used as
a proof-mass. Finally, the membrane proof-mass structure is suspended by ashing the
polyimide sacrificial layer. Such a structure will compress the NWs in the z direction in
response to the external vibration. The electrical potential difference between the top and
bottom surface of NWs due to the piezoelectric effect will be collected by the top and

bottom electrodes.

(a)

Figure 3-13 (a) Overview and (b) cross section of the piezoelectric micro energy

generator NW1-G.

In order to increase the output voltage, several NW blocks can be connected in
series. Device named as “NW4-G” has four NW blocks connected in series electrically
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under a single proof-mass (Figure 3-14 (a)). Two “NW4-G” devices can be further
connected in series (Figure 3-14 (b)) which is called “NW4-G-TWQ” accordingly since it
includes two “NW4-G” devices. Four NW blocks connected in clockwise sequence are
shown in Figure 3-14 (c, d). The center NW block is a dummy one for balancing
mechanical compression. Due to the increase of the number of NW blocks, higher
equivalent stiffness causes the compressing of NWs more difficult. In order to

compensate such a negative effect, the mass of the proof-mass needs to be increased.

Figure 3-14 (a) Device NW4-G. (b) Device NW4-G-TWO. (c) Metal lines connection

layout for NW4-G and (d) its zoom in picture.

Besides the above mentioned structures, SisN4 can be deposited in diagonal

structure as well. The similar devices with the name of “NW1-D” (Figure 3-15 (a)), “NW4-

68



D” (Figure 3-15 (b)), and “NW4-D-TWO” (Figure 3-15 (c)) are presented as well. The
metal lines connection layout for NW4-D is shown in Figure 3-15 (d). Based on the

fabrication results, the detailed values of design parameters are listed in Table 3-1.

Figure 3-15 (a) Device NW1-D. (b) Device NW4-D. (c) Device NW1-D-TWO. (d) Metal

lines connection layout for NW4-D. Note that z scale is exaggerated.

Table 3-1 Piezoelectric micro energy harvester design details

NW block Spring Ni

Design name Size Height exp-l;;:ure Width | Length | Thickness | thickness

mm) | mm) | ath (um) | (BT | (M) (um) (um)
NW1-G 8x8 5 0 36 124 1.3 10
NW4-G,

NW4-G-TWO 8x8 5 0 36 124 1.3 10
NW1-D 8x8 7 2.70 28 126 1.3 20
NW4-D,

NW4-D-TWO 8x8 7 2.70 28 126 1.3 20
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3.4 FEM Analysis

The simulation for the mechanical displacement of the NW block is done when
the device has been excited by 1.4g acceleration in z direction. The solid model used in
the simulation includes Ni layer, SisN4 layer, top electrode layer and NW block layer.
Anisotropic elastic constant of bulk ZnO can be approximately represented by the
equivalent isotropic one as discussed before. Both the bottom surface of the NW blocks
and the anchoring area of the top electrodes are fixed mechanically. The mechanical
displacement of the NW blocks for NW1-G and NW4-G in the z direction is shown in
Figure 3-16 (a,c). The von Mises stress of NW1-G and NW4-G is shown in Figure 3-16

(b,d).

Displacement Z
2.9E-43
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-2.8E-08
B 1 3E-08
_5I 7 E-08 u m Mises Stress: 0.0E+00 9.5E-03 1.9E-02 289E-02 3.8E-02

MPa COVENTOR

| DisplacementZ
9.0E-08

o e

l -1.7E-08

! -TAE-08
-1.2E-07um

Mises Stress: 0.0E+00 1.9E-02 3.8E-02 5.6E-02 7.5E-02

VP2 COVENTOR

Figure 3-16 FEM analysis for device under 1.4g acceleration in the z direction. The
displacement of NW blocks in the z direction for (a) NW1-G (c) NW4-G. The von Mises

stress contour for device (b) NW1-G (d) NW4-G.
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The mechanical displacement of the NW blocks for NW1-D and NW4-D in the z
direction is shown in Figure 3-17 (a,c). The von Mises stress of NW1-D and NW4-D is
shown in Figure 3-17 (b,d).

Displacement Z
2.0E-42
-8.1E-08
-1.6E-07

== -24E-07
-3.3E-07

Mises Stress: 0.0E+00 4.6E-02 9.2E-02 1.4E-01 1.8E-01
MPa

Displacement Z
8.5E-08

i 3.6E-08
e -1.2E-08
:

-6.0E-08

-1.1E-07 e |

Mises Stress: 0.0E+00 5.3E-02 1.1E-01 1.6E-01 21E-01

um MPa

COVENTOR

Figure 3-17 FEM analysis for device under 1.4g acceleration in the z direction. The
displacement of NW blocks in the z direction for (a) NW1-D (c) NW4-D. The von Mises

stress contour for device (b) NW1-D (d) NW4-D.

Except for device NW1-G that shows even displacement on four corners, the NW
blocks of other devices are compressed unequally. Especially for the four NW blocks
connecting in series case, the center NW block has been pulled up. This block serves no
sensing purpose. The function of this block is to alleviate the unequal compression of the

other four blocks. Device NW1-D exhibits the highest displacement due to the heavier
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proof-mass. The maximum von Mises stress is well below tensile strength of thin film

SisN4 which is 6.4 GPa [78].
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Figure 3-18 ANSYS analysis for a single NW under compression. Displacement in the z
direction for device (a) NW1-G, (c) NW4-G. Electrical potential distribution for device (b)

NW1-G, (d) NW4-G.

Furthermore, a single NW is modeled in ANSYS to estimate the electrical
potential distribution along the c-axis direction when it is compressed based on the
displacement values resulting from the mechanical simulations discussed above. The
boundary conditions are that the bottom surface of the NW is fixed mechanically and
grounded electrically. The top surface is compressed. The linear piezoelectric coefficient

and the relative dielectric constant are defined according to the previous discussion.
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Figure 3-18 shows the electrical potential distribution and displacement in z direction for a
single NW under compression. Devices NW1-G (Figure 3-18 (a, b)) and NW4-G (Figure
3-18 (c, d)) were represented by a single NW with the height of 5 ym and the diameter of
150 nm.

Devices NW1-D (Figure 3-19 (a, b)) and NW4-D (Figure 3-19 (c, d)) were
represented by a single NW with the height of 7 um and the diameter of 250 nm. Based
on the fabrication results, here the sizes of NW are different from the device NW1-G and

NW4-G. Table 3-2 summarizes the simulation results for all devices.
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Figure 3-19 ANSYS analysis for a single NW under compression. Displacement in the z
direction for device (a) NW1-D, (c) NW4-D. Electrical potential distribution for device (b)

NW1-D, (d) NW4-D.
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Table 3-2 Simulation results for the mechanical displacement and electrical potential

CoventorWare simulation ANSYS simulation for single NW
. Mass of Max Electrical
Device . NW height | NW diameter | potential on
proof-mass | displacement

(kg) (um) (pm) (nm) top surface
(mV)
NW1-G | 6.05x 10° -5.70 x 108 5 150 -1.11
NW4-G | 1.41x 108 -1.20 x 10”7 5 150 -2.34
NW1-D | 2.56 x 108 -3.30 x 10”7 7 250 -6.45
NW4-D | 2.56 x 108 -1.10 x 10”7 7 250 -2.15

Figure 3-16 shows the relation between the electrical potential on the NW top

surface and compression in z direction. According to the fitting line, electrical potential is

linearly proportional to the compression. Another interesting result is that electrical

potential does not dependent on the NW size.

Electrical potential on NW top surface (mV)

-7

| —y =-0.00015077 - 19.542x

—*—NW (length=5 pum,
diameter=150 nm)

O NW (length=7 pm,
diameter=250 nm)

R%=1

0 0.05 0.1

0.15 0.2 025 0.3 0.35

Compression of nanowire top surface (pm)

Figure 3-20 ANSYS simulation results for electrical potential on the NW top surface for

different compression values in the z direction.
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3.5 Fabrication

Fabrication is done in two batches in order to investigate the effect of different
design parameters. Three steps including NW growth, polyimide layer fabrication and
electroplating of Ni have been processed differently. For the first batch, fabrication
process starts with a (100) silicon wafer. Next, a 0.4 ym thick silicon nitride is sputtered
as an isolation layer (Figure 3-21 (a)). A 30 nm thick chrome adhesion layer plus a 100
nm thick gold layer are evaporated sequentially and patterned by liftoff as the bottom
electrode (Figure 3-21 (b)). Thereafter, a 30 nm thick titanium is evaporated in order to
form an Ohmic contact between ZnO and the bottom electrode. A thin layer of PLD-
deposited ZnO seed layer is employed to assist the NW growth. A 400 nm thick seed
layer is deposited on the silicon substrate heated to 300 °C in Oz environment (the
chamber pressure is 100 mTorr). The Ti and ZnO seed layer are patterned by
hydrofluoric acid with positive photoresist S1813 as an etch mask (Figure 3-21 (c)).

Next, SU-8 photoresist is spin-coated and patterned to define the opening areas
on top of the ZnO seed layer [79, 80]. Wafer is then put facing down into the growth
solution mixed with 20 mM zinc nitrate and 20 mM hexamethylenetetramine (HMTA)
heated to 85°C [81, 82]. In order to achieve different length of NWs, one batch uses three
hours growth time, another uses two hours growth time. SU-8 template is then removed
in 1165 remover solution heated to 65°C for 30 mins (Figure 3-21 (d)). Thereafter, NWs
are embedded in the polyimide sacrificial layer which is further patterned for pad opening.
O:2 plasma ashing has been carefully monitored. In one batch, 2.7 ym of the NW tips are
exposed. In another batch, the tiny tips of NWs are exposed (Figure 3-21 (e)). A 30 nm
thick titanium and 100 nm thick gold layer are patterned to connect to the top surface of
NW block (Figure 3-21 (f)). NR9-3000 is used as the lift off photoresist to pattern a 1.3

pm thick sputtered silicon nitride membrane layer (Figure 3-21 (g)).
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Figure 3-21 Fabrication process flow. (a) Si wafer sputtered with SisN4 isolation layer. (b)
Cr/Au bottom electrode. (c) Ti/ZnO seed layer. (d) Single ZnO NW block. (e) Polyimide
layer and exposed NW tip by ashing. (f) Ti/Au top electrode. (g) SisN4 membrane. (h)

Electroplated Ni layer. Note that z scale is exaggerated 10 times.
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A 100 nm thick gold layer is evaporated as a seed layer for nickel electroplating
which takes place in a nickel sulphamate solution. The negative photoresist NR9-8000P
is utilized as the mold layer. Plating time is different in two batches. In one batch, a 20 um
thick nickel proof-mass layer is achieved with current density of 15 mA/cm? in the
sulphamate solution heated to 45°C for 110 mins of plating [83]. In another batch, a 10
pm thick nickel is electroplated during 80 mins of plating. The exposed gold seed layer is
then etched by the argon-plasma anisotropic sputter etching process [84]. Device is

released after the sacrificial layer underneath the proof-mass is ashed (Figure 3-21 (h)).

2 um

Figure 3-22 Fabrication results for the first batch. (a, b) 8x8 ym ZnO NW block with the
height of 7 ym and diameter of 250 nm (tilted by 50°). (c) NW block embedded in
polyimide layer with exposed tip (tilted by 50°). (d) Electroplated 20 um thick Ni layer

(bumps exist due to the NW blocks underneath, tilted by 50°).
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Figure 3-23 Fabrication results for the first batch. (a) NW1-D. (b) Sagging issue.

|

SEM or microscope images are taken for some important fabrication steps. For
the first batch, the resultant size of a single NW block is 8x8 ym. The resultant height of
NW is 7 pm and the diameter of NW is about 250 nm (Figure 3-22 (a,b)). 2.7 um of NW
tips are exposed after the polyimide layer has been ashed away (Figure 3-22 (c)). 20 um
thick nickel layer is shown in Figure 3-22 (d). The final device NW1-D is shown in Figure
3-23 (a). Due to heavier proof-mass in this batch, serious sagging is found on larger
devices (Figure 3-23 (b)).

For the second batch, the resultant size of a single NW block is again 8x8 ym.
The resultant height of NW is 5 ym and the diameter is 150 nm on the average (Figure 3-
24 (a,b)). A tiny tip of NW is exposed (Figure 3-24 (c)). The top electrode which covers
the NW blocks is in focus in Figure 3-24 (d), while the bottom electrode is out of focus.
The top and bottom electrodes are visible through the transparent SisN4 membrane layer
(Figure 3-25 (a)). A 10 ym thick electroplated Ni layer on top of the SisN4 membrane layer
is shown in Figure 3-25 (b). Due to the internal stress built in the SisN4 layer, some
springs are broken after the sacrificial layer has been ashed. This issue is worse for the
devices with diagonal-like spring structures. The released device NW4-G, NW1-G and

NW4-G-TWO are shown in Figure 3-26 (a,b,c).
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Figure 3-24 Fabrication results for the second batch. (a, b) 8x8 ym ZnO NW block with
NW height of 5 ym and diameter of 150 nm (tilted by 50°). (¢) NW block embedded in

polyimide layer with exposed tip (tilted by 50°). (d) Top electrode layer.

Figure 3-25 Fabrication results for the second batch. (a) Transparent SisN4 layer on top of
top electrode layer. (b) Top view of Ni layer, SisN4a membrane layer and NW blocks. (Five

bumps exist due to the NW blocks underneath).
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Figure 3-26 Fabrication results for the second batch. (a) Final device NW4-G. (b) Final

device NW1-G. (c) Final device NW4-G-TWO.

3.6 Characterization

3.6.1 Characterization Setup

Electrodynamic shaker ED-10 is used as the vibration source. LFG-1300s
function generator generates the sinusoidal signal which is furthermore amplified by
Crown Dsi amplifier before it is fed into a shaker (Figure 3-27). Along with a commercial
reference accelerometer 2260-100, the packaged device is mounted on the shaker [84].
The purpose of the reference accelerometer is to monitor the actual acceleration during
vibration. Two kinds of measurements are done: the time domain and the frequency
domain. In the time domain measurement, the voltage between the top and bottom

electrodes is amplified by SR560 low noise preamplifier before it is connected to the
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oscilloscope. On the other hand, in the frequency domain measurement, the output
voltage is directly connected to Agilent 35670 signal analyzer. The generated power

across the load resistor is calculated based on the measured output voltage.

Shielded room

LFG-1300s Frequency domain:
Function Shaker Agilent 35670A
generator signal analyzer
|
Crown Dsi
1000
amplifier

SR560 low noise
preamplifier

Time domain:
Ref accelerometer oscilloscope

Figure 3-27 Characterization setup for piezoelectric micro energy harvester.

3.6.2 Load Resistor Optimization
Time domain measurements are done across load resistors including 0.5, 1, 2.5,
3, 3.3, 5,7, 10, 20 and 50 MQ when the shaker is excited at 40 Hz with an acceleration

amplitude of 1.4g. 40 Hz is the resonant frequency of a helicopter or running car [54,55].

Oscilloscope

1

1

1
Vin() Co ! R

1

1

SR560 low noise
preamplifier

Equivalent circuit for
energy harvester

Figure 3-28 Circuit model for load resistor optimization.

A circuit model is built to fit to the experimental results (Figure 3-28). Device is
modeled by three electrical components: Thevenin voltage Vin, Thevenin resistor Ry and

device equivalent capacitor Cp which are used as back simulation parameters. R, is the
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load resistor. 100 MQ Ra and 20 pF Ca represent the input impedance of SR560 low
noise amplifier. By introducing the impedances Zcp, Zca of capacitors C,, C, at 40 Hz, the

voltage across the load resistor can be deduced as follows:

Ze, I1Zc IR IR,

Ve =V, . (3.8)
© " Ze N1 Ze R IIR, +R,
The generated power can be calculated accordingly as:
P, =V, [ /R, (3.9)

The experimental and simulation results for device NW1-G, NW4-G, NW4-G-
TWO and NW1-D are shown in Figure 3-29. The output voltage increases with the load
resistance. However, the maximum power occurs at an optimal load determined by Ri.
As expected, device NW4-G generates more power than device NW1-G since four NW
blocks are connected in series. Moreover, device NW4-G-TWO generates the highest
power compared to the others. The generated power from device NW1-D ranks in
second place due to the heavy proof-mass. The fitting curves agree with the
measurement results very well when the proper fitting parameters Vi, R, Cp are chosen.
Vi impacts the maximum power value. Ry impacts the optimal load resistance. The fitting
curve has weak dependence on Cp since characterization is performed at low

frequencies. The detailed summary is presented in Table 3-3.

Table 3-3 Experimental and fitting simulation results at 40 Hz with 1.4g acceleration

Oplt(igljzed Magnitude of Max Fitting curve parameters

Device resistance mlax output power Vin = Co
(MQ) voltage (mV) | (W) | mv) | (MQ) | (pF)

NW1-G 10 8.05 713 17.8 10 20
NW4-G 7 8.33 10.6 19.2 8 20
NW4-G-TWO 7 214 70.0 56 10 20
NW1-D 5 13.6 38.7 30 6 20
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Figure 3-29 The voltage for (a) NW1-G, (c) NW4-G, (e) NW4-G-TWO, and (g) NW1-D.
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Figure 3-30 The time domain result for (a) NW1-G, (c) NW4-G, (e) NW4-G-TWO, and (g)
NW1-D. The frequency domain results for (b) NW1-G, (d) NW4-G, (f) NW4-G-TWO, and
(h) NW1-D. (40 Hz vibration with acceleration amplitude value of 1.4g when the optimal

load resistor is connected). Note that all time domain signals are amplified by 100.
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3.6.3 Noise Analysis

Experimental measurements are taken under three conditions: (1) the device is
on the shaker, (2) the device is off the shaker, and (3) there is no vibration. Figure 3-30
shows the time and frequency domain results for devices excited by 40 Hz vibration with
acceleration amplitude value of 1.4g when the optimal load resistor is connected. Time
domain signal for the case of device on the shaker is clearly stronger than that obtained
from the other two cases as would be expected. 60 Hz electromagnetic noise pickup from
the environment is the dominant signal when the device is off the shaker or there is no
vibration. At the 40 Hz vibration frequency, signal obtained when the device is on the
shaker is at least 3 orders of magnitude higher than that detected when the device is off
the shaker. If there is no vibration, nothing is detected at the vibration frequency.
3.6.4 Frequency Response

The above analysis is based on the vibration frequency of 40 Hz. We also
studied device performance under other frequencies including 49, 101, 203, 1116 Hz with
the optimal load resistor connected. Higher acceleration magnitude is detected at higher
frequencies. In order to keep the same comparison criteria, the generated power is
extracted based on the same acceleration value of 1.4g. Figure 3-31 (a) shows the time
domain experimental result for NW4-G at 101 Hz with an acceleration amplitude of 6.5g.
Accordingly, the relation between the output voltage and acceleration is plotted in Figure
3-31 (b). The fitting curve equation is given as:

output voltage =0.0022 —0.1756 X (acceleration). (3.10)

According to this equation, the output voltage is -2.44 mV at the 1.4g acceleration.

Hence, the generated power is 0.907 pW.
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Figure 3-31 (a) The time domain results for the output voltage and acceleration at 101 Hz
with an acceleration amplitude of 6.5g (NW4-G). (b) Derived relation between the output
voltage and acceleration. Note that output voltage signals are amplified with a gain of

100.

A similar method is used to find out the generated power at other frequencies
(Figure 3-32). The generated power decreases when frequency increases. The possible
explanation is that at higher frequency, parasitic capacitance effects become more
dominant. The output voltage results across the optimal load in the time domain for all
tested frequencies are further shown in Figures 3-33, 3-34, 3-35, and 3-36.

Devices presented here have been compared to other state-of-the-art designs
including nanogenerators and conventional micro generators (Table 3-4). The
mechanical excitation methods for the nanogenerators are different from that for the
conventional micro generators. The latter ones are usually excited by a specified
acceleration. For nanogenerators, on the other hand, different approaches have been
employed based on the design structure to induce the mechanical deformation in the

nanostructure such as bending the flexible substrate or exerting pressure. The generated
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power calculation varies as well. The power generated from nanogenerators usually
equals to the product of open circuit voltage and short circuit current, while for the
conventional micro harvester, power is calculated across a load resistor. The power
density is normalized by the volume of NW blocks for the design presented in this

dissertation. It is competitive among this group of designs.
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Figure 3-32 The generated power across the optimal load resistor versus frequencies of
40, 49, 101, 203, 1116 Hz under the same acceleration 1.4g. (a) Device NW1-G. (b)

Device NW4-G. (c) Device NW4-G-TWO. (c) Device NW1-D.
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Figure 3-33 Device NW1-G time domain output voltage across the optimal load (10 MQ) at frequencies (a) 49, (b) 101, (c) 203,

and (d) 1116 Hz.
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Table 3-4 Comparison table of state-of-the-art designs.

. . . Mechanical Current Power
Material and structure Dimension L Voltage Current . Power .
excitation Density Density
Worki i
Horizontally aligned ZnO NW on oreing area Is Strain is 0.1 203V 107 nA 11
the kapton film [85] o1f ilvv,iglggnoe;er; “® 1 (open circuit) | (short circuit) mW/em®
Vertically aligned ZnO 0.5 kgf
nanowire/wall between graphene compressive 20 mV 0.5 UA/0m2
substrate and Au-coated force on the (multimeter) (multimeter)
polyethersulfone (PES) [86] top surface
Scan by a
GaN NW [87] conductive 20 mV
AFM
Single polyvinylidene fluoride Substrate is . -
(PVDF) nanofiber attached to a bent and (n?ul?i(:nr:t\ér) (n?jtirigtér)
plastic substrate [88] released
NW is 5 ym high Strain of
i d the di t
_Multiple lateral ZnO NW array | anc e TAmSIEr | 4 yq0, strain 126V 28.8 nA 70 W/
integrated nanogenerator (LING) S X1-00 nm. rate of (open circuit) | (short circuit) 2
on flexible substrate [23] total size 1x3 o cm
2 213 %ls
cm
Vertical ZnO NW array integrated diameter of 300 Pressure on 0'\2/?,32;/;?; 3 for 3 VINGs 27
nanogenerator (VING) between | nm and length of the top series in parallel 3
two silicon wafers [23] 4 um, size of surface (open circuit) (short mW/em
VING is 4 mm® circuit)
Nanogenerator (NG) made of Surf £ . 105 nA for 4
vertical NW. Bending by upper uriace area Jor Ultrasonic 62 mV for 4 NGs in 0.11
wafer coated with nanotip (NTP) each NG is 6 wave of 41 NGs in series series (short Wicm?
mm? kHz (open circuit) M

arrays [24]

circuit)
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Table 3-4 — continued

: 8g 1.13 pW 301
) ) . Beam size: . W/em®
Piezoelectric PZT cantilever [89] 3a acceleration, on 288.5 | MWicm
3.31e-3cm
870 Hz kQ load
Multilayer unimorph PZT Proof-mass plus 0.75¢ 101 mV 0.32 yw 416
cantilever with Si proof-mass beam: acceleration, (magnitude) on16 kQ pW/cm3
based on SOI [90] 0.7690mm° 183.8 Hz 9 load
Cantilever:
800x100x10 0.39g 44V 1.1 YW 1.09
Piezoelectric PZT cantilever [91] pms, proof- acceleration, (peak to on2.2 mW/cm?®
mass: 1000 x 528 Hz peak) MQ load
1000x 500 pm°
1.4 7.13 pW
_ , 9 8.05 mV on P 223
NW1-G (This work) 3.20x 10" uym acceleration, on10 MQ 3
load mW/cm
40 Hz load
1.4 10.6 pW
_ . 4 9 8.33mV on P 6.63
NW4-G (This work) 1.60 x 10° um acceleration, on 7 MQ 3
load mW/cm
40 Hz load
1449 70 pW on
214 mV 21.9
NW4-G-TWO (This work) 3.20x10°pm® | acceleration, mvon 7MQ ,
load mW/cm
40 Hz load
1449 38.7 pW
13.6 mV on 86.4
NW1-D (This work) 4.48 x 10° pm3 acceleration, on 5 MQ 3
load mW/cm
40 Hz load

a Calculated from the given information in the referenced paper.




3.7 Summary

A Piezoelectric micro energy harvester utilizing the piezoelectricity of the
vertically aligned ZnO nanowires has been fabricated by MEMS surface micromachining
technology in conjunction with the low temperature hydrothermal growth of nanowires.
Several designs have been implemented with varying proof-mass, spring structures and
nanowire sizes. Characterization results are described for devices NW1-G, NW4-G,
NW4-G-TWO and NW1-D. When the shaker is excited at 40 Hz with an acceleration
value of 1.4g, device NW4-G-TWO generates the highest power of 70 pW across the
optimal 7 MQ load resistor. Even though device NW4-G has 4 NW blocks in series, this
advantage is compromised by the increase of the mechanical stiffness. Therefore, in
order to achieve an even higher power, series connection of several devices is the
solution. When the harvester is on the shaker, the output voltage in time domain is much
stronger than that detected when device is off the shaker. Frequency domain result
indicates that signal to noise ratio is about 1000:1. Frequency response of the harvesters
is characterized when the acceleration is kept at a constant value of 1.4g. Devices
generate higher power at lower frequency most likely because at lower frequency the
effect of parasitic capacitors has been suppressed. Compared to the simulation result,
the measured output voltage is generally higher. One reason for smaller simulation
values could be ZnO nanowires are modeled as a solid block which is stiffer than a group
of nanowires. Thus, smaller mechanical displacement results in lower output voltage in

simulations.
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Chapter 4
Conclusion

A wireless sensor node generally has a power generator, sensing, computing
and communications subsystems. The sensing subsystem consumes 6-20% of the total
power. Different types of sensors such as light, temperature, pressure, vibration or
humidity require certain amount of power to keep their normal operations. Energy
harvesters are generally more favorable than batteries due to their limited lifetime. Efforts
have been made to realize the integration of the effective energy harvesters into the
wireless sensor nodes in the past years [92].

Vibrational energy harvesters can be best utilized when the vibrations are stable
and constant. According to the analysis for the generic vibration-to-electricity conversion
model, the generated power is maximized when it is designed to resonate with the input
vibration frequency. The power is inversely proportional to the frequency with the defined
acceleration [6]. Moreover, the power is proportional to the square of acceleration
magnitude and mass of the proof-mass. The three types of vibrational energy harvesters
are: electromagnetic, electrostatic, and piezoelectric generators.

Inductive electromagnetic generators utilize the principle of electromagnetics:
electromotive force will be induced in a closed circuit due to the change of the magnetic
flux. Additional voltage source is not required for this type of converter, while the strong
magnetic field from the magnet might impact the normal operations of other electrical
components.

Electrostatic energy harvester employs the MEMS variable capacitor structure.
The mechanical vibration drives the change of overlap area or gap distance between the
capacitors. A voltage source is used to polarize the capacitor at the beginning. The

voltage increases due to the decrease of capacitance when the charge is constrained.
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Furthermore, the newly gained voltage will be stored to the storage capacitor. Another
option is to explore the possibility of an embedded electret which can permanently store
the injected the charges, whereas, it requires high voltage electron charging equipment.
As for the different topologies of MEMS capacitors, the comb drive structures form either
in-plane gap closing or in-plane overlap capacitors. The out-of-plane topology can be
constructed by two parallel plates. The first two designs are easy to be integrated with the
mechanical stoppers which are helpful in preventing the pull-in effect.

A novel electrostatic energy harvester design is presented with the in-plane gap
closing and overlap comb fingers incorporated into one structure to enlarge the output
power. A bias capacitor and voltage are used to provide the initial charges.
Electromechanical coupling model is built to optimize the design parameters. Some
design parameters are predefined due to the fabrication limitation. Four design structures
are finalized according to the optimal values obtained from simulations. MEMS surface
micromachining technology is used to fabricate the devices. A thick layer of nickel is
electroplated as the proof-mass. The electroplated nickel bows up after the sacrificial
layer underneath is ashed away since the internal stress is built up during plating. This
issue is worse for the larger devices. The smallest device is characterized on a shaker
excited by a signal generator. Across a 5 MQ load resistor, 0.8 V peak to peak value is
detected under 1.9 kHz with the acceleration magnitude of 8g (1 uF bias capacitor is pre-
charged by a 6 V dc source). Signal to noise ratio has been proven to be 100:1 by
comparing the voltages obtained when device is on the shaker and device is off the
shaker. The corresponding power is 0.29 yW and the power density is 20.7 mW/cm3,
This power density value ranks in third place among seven other state-of-the-art designs.
The more practical improvement should be done to replace the bias capacitor and

voltage with an incorporated pre-charged electret.
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Piezoelectric energy harvesters use the piezoelectric effect of materials and can
be ceramics, semiconductors or polymers. Formation of an electric dipole moment in the
solid is the reason for the piezoelectricity. Cantilever structures have been commonly
used for conventional piezoelectric micro energy harvesters which can be fabricated on
the SOI wafers or by MEMS bulk micromachining process. ds; mode (the electric field
direction is parallel to the mechanical stress/strain direction) is more attractive than the
ds3; mode (the electric field direction is perpendicular to the mechanical stress/strain
direction) since ds3 is usually higher than d3;.

Recently, the idea of the piezoelectric nanogenerator has been presented. Such
kind of generator uses the nanostructure of semiconductor materials such as ZnO or
GaN. ZnO as a direct band gap semiconductor has many optoelectronic applications
including laser diodes and light emitting diodes. It can be employed in the field emitter,
the front contact of solar cells, or the hydrogen gas sensors as well. The nanogenerator
utilizing ZnO nanostructure has been first demonstrated by Z. L. Wang et al. ZnO crystal
has hexagonal wurtzite structure with Zn as cation and O as anion. Electric dipole is
formed between the positive charged zinc planes and negative charged oxygen planes.
The mechanical strain in a bent or compressed nanowire induces the electrical potential
due to the direct piezoelectric effect. For a single nanowire bent by a certain force on the
top surface, the electrical potential distribution on the cross section surface has been
analytically modeled. The maximum positive potential is located at the tensile surface,
while, the negative potential is located at the compressive surface with the maximum
absolute value. The electrical potential is proportional to the bending force. A nanowire
with large aspect ratio tends to have a high electrical potential. For a single nanowire
compressed on the top surface with the bottom surface fixed and grounded, the highest

negative electrical potential is located on the top surface. Such an electrical potential is
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proportional to the displacement on the top surface, regardless of the size of the
nanowire. According to the simulation results, the mechanical compression is more
favorable than bending since a larger electrical potential is generated from the
compression with the same amount of deflection. Different kinds of design structures
have been developed to induce the mechanical deformation of nanowires. For example,
nanowires laterally attached to the flexible substrate will be stretched when the substrate
is bent, while vertically standing nanowires between two silicon wafers will be
compressed when the pressure is exerted on the top wafer.

Compared to the conventional piezoelectric energy harvesters, nanogenerators
employ semiconductor materials which are friendly to the environment and compatible
with the biomedical applications. Piezoelectric ceramic materials have better
piezoelectricity. However, this advantage has been compromised since the fabrication
requires high temperature processes.

In this dissertation, the vertically standing nanowires are compressed by a SisN4
membrane and a Ni proof-mass which are excited by the external vibration. There are
different growth methods for the ZnO nanostructure. The low temperature chemical
growth on a seed layer is chosen here. The selective growth of an 8x8 uym nanowires
block is realized by the hydrothermal growth method in conjunction with the SU-8
photoresist template. SU-8 can survive in the heated nutrient solution for several hours
and can be removed after growth. Several designs are presented with different spring
structures. Devices are designed to have either a single NW block or several NW blocks
connected in series. Some devices have severe sagging issues due to the heavier proof-
mass. Device NW4-G-TWO shows the highest power of 70 pW on the optimal 7 MQ load
resistor when it is excited at 40 Hz with acceleration value of 1.4g. The corresponding

output voltage is 21.4 mV across the load resistor. The authenticity of the signal has been
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verified by eliminating any possibility of feedthrough from the shaker circuitry. Signal to
noise ratio is 1000:1. The energy harvester generates higher power at lower frequency
under the same acceleration of 1.4g.

These are breakthrough but preliminary results. More effort is needed to improve
the output power of the energy harvesters in order to meet the requirements of the
wireless sensor nodes. On one hand, this involves the materials with superior
piezoelectric properties or progress in the design structures. On the other hand, an
effective power management system is desired for the wireless sensor nodes which can
manage the power usage more efficiently by storing the scavenged power into a storage
element when the node is in inactive state. Hence, the total amount of required power

can be reduced.
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Appendix A

Electrostatic Energy Harvester Simulation Settings
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A.1 Mechanical Simulation

Here the simulation results for device F1500K10 are presented. The meshed
model for the nickel layer is shown in Figure A-1. The mesh type is chosen as the
extruded brick with split and merge algorithm. The element order is parabolic. The
element size in the planar directions is 25 pm. The element size in the extrude direction is
2.5 um.

Regarding the solver settings, two boundary conditions are defined: surfaceBCs
and volumeBCs. The highlighted anchoring surfaces in Figure A-2 are fixed in the
surfaceBCs. In the volumeBCs, all parts are exerted by 20g acceleration in positive X

direction and 1g in the negative Z direction to represent gravity (Figure A-3,4).

Figure A-1 The meshed model of device F1500K10 for mechanical simulaiton.
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Figure A-2 The anchoring surfaces are fixed in the surfaceBCs.

urfaceBCs | FixType ane | Pa
Setl [[eal Ellfe Elfand &

Figure A-3 SurfaceBCs settings for mechanical simulation.

VolumeBCs

olurneBCs | BCType | pPat |
Setl |[#cceleration E.HaAI___I_ [=]|[Acceleration

Figure A-4 VolumeBCs settings for mechanical simulation.

A.2 Modal Harmonic Simulation
The same meshed model is used for this type of simulation. The solver settings
are shown in Figure A-5. The same surfaceBCs are defined for the boundary conditions.
In the volumeBCs setting, only 1g acceleration is exerted in the negative Z direction. In
the harmonic_volumeBCs, 1g acceleration is exerted in the positive X direction (Figure A-

6).
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Harmonic Analysis
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Figure A-5 Solver settings for modal harmonic simulation.

a Harmonic_VolumeBCe
Harmonic_VolumeBCs | BCType | Pat | Loadvalue | variable | Phase
| Set1 |[acceteration  El[aLl  =J[Acceleration = Edit J[Fixed =[Real =]

Figure A-6 Boundary condition settings for modal harmonic simulation.

A.3 Capacitance Simulation
The meshed model is shown in Figure A-7. Three layers are added into the
meshed model: nickel layer, aluminum interconnection layer and pad layer. The mesh
type is chosen as the extruded brick with split and merge algorithm. The element order is
parabolic. The element size in the planar directions is 50 ym. The element size in the
extrude direction is 2 um. In the boundary condition setting, 6 V is added to the proof-

mass pad (conductor 2), while other two pads are grounded (Figure A-8).
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Figure A-7 The meshed model of device F1500K10 for capacitance simulation.

2]
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7

Figure A-8 ConductorBCs setting for capacitance simulation.

A.4 Summary
Three types of simulation setting have been presented: mechanical simulation for
device under certain acceleration, modal harmonic simulation and capacitance

simulation.
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Appendix B

Piezoelectric Energy Harvester Simulation Settings

103



B.1 Mechanical Simulation

Here the simulation results for device NW1-G are presented. The meshed model
for the nickel layer, SisN4 layer, top electrode layer and nanowire layer are shown in
Figure B-1. The mesh type is chosen as the extruded brick with split and merge
algorithm. The element order is parabolic. SisN4 layer has been partitioned into two parts
with different mesh size. SisN4 part 1 is free to vibrate due to the undercutting of the
sacrificial layer, while SisN4 part 2 is anchored to substrate through the sacrificial layer.
Table B-1 lists the mesh size for different layers. The element size in the planar directions

is 25 uym. The element size in the extrude direction is 2.5 ym.

SisN4 part 1

Figure B-1 meshed model for device NW1-G

Table B-1 element size for different layers

element size in the planar element size in the extrude
direction (um) direction (um)
Nickel 100 5
SisN4 part 1 10 0.05
SisN4 part 2 100 0.5
Top electrode 10 0.05
Nanowire 5 1
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Two boundary conditions are defined for the solver settings: surfaceBCs and
volumeBCs. The highlighted surfaces are the bottom surface of nanowire, the anchoring
surface of top electrode and the bottom surface of SisN4 part 2 (Figure B-2). All these
surfaces are fixed in the surfaceBCs (Figure B-3). In the volumeBCs, all parts are exerted

by 1.4g acceleration in the negative Z direction to represent gravity (Figure B-4).

Figure B-2 Fixed surfaces

3 SurfaceBCs
SurfaceBCs \ FixType \ Patchi | andi | Fatch2 | anda | FPatch3 | Loadvalue |Variab\e| Transient

Setl [[meat e Elland  Ellnone [Flland  Enone  Ellscalar [ 0.0 |[Fied [=)[Fixed ]

| Set? [ (et (=] [ Bl:\and [=J[none [=J[and _[=[naone IB_I:IScaIar =] 00 |[Fied [=])[Fixed =

( Setd [t e Elland Ellnone Elfand  Elfnone  [=[{Scalar ) 00 [Fiwed [=J[Fiked =]

Figure B-3 SurfaceBCs setting

E VolumeBCs |__§§_|
VolumeBCs | ECType. | Pan | Loadvalue
[ set  |lacceleration A, CllAcceleration .

Figure B-4 VolumeBCs setting
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B.2 Ansys Simulation Settings
In the preprocessor, several properties are defined. In the modeling, a solid
cylinder with the radius of 75 nm, depth of 5 um has been created. The bottom surface is
centered at (0, 0). The mesh shape is chosen as “mapped hex” in the “mesh tool”. The
element type is chosen as solid226 (Figure B-5). The analysis type is chosen as
“electroelast/piezoelectric”’ (Figure B-6). In the “material props” option, material models

are defined. (Figure B-7)

Defined Element Types:
ype 1 SOLID226

Add_ | Options_| Deiste |
Close Help

Figure B-5 Element type

Options for SOLID226, Element Type Ref, No. 1

Analysis Type KL Electroelast/Piezoelectric

Structural-Thermal coupling K2 lstmng (matrix) :_j

Electrostatic force K4 ]Applied to every element node LJ
Integration method Kb ]Full Integration j

Thermoelastic damping Ke m

Specific heat matrix K10 !Consistent vi
oK Cancel Help

Figure B-6 Analysis type
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Figure B-7 Material models for ZnO.
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In the solution, loads have been added to the meshed model. In the “structure”
option, certain amount of displacement in the negative z direction has been added to the
top surface of nanowire. All DOFs have been defined as 0 for the bottom surface. In the
“electric” option, voltage has been defined as 0 for the bottom surface. Figure B-8 shows

the main menu.

Main Menu (
=
|
=]
Analysis Type
B Define Loads
Settings
2 Apply
=l Structural
B Displacement
2 0n Lines
#0n Areas
2 On Keypoints
#0n Nodes
# On Node Components
Symmetry B.C.
Antisymm B.C.
Force/Moment
Pressure
Temperature
Inertia
El Pretnsn Sectn
Gen Plane Strain
Other
Electric

Figure B-8 Main menu

B.3 Summary
Two types of simulations have been done for the piezoelectric energy harvester:
mechanical simulation for the whole device and single nanowire electrical potential
distribution due to compression. Here the detailed simulation settings have been

presented.

108



Appendix C
Power Optimization Code in MATLAB
Copyright Yi Li 2015

All rights reserved
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MATLAB function ode15s is used to solve the differential equations. The main
codes are shown below:
global Wpm % width of proof-mass
global Lpm % length of proof-mass
global tom % thickness of proof-mass
global m % mass of proof-mass
global Viias % bias voltage source
global Crias % bias capacitor
global A % magnitude of acceleration
global r1 % tpm/gap of overlap fingers
global r2 % tpm/width of fingers
global qo % initial charges shared between the Ceias and variable capacitors
global g1 % charges on one variable capacitor
global g2 % charges on another variable capacitor
global tstartind % index for the start cycle
global tstartcy% start cycle
global tendcy % end cycle
global R % load resistor
global Noi % number of overlap fingers on one side of proof-mass
global €0 % vacuum permittivity
global hal % initial overlap of overlap fingers
global Ngc % number of gap-closing fingers on one side of proof-mass
global hge % initial overlap of gap-closing fingers
global ggc % gap of gap-closing fingers

global visc % viscosity of air
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global tr1 % distance between the proof-mass and substrate
global p % density of nickel layer
global ki % lateral spring constant
global w % input vibration frequency
% invoke function rigid to solve t and y (g1,92,X,X’)
options = odeset('RelTol',1e-6);
[t, y] = ode15s(@rigid,[0 tendcy*2*3.14/w],[go qo O 0],options);
% find the currents across the load resistors
for i=1:(size(y,1))
% dqgi/dt =k (i,1)
k(i, 1)= - y(i,1)/R/(2*Nor*(€0)*r1*((ho1)-y(i,3))+ 2*Ngc* €0*tpm*hgc/(ggcty(i,3)))
(y(i,1)+y(i,2))/(Cbias)/R+ Vbias/R;
% dqz/dt =k(i,2)
k(i, 2)= - y(i,2)/R/(2*Nor*( €0)*r1*(( hol)+y(i,3))+ 2*Ngc* €0* tpm *hgc/(ggc-y(i,3)))-
(y(i,1)+y(i,2))/(Coias)/R+ Vbias/R;
% Pout(t)
k(, 3)= (R) * ( k(, 1)*k(i, 1)+ k(i, 2)*k(i, 2));
end
% find the index of t matrix at the start cycle
for i = 1:length(t)
if (t(i)< (tstartcy*2*3.14/w))|(t(i)== (tstartcy*2*3.14/w))
tstartind= i;
end
end

% calculate the average power between start cycle and end cycle

111



P=0;
for i=(tstartind):(size(y)-1)
u =k(i, 3)* (t(i+1)-t(i));
P=P+u;
end
Pout = P/(max(t)-t(tstartind));
% The invoked function rigid will solve for t and y (g1,g2,x,X’).
function dy = rigid(t,y)
%y (91,92,X,X)
dy = zeros(4,1); % q1'(0), g2'(0), x'(0), x"(0) =0
% dqg1=dy(1)
dy(1) = - y(1)/R/(2*Nor*(€0)*r1*((ho1)-y(3))+ 2*Ngc*€0*tpm*hgc/(ggct+y(3)))-
(y(1)+y(2))/(Cbias)/R+ Vbias/R;
% dqgz2=dy(2)
dy(2) = - y(2)/R/(2*Nor*(€0)*r1*((hot) +y(3))*+ 2"Ngc"€0*tom " hgc/(gge-y(3)))-
(y(1)+y(2))/(Coias)/R+ Vbias/R;
% dx=y(4)
dy(3) = y(4);
% dx’=dy(4)
dy(4) = (y(2))"2*(2*Nor*€o*r1+ 2*Ngc*€0* tpm*hge/(ggc-Y(3))/(Ige-
Y)N((2*Nor*(g0)*r1*((hot)+y(3))+ 2*Ngc"€0™tom *hgo/(dge-Y(3))))*2/2/m -(y(1))"2*(2"Noi*e0*r1+
2"Nge"€0" tpm™hge/(gac+y(3))/(9acty(3)))/((2*Nai*(€0)*r1*((hor)-y(3))+
2*Ngc*e0*tpm*hge/(9gety(3))))2/2/m -ki*y(3)/(m) - (visc*m/p/tpm/tri + 4*Nor*visc*ho*r1/r3 +
16*2*Ngc*visc*(tpm”3)*hge/((gget0)*3)+16*2*Ngc*visc*(tpm"3)*hgc/((ggc-0)"3)) * y(4)/(m) -

A*sin(w*t) ;
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