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ABSTRACT

DESIGN AND PROTOTYPING OF AN ELECTROMAGNETIC MEMS ENERGY
HARVESTER FOR LOW FREQUENCY VIBRATIONS

Tiirky1lmaz, Serol
M. Sc., Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Haluk Kiilah

September 2011, 83 pages

This thesis study presents the design, simulation, and fabrication of a low frequency
electromagnetic micro power generator. This power generator can effectively harvest
energy from low frequency external vibrations (1-100 Hz). The main objective of the
study is to increase the efficiency of the previously proposed structure in
METU-MEMS Center, which uses the frequency up-conversion technique to harvest

energy from low frequency vibration.

The proposed structure has been demonstrated by constructing several macro scale
prototypes. In one of the constructed prototypes, the diaphragms are connected to a
fixed frame via metal springs. The upper diaphragm having lower resonance
frequency carries a magnet, and the lower diaphragm carries a hand wound coil and a
magnetic piece for converting 6 Hz external vibrations up to 85 Hz, resulting a

maximum voltage and power levels of 11.1 mV and 5.1 pW, respectively.

In an improved prototype, the metal springs are replaced with rubber ones, providing
higher energy conversion efficiency and flexibility to tune the resonance frequency
of both diaphragms to desired values. This prototype provides 104 pW maximum

power and 37.7 mV maximum voltage in response to vibration levels of 30 Hz.



The proposed structure is also suitable to be realized by using microfabrication
techniques. Hence, the structure to be microfabricated is studied and optimized for
this purpose. When scaled to microelectromechanical dimensions, the expected
maximum power and voltage from the 10 x 8.5 x 2.5 mm? generator is 119 nW and
15.2 mV, respectively. A microfabrication process has also been designed for the
proposed generator structure. According to this process, the structure consists of a
stack of two pieces, each carrying different diaphragms. The diaphragms are made of
parylene, and the coil and the magnetic piece are electroplated copper and nickel,
respectively.

As a result of this study, a new topology is proposed for harvesting energy at low
frequency vibrations by the frequency up-conversion technique, and an efficiency
improvement is expected with more than two orders of magnitude (119 nW output
for the same size) compared to the study realized in our laboratory in converting low

frequency (70-150 Hz) environmental vibrations to electrical energy.

Keywords: Micro power generator, Energy harvesting, Frequency up-conversion,

Microelectromechanical systems (MEMS).
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DUSUK FREKANSLI TITRESIMLER iCIN MEMS TABANLI
ELEKTROMANYETIK ENERJI URETECI TASARIMI VE PROTOTIPLEMESI

Tiirky1lmaz, Serol
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Haluk Kiilah

Eylil 2011, 83 pages

Bu tez calismasinda, diisiik frekansli bir elektromanyetik mikro enerji iiretecinin
tasarim, simiilasyon ve mikro tiretim siirecleri sunulmustur. Bu tirete¢ ortamda zaten
varolan disiik frekansli ¢evresel titresimleri (1-100 Hz) elektriksel enerjiye
cevirebilmektedir. Bu c¢alismanin amaci, METU-MEMS Arastirma Merkezi’nde
gelistirilmis olan disiik frekansl titresimlerden frekans yiikseltme teknigi ile enerji

elde edebilen yapinin gelistirilmesi ve daha verimli ¢alismasini saglamaktir.

Onerilen tasarimin calismast makro prototipler ile dogrulanmistir. Metal yaylarin
kullanildig1 bir prototipte, diisiik frekansh diyafram bir miknatis tasirken, yiiksek
frekansli diyaframin iizerinde tel sarimlari ve manyetik malzeme bulunmaktadir. Bu
manyetik malzemenin miknatis tarafindan yakalanip birakilmas: sonucu 6 Hz’lik
cevresel titresimler 85 Hz’lik titresimlere yiikseltilmektedir ve bunun sonucunda

11.1 mV gerilim ve 5.1 pW giic elde edilmektedir.

Gelistirilen bagka bir prototipte daha yiiksek gii¢ degerlerine ulasmak ve
ayarlanabilir genis bir frekans araliginda c¢alisabilmek igin metal yaylarin yerini
lastik yaylar almistir. Bu prototip ile 30 Hz’lik titresimlerde 37.7 mV gerilim ve
104 pW gii¢ degerlerine ulagilmstir.

Vi



Onerilen yap1 ayrica mikro boyutta iiretim icin de uygun nitelikleri tasimaktadur.
Tasarimin mikro boyutlarda iiretilmesiyle, 10 x 8.5 x 2.5 mm® boyutlarindaki
yapidan 15.2 mV gerilim ve 119 nW gii¢ seviyelerine ulasilmasi beklenmektedir.
Onerilen yap1 igin bir mikroiiretim siireci dnerilmistir. Bu siirece gdre enerji iireteci
farkli diyaframlarin bulundugu iki parga igermektedir ve bu iki parganin birbirine
yapistirilmasi ile {iretim sonlanmaktadir. Diyaframlarin iiretiminde parylene
malzemesi kullanilirken, tel sarimlar1 ve manyetik malzeme bakir ve nikel kaplama

teknikleri ile olusturulmaktadir.

Bu ¢alisma sonucunda, diisiik frekansli titresimlerden enerji elde etmek igin frekans
yiikseltme metodu ile yeni bir tasarim onerilmistir ve onceki ¢alismaya gore 10

kattan fazla (119 nW) gii¢ degerine ulasilmas: beklenmektedir.

Anahtar kelimeler: Mikro giic ireteci, Enerji toplama, Frekans cevirimi,
Mikroelektromekanik sistemler (MEMS).
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CHAPTER 1

INTRODUCTION

Recent developments in microelectronics and MEMS (Micro-electromechanical
systems) technology go through challenging improvements especially in portable low
power and low cost electronic systems which includes sensors, actuators and micro
switches. These systems have become an important part of our daily life by their low
cost, small architecture, and enormous functionality. Some of the applications of
these systems are; wireless sensor networks, structural health monitoring and military
applications for powering devices on soldiers. As the size of these systems get
smaller a compatibility problem with common energy sources arouses. Today, the
most common energy sources for those kinds of systems are batteries. However,
there is a bottleneck for delivering power to these systems with batteries because of
their large dimensions. Also, the performance and energy densities of the batteries
have not improved as fast as those of other microelectronic equipment in recent years
[1]. Therefore, batteries have become disadvantageous for powering these systems
both in terms of dimensional limits and in terms of performance parameters.
Accordingly, there has been a trend to use already available energy sources as an
alternative to batteries for powering these devices. Commonly available ambient
energy sources are heat, light and vibration [2, 3]. Among these sources, vibration is
particularly important due to its abundance, and therefore is in the main scope of this
study. The following sections first summarize the various energy sources, and then
provide the outline and scope of this thesis, which is the efficiency improvement of

power generation at low frequency environmental vibrations.



1.1 Batteries as an Energy Source

Batteries are the most common energy sources for supplying power to electronic

equipment used today. Unfortunately, apart from the invention of the battery, power

and energy densities has not improved as fast as the improvement in microelectronics

industry. Also, size of the batteries has not scaled down enough to be integrated with

microsystems. Although size of the batteries have scaled down somehow in years,

most of the batteries are still not compatible for integration into microelectronic or

MEMS devices for an operation lifetime of few to tens of years. Therefore,

alternative energy sources are required especially for small and micro autonomous

systems.

Table 1.1. Comparison of energy harvesting sources together with batteries [6].

Transduction

Power Density

Power Density

3 3
Energy Source Mechanism (pW/_cm _) (pW/c_m )
1-year lifetime | 10-year lifetime
. 15,000 15,000
Solar Photovoltaic o sunny o sunny
150 cloudy 150 cloudy
Piezoelectric
Vibration Electrostatic 4-800 4-800
Electromagnetic
Temperature Gradient Thermoelectric 60 @.5 C 60 @.5 c
gradient gradient
Radio Frequency @ 2.4| Electromagnetic 400@ 1m 400@ 1m
GHz [35] Induction 158@5m 158@5m
air: 200-800
Fluid Flow Wind, Wave water: -
500 mW/cm®
Batteries (Lithium) Electrochemical 89 7
(non-rechargeable)
Batteries (Lithium) Electrochemical 13.7 0
(rechargeable)
Fuel Cells (methanol) Electrochemical 560 56




Scavenging energy from renewable sources for small computing systems is
conceptually the best method for extending battery life, and in some cases, achieving
batteryless operation [4]. Mechanical movements resulting from ambient vibrations,
mobile use of systems, and user interfaces such as keyboards, mice, and trackballs
can be considered as such renewable energy sources [5]. Therefore available
environmental energy sources are started to be considered as an alternative to
batteries. Table 1.1 shows the comparison of power densities of various types of
energy sources including batteries and energy harvesting alternatives which is
pointing out the long term efficiency of energy harvesting methods with respect to
other energy sources [6]. Therefore, the field of energy harvesting is growing both in
terms of academic research area and in terms of new commercial products. Recent
development in energy harvesting technology shows that environmental energy
sources such as heat, light and vibration is able to take place of batteries in near
future to charge electronic systems or increase the energy efficiency of the systems
by reducing the consumed power. Thus, the growing demand for energy harvesters

has motivated the research in this study.

1.2 Energy Harvesting as an Energy Source

Energy harvesting is the conversion of ambient energy (vibration, heat, light) into
electrical energy to power small and autonomous electronic devices. For most of the
electronic systems, sustainable energy is the most important problem and energy
harvesting is the forthcoming solution for energy problems in the next decade.
Recent development in energy harvesting technology shows that environmental
energy sources have a growing market demand to supply electronic systems shown
in Figure 1.1 [7].

Improvements in the low power electronics are an opportunity for energy harvesting
technology to be a part of the electronic devices as the power consumption of the
electronic systems decrease. Generated power levels is increasing by energy
harvesting and power consumption of electronic devices is decreasing which makes
the energy harvesting technology feasible and popular to power small electronic

systems.
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Figure 1.1. Energy harvesting market in 2011 [7].

Most of the electrical and electronic devices are becoming integrated with energy
harvesting components so that energy consumption is completely provided by the
energy harvesting module or the battery life is extended, increasing the energy
efficiency of the system [7]. Figure 1.1 gives a brief information about today’s
energy harvesting market. The total market value of energy harvesting products is
$ 700 million and most of the market is dominated by consumer electronics and
military-aerospace applications. According to Figure 1.2, energy harvesting market is
expected to reach a market value of $ 4.4 billion in 2020 with a market leader of

wireless sensor networks.

Figure 1.3 shows the future trends of the energy harvesting for possible application
areas. The dimensions of the devices we are using today are becoming even smaller
which arouses the need for smaller energy sources other than batteries. Batteries
cannot be integrated into small systems because of their large sizes. Therefore
energy harvesting seems to be a solution for supplying power for small autonomous
systems. Besides the application area of autonomous systems, energy harvesting will



take place for other systems such as building automation, industrial processes,
medical, military, and automotive for today and near future.

InU S$ millions Other, 90 Wristwatches, 40.8
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(excluding Sensors), 230, S
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Mesh WSN, 1050_ Consumer Electronics , 840

Figure 1.2. Energy harvesting market forecast for 2020 [7].

2010 12012 2014 | 2020 | 2024

Devices where size and cost | A high percentage of home automation, building automation, industrial
are not too demanding. There | processes, medical, military, automotive, electronic toys, road furniture,
are examples within small signage, electronic billboards and posters and active radio frequency
parts of the sectors: home identification RFID.

automation, building
automation, industrial
processes, medical, military,
automotive, road furniture
and active radio frequency
identification RFID.

Integral phone, e-book and laptop chargers such as sprung rollers of photovoltaic film,
extended when needed.
Energy harvesting e-labels and e-packaging

Widespread sensor networks in inaccessible places,
including in people, on trees in forest fires,
embedded in concrete and dropped on the moon or
in battle. Energy harvesting laptops and phones
widely deployed in the third world

Figure 1.3. Timeline for widespread applications of energy harvesting [7].



Furthermore, the only limiting factor for energy harvesting is the working condition
of the device or the system on which energy harvesting module will be implemented
instead of batteries. Therefore ambient energy source type is the most important
parameter for energy harvesting systems. Ambient energy sources are composed of
solar energy, waste heat and environmental vibrations. In the scope of this thesis

study, environmental vibrations will be investigated for energy harvesting.

1.3 Vibration Based Energy Harvesting

Vibration based energy harvesting is becoming more popular day by day because of
the abundance of the environmental vibrations and wide application areas. Some of
the vibration sources in the environment are human movements, vehicle motion,
common household goods (fridges, washing machines, microwave ovens etc.),
industrial plant equipment, moving structures such as buildings and bridges [8].
However, for human power based applications, the vibration frequencies are low
while the displacements are large [9, 10]. Due to these characteristics, the scope of
this thesis is limited to low frequency vibration energy harvesting with relatively

large displacements.

There are three types of vibration based energy harvesting techniques namely:
electrostatic, piezoelectric, and electromagnetic energy harvesting. Electrostatic
energy harvesting is based on the relative movement of the electrically charged
plates of a capacitor with respect to each other, and energy is generated by the
change in capacitance and corresponding charge transfer between the plates in
response to the external vibrations. Piezoelectric energy harvesting is based on the
response of a piezoelectric material to an applied stress. An instantaneous voltage is
generated across the piezoelectric material when the stress over the material changes.
Electromagnetic energy harvesting is based on the Faraday’s Law of electromagnetic
induction. Electrical energy is generated by the relative motion between a coil and a
magnet. The configuration of the magnet or the coil can be modified to reach higher
energy levels according to the application. In the scope of this thesis study,

electromagnetic energy harvesting will be discussed in detail.



1.4 Electromagnetic Energy Harvesting

The basic principle in electromagnetic energy harvesting for the generation of
electricity is based on the Faraday’s law of electromagnetic induction. When an
electric conductor is moved along a magnetic field gradient, a current is induced
through the conductor, opposing the change in the magnetic field. This results in an
emf (electromotive force) across the conductor proportional to the time rate of
change of the magnetic flux. VVoltage is linked to the flux change and the velocity. In
the case of a coil moving in a magnetic field gradient, the induced voltage across the

coil is proportional to the magnetic flux change and number of coil turns as given in

(2):

g(t)=——-=—— (1.1)

where € is the induced voltage, ® is the magnetic flux, B is the magnetic field

intensity around the coil, A; is the area of each coil turn, t is time, and n is the total

number of coil turns.

Figure 1.4 shows an energy harvesting application of this phenomenon. The
harvester is composed of a stationary magnet and parylene cantilevers with planar
micro coils fabricated on top [11]. Power is generated through the relative motion of

the magnet and the cantilevers.

Coil Tums

g r/
ey (170
Vo ey
/ (,//// V
B //
[y_(t / Resonating

Cantilevers

Figure 1.4. lllustration of an electromagnetic harvester [11].



While converting mechanical energy into electrical energy, electromagnetic energy
harvesting has advantages over other methods. Electromagnetic energy harvesting is
more conformal with micro fabrication steps and no voltage or charge source is

required as in electrostatic energy harvesting.

1.5 Review of Electromagnetic Energy Harvesters

Most of the studies in this area exist in centimeter scale where the implementation is
quite easier compared to micro scale implementations. However, micro scale studies
are also carried out by micro fabrication techniques. The earliest micro scale device
was reported by researchers from the University of Sheffield, United Kingdom in
1996 [12, 13]. The device fabrication is achieved in such a way that structures are
fabricated on two different wafers and at the end of the fabrication, two wafers are
bonded together using silver epoxy. The upper gallium arsenide (GaAs) wafer
consists of a circular polymide membrane and the lower wafer has planar integrated
coils with 2.5 um thickness and 5 pm spacing. The device generates 0.3 uW at an

operation frequency of 4.4 kHz with an acceleration of 382 m/s®.

The low power output levels of micro generators have aroused the need for milli
scale designs to achieve higher power levels. One of them is proposed by Hami et al.
in 2000 [14]. Figure 1.5 shows the generator which is composed of a cantilever beam
and magnet assembly. The cantilever beam is supported by a housing. There are two
magnets placed in opposite direction with each other. This magnet configuration
creates a uniform magnetic field through the air gap. The coil is placed in the air gap
between the magnets at the right position on the direction of the movement of the
mass. As the housing is vibrated, the mass moves relative to the housing,
sinusoidally causing the magnetic flux to pass through the coil. This induces an
electromotive force on the coil, generating a power level of 0.53 mW within a

volume of 240 mm? at a vibration frequency of 320 Hz.

As reported above, most of the electromagnetic energy harvesters are designed to

operate at high frequencies. This is because of the generation of low power levels at



low frequency vibrations. Nevertheless, there are also some harvesters designed for
lower frequencies, achieving moderate power levels. One of them is proposed by
Beeby et al. in 2007 [15]. The device is a coil-based electromagnetic energy
harvester with optimized magnet geometry, which can generate 306 pW/cm?® at 52
Hz input vibration. The design has four NdFeB magnets on the top and bottom
surfaces of a cantilever as shown in Figure 1.6. The arrangement of the magnets
produces a concentrated magnetic flux through the stationary coil when the magnets
move. This results in an emf (electromotive force) across the conductor proportional

to the time rate of change of the magnetic flux.

magnet —. core —
Vs, s
0 o 1
) ’2 Xl
: ) t
< 1
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Figure 1.5. Dimensional drawing of beam/magnet assembly [14].

As can be seen from the above examples, in vibration based energy harvesting, the
generator is exposed to external vibrations and this results in a position change
between a magnet and a coil, leading to an induced voltage. However, the resonance
frequency of the generator should match with the natural frequency of the external
vibrations for maximum energy extraction. Otherwise, the generator movement is
limited in response to external vibrations. To solve this problem, some generators are
designed in a way to work within a range of frequencies, and these are referred as

wideband generators.
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Figure 1.6. Cross section of an EM energy harvester operating at 53 Hz [15].
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One of these generators is proposed by Ching et al., a multimodal resonant energy
harvester with a total volume of 1 cm® generating a maximum power of 830 pW at
frequencies ranging from 60 to 110 Hz [3]. The generator works in a wide range of
external vibrations to drive low power ICs or micro sensors. The generator consists
of a NdFeB magnet, springs and coil turns. The spring is attached to the magnet and
a solid frame. The electrical coil is fixed on the rigid housing. When the rigid
housing vibrates with external vibrations, the magnet moves relatively to the coil
with three different modes of resonant vibration. The varying amount of magnetic

flux passing through the coils induces a voltage on the coils.

Another wideband vibration energy harvester is proposed by Sari et al. in 2008, at
which the micro generator is capable of generating power over a predetermined
frequency range [16]. Power is generated by means of the relative motion between a
magnet and coil turns fabricated over resonating cantilevers. Figure 1.7 shows the
wideband operation of the device which is obtained by the implementation of

cantilevers with different lengths with varying natural frequencies.

As the resonance frequency of the vibration based energy generators decreases,
generator volume starts increasing due to large mass requirements to lower the

operation frequency. This requirement causes an increase in the magnet dimensions,

10



resulting in higher magnetic field strengths which enable higher generated voltage
levels. As a result, achieving higher voltage levels at low frequencies by larger
magnet configurations enlarges the overall volume of the generator. Therefore, at
low frequencies, mostly centimeter scale generators exist in the literature. One of
them is proposed by Amirtharajah et al. in1998, an electromagnetic energy harvester
with a power density level of 17 pW/cm? operating at 2 Hz vibration frequency [17].
A moving coil electromagnetic transducer was used as power generator and a power
level of 400 uW is expected according to calculations. Another low frequency
generator is developed by Nakano et al. in 2002, with a moving magnet that delivers
150 pW/cm® at 2 Hz vibration frequency [18]. In another study, with a vibration

energy harvester that is able to harvest energy from self-excited rotation, 190

uW/cm?® power density at 6 Hz vibration frequency was reported by Sasaki et al.

890||m1
1007um

OPENING
FOR
MAGNET

No.of Coil Turns: 10

Figure 1.7. Wideband electromagnetic generator [16].

Apart from the generators listed above, a novel method, called frequency up-
conversion, up-converting the low frequency vibrations to a higher frequency to
generate power through electromagnetic induction has been proposed by Kiilah and
Najafi [19]. In this method, topology consists of a low frequency magnet diaphragm
and high frequency cantilevers on which coils are fabricated.

11



In this structure, a magnet diaphragm holds a NdFeB magnet for both frequency up-
conversion and power generation through electromagnetic induction. The diaphragm-
magnet assembly resonates in response to vibrations of 1 Hz. The cantilevers have
coil turns for induction, and a higher induced resonance frequency. Also, at the tip of
the cantilevers, magnetic actuation area exists for interaction with the magnet. The
distance between magnet and the cantilevers is optimized such that the magnet
catches the cantilever at some point during movement, pulls them up, and releases at
another point. The released cantilevers starts resonating at their damped natural
frequencies, realizing the frequency up-conversion, hence increasing the energy
harvesting efficiency. The reported energy harvester prototype has a power density
of 0.05 uW/cm?® within a practical prototype volume of about 2.3 cm?, operating at 1
Hz input vibration frequency. A microfabricated version of this device is also
reported by Sari et al. in 2008 (Figure 1.8) [20], generating a power of 0.25 nW per
cantilever, up-converting the vibrations at a frequency range of 100 Hz.

Although, the micro fabricated version of the frequency up-conversion mechanism
has an impact in the literature by converting low frequency vibrations to high
frequency vibrations, thus enhancing the possibility of working in low frequency
environments, the generated power level still needs improvement. The main reason
for this low power level is the low number of coil turns (due to insufficient area) in
each cantilever and high resistance (due to low thickness) of coil turns. Each
cantilever has 6 coil turns having a thickness of 0.1 pum decreasing the available
power level. Another important factor that results in the low output power is the

synchronization problem of the different cantilevers.

The device is composed of 20 cantilevers, but integrating 20 consecutive cantilevers
into the first generation module, depicted in Figure 1.8, did not yield proportionate
scaling of the output power compared to a single cantilever. This was due to the
variation between the natural frequencies of the cantilevers, and not perfectly
synchronized catch and release moments of the cantilevers, which resulted in phase

shifts across the cantilever outputs, reducing the available aggregate power.

12
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Figure 1.8. First generation frequency up-conversion design [20].
The first generation frequency up-conversion design has the following problems;

1. Insufficient area (1000 x 430 um?) for coil turns, resulting a total number of 6
coil turns on each cantilever,

2. Low number of coil turns on each cantilever, resulting in the generation of
low voltage levels,

3. High coil resistance due to low coil thickness, decreasing the generated
power levels,

4. Variation between the natural frequencies of the cantilevers, causing phase
shifts across the cantilever outputs and synchronization issues, reducing the

available aggregate power.
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1.6 Objective of the Thesis Study

The aim of this thesis study is to improve the energy efficiency of the first generation
electromagnetic frequency up-conversion design described above at low frequency

environmental vibrations.
The proposed new architecture focuses on the following goals;

1. Increase the coil area, hence the number of coil turns to achieve the desired
voltage levels,

2. Decrease the coil resistance by implementing thick coil layers so that
generated power level is increased,

3. Eliminate and solve the phase shift and synchronization problem across the

cantilevers.

In order to achieve the above objectives, the following steps are planned to be

realized.

1. Modeling and design of a monolithic diaphragm based frequency up-
conversion architecture.

2. Mechanical design and analysis of the proposed design in Comsol®
Multiphysics® for proper operation.

3. Development of an automation engine for the analysis of the performance
parameters.

4. Simulation of finalized design in Matlab® Simulink® and in the development
tool (automation engine).

5. Fabrication and testing of the proposed design in macro scale for proof of
concept.

6. Fabrication and testing of the proposed design in micro scale.

14



1.7 Outline of the Thesis

In the first chapter, energy harvesting alternatives have been discussed and the focus
has been given to vibration based energy harvesters. Following this, a detailed
review of electromagnetic energy harvesters has been presented. This is followed by

the statement of objectives and aims of the study.

In the second chapter, a new frequency up-conversion method has been proposed to
accomplish the objectives of the thesis. Mathematical analysis, mechanical design
and related modeling and simulation results have also been presented in this chapter.

Following the modeling and simulation, Chapter 3 presents the macro scale
prototyping of the proposed micro generator structure. Fabrication steps of the macro
prototype have been explained and experimental results have also been discussed in

this chapter.

Chapter 4 deals with the detailed micro fabrication procedure of the proposed micro
generator. Microfabrication steps of the generator have been explained in this

chapter.

Finally, chapter 5 presents concluding remarks and future work recommendations.
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CHAPTER 2

THEORY, DESIGN AND SIMULATIONS OF
THE LOW FREQUENCY
ELECTROMAGNETIC ENERGY HARVESTER

This chapter presents the theory, design and simulation of the second generation
frequency up-conversion design. Firstly, Section 2.1 discusses the design properties
and advantages of the proposed frequency up-conversion design, and it presents
solution approaches for improving the cantilever based design shown in Figure 2.1.
Section 2.1.1 and 2.1.2 describes various types of monolithic diaphragms as an
alternative to cantilevers. Afterwards, the appropriate diaphragm design has been
selected considering the available area for coil turns and displacement amounts. The
mechanical modeling of the diaphragms and simulations are performed in Comsol®
Multiphysics® environment in these sections. After the selection of the suitable
diaphragm for proper operation, Section 2.2 presents detailed mathematical model,
analysis, and related simulation results. For measuring the performance of the design
in response to different design parameters, a user interface based development tool
has been built up in Visual® Basic® environment. Section 2.3 explains the details of
this development tool which takes design and excitation parameters as input, and
estimates output voltage waveforms and power levels. The chapter is finalized with

the performance results of the proposed generator.
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In the new design, a diaphragm structure exists instead of cantilevers on which micro
coils are fabricated. The magnet diaphragm is excited by low frequency
environmental vibrations. Magnet diaphragm starts resonating in response to these
vibrations and catches and releases the lower high frequency coil diaphragm. After
the release, the coil diaphragm starts resonating at its own damped natural frequency.
Voltage is generated by the relative motion of the coil diaphragm with respect to the

magnet.

Diaphragm Resonating with Diaphragm Resonating with
Ambient Vibration Diaphragm Beams

Ambient Vibration

\

Diaphragm Beams

Magnet

Coil
Metal for Magnetic Actuation Parylene Cantilevers Metal for Magnetic Actuation Parylene Cantilevers

Figure 2.1. First generation frequency up-conversion design [20].

2.1 The proposed frequency up-conversion structure

Figure 2.2 shows the proposed frequency up conversion structure. The structure
consists of an upper and a lower diaphragm (Figure 2.3), having different resonance
frequencies. The upper diaphragm holds a NdFeB magnet both for frequency up-
conversion and power generation through electromagnetic induction. The diaphragm-
magnet assembly resonates with vibrations in the range of 1-100 Hz. The lower
diaphragm has coil turns for induction, and a higher induced resonance frequency of
2-3 kHz. Also, in the middle of the lower diaphragm, magnetic film is formed for
interaction with the magnet. The distance between the diaphragms is optimized such
that the magnet catches the lower diaphragm at some point during movement, pulls
up, and releases at another point. The released lower diaphragm then starts
resonating at its damped natural frequency with the given initial condition, and hence
up converts frequency of vibrations. The motion of the released diaphragm

exponentially decays out, but the cycle restarts before the induced vibration dies.
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The proposed design shown in Figure 2.2, improves the performance of the
cantilever based first generation frequency up-conversion design by using a

monolithic diaphragm instead of cantilevers, increasing the available area for
implementation of maximum number of coil turns.

Low frequency
magnet diaphragm

High frequency
coil diaphragm

Figure 2.2. Schematic view of the proposed frequency up-converter (FUC) design.

Nickel Coil turns
Low frequency

magnet diaphragm

High frequency
coil diaphragm

Contact pads

Parylene diaphragm arms Parylene diaphragm arms

Figure 2.3. Low frequency magnet diaphragm (left), high frequency coil diaphragm
(right).
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2.1.1 The design of the lower diaphragm

After explaining the whole structure and the proposed new frequency up-conversion
design with two diaphragms, the design and the mechanical structure of the lower
diaphragm can be presented. Structure of the diaphragm is an important performance
parameter for the whole design, considering the factors such as maximization of
available area for coil turns, achieving the vertical displacement during the motion
and realizing reliable operation. Within the scope of designing a monolithic
diaphragm instead of cantilevers, mechanical models have been developed for

different diaphragm types.

These diaphragm types have been modeled in Comsol® Multiphysics® environment,
considering the dimension restrictions for MEMS design and packaging, allowing an
available area of 10 x 8.5 mm? This is followed by the mechanical simulations
testing the vertical motion of the diaphragms, indicating to be an appropriate

candidate as a lower diaphragm for frequency up-conversion mechanism.

Alternative diaphragm designs studied in this work are shown in Figure 2.4-6. The
first diaphragm type shown in Figure 2.4 has a high displacement amount vertically
in z direction, resulting in high voltage levels by the high rate change of the magnetic
flux lines through the coils on the diaphragm. However, the proposed diaphragm has
more than one mode shape within close frequency values, resulting motion in x and y
direction which is not appropriate for the frequency up-conversion mechanism. This
problem has been solved in the second alternative design presented in Figure 2.5 by
using stiff and rectangular shaped arm structures. However, considering the need for
a large area for the coil turns, second alternative is also eliminated. Therefore, the
requirements of vertical motion in z direction and a large area for maximum coil
turns have aroused the need for another design. The third design shown in Figure 2.6
has been developed in order to satisfy the requirements for larger area
(3.8 x 3.8 mm?), allowing the implementation of high number of coil turns (96 turns),

while retaining a significant amount of motion in the z-direction.
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2.1.2 Mechanical Modeling of the Diaphragm

After the discussion and determination of the most suitable diaphragm type, the
optimization of the diaphragm parameters is studied. This includes the investigation
of the mechanical design parameters such as structural material properties,
dimensions of the diaphragm and the diaphragm arms, the number of arms attached
to the diaphragm structure which affects overall stiffness, natural frequency, and the

displacement amount of the structure.

Figure 2.5. Second alternative design for coil-diaphragm.
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Figure 2.6. Third alternative design for coil-diaphragm.

In this study, Parylene C is used as the structural material for the diaphragms. The
reason for selecting Parylene C is its high reliability for large deflections in response
to vibrations [4]. The thickness of the parylene is adjusted in such a way that desired
natural frequency values are obtained for the diaphragms. This is critical for the
dynamic system performance especially for the frequency up-conversion technigue.
Therefore, in this part determining the natural frequency of the diaphragms will be

discussed.

The natural frequency of the diaphragms can be calculated as:

Wn = & (21)

where Keq is the equivalent stiffness of the diaphragm arms and meq is the equivalent
mass of the diaphragm. In order to calculate keq, the stiffness of each arm should be
calculated. The stiffness of a rectangular fixed-fixed beam can be used for this

calculation:
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192ElI 24El
(keq ) single — W = E (2.2)

arm

where E, | and L are the modulus of elasticity, area moment of inertia and length of
each arm. Then, for 8 arms connected in parallel, the stiffness equation can be

defined as,

192El
keq = 8(keq ) single™ — 3

in E (2.3)

The equivalent mass lumped at the midpoint for a fixed-fixed beam with mass “2m”
can be determined as:

—13(2 )=0.37(2m)=0.74
meq—£ m)=0. m)=0.74m (2.4)
For the coil diaphragm, since there are 8 arms, a magnetic actuation material
(nickel), and coil turns, the total equivalent mass becomes,

| + Mcoil (2-5)

My, =9.92m+M ;..
The mass of the nickel film can be expressed as follows;

IVlnickel = an x bn x Cn x pnickel (26)

Figure 2.7. Magnetic actuation area for magnetic actuation.
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The mass of the coil turns are:

M, ;=L xwxtxd, (2.7

coil

where L stands for the total length of the coil, w is the width of the coil, t is the

thickness and d is the density of the coil material as shown in Figure 2.8.

Coil turns

Cross sectional area

Figure 2.8. Cross-sectional area of rectangular coil.

As a result for the coil-diaphragm, the natural frequency becomes:

o R 192E] 28
" \m (5.92m+ M,y + M, L )

eq

For the magnet diaphragm, magnet mass should be considered in the calculation of
natural frequency of the diaphragm. Since there are 8 arms and a magnetic mass,

Mmagnet, the total equivalent mass becomes,

Mg, =9.92M+M (2.9)

As a result for the magnet-diaphragm, the natural frequency of the first bending

mode is,

_ Keg 192ElI )10
""\Ym (5.92M + M e I (2.10)

€q
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2.2 Modeling and Simulation

Following the simulations and mechanical design, a mathematical model for the
induced voltage and power is constructed. Afterwards, equation of motion for the
diaphragms is developed and mechanical properties and necessary equations are

obtained for the dynamic model of the system.

The basic electrical model for the high frequency coil diaphragm is shown in Figure

2.9. The power delivered to the load resistance through the coil is:
1.
P=E|2RL (2.11)

where R_ is the equivalent load resistance of the electrical circuitry. The current

induced through the coil, denoted as i, can be defined through,

j=_ & (2.12)

Coil Diaphragm . 3.8mm

Figure 2.9. Basic electrical model of a coil driving a resistive load.
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In this equation, R is the coil resistance and R is the resistive load driven by the

coil.

The resistance of the a rectangular cross sectioned coil is defined by;

Rc=p (2.13)

L
A
where p is the resistivity of the coil material, L is the length and A is the cross
sectional area of the coil. ¢ is the total induced voltage across the coil according to

the Faraday’s Law of Induction, and can be expressed as:

L 214
gt dzae (2.14)
where ®@ is the magnetic flux, A; is the area of the each coil turn, B is the magnetic

field intensity across the coil produced by the magnet, which can be calculated as:

atan 2a1a22 -
B 2z.Ja; +a; +4z
B(z)= -t o (2.15)
T
—atan 48
2(z+d) Ja’+a2+4 (z+d)?

where a;, a; and d are the magnet dimensions, B, is the residual magnetic flux

density, and z is the distance from the magnet.

After obtaining suitable expressions for induced voltage, area of each coil turn, and
magnetic field, B, the relative velocity term, dz/dt should be determined. For this
purpose a suitable mechanical model should be constructed.
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Resonating

Coil diaphragm

Figure 2.10. Equivalent mechanical model of the dynamic system.

Environmental vibrations excite the mechanical structure of the system shown in
Figure 2.10. Displacement of the whole system is defined as “y” and displacement of
the magnet in response to excitation is defined as “x”. The diaphragm-magnet
assembly resonates with vibrations in the general range of 1-100 Hz in response to
the environmental vibrations and catches the lower diaphragm, pulls up, and releases
it at some point. The released lower diaphragm then starts resonating at its damped
natural frequency with the given initial condition. The motion of the released
diaphragm exponentially decays out, but the cycle restarts before the induced
vibration dies. The natural frequency of the coil diaphragm is designed as to be much
higher than the frequency of environmental vibrations so that environmental
vibrations do not affect the motion of coil diaphragm. In this model, the dynamic

behavior of the magnet diaphragm [21] can be defined as:
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The resulting steady-state behavior of the magnet diaphragm can be represented by

the following equation.

m,W>Y W
t) = md t 2.17
Zna(t) = MW + jwb,, + K,y |Sm(W ) @17

where Z 4 is the relative displacement of the magnet with respect to the base, M4
is the mass of the magnet, K, is the equivalent stiffness of the magnet diaphragm,

b., is the equivalent damping constant for the magnet diaphragm and &4 is the

damping ratio of the magnet diaphragm.

The dynamic behavior of the high frequency coil diaphragm [21] is given by:
mcdzcd +bcdzcd + kcdzcd =0 (2-18)
Because the natural frequency of the coil diaphragm is much higher than the

environmental vibrations, it is assumed that environmental vibrations do not affect

the movement of coil diaphragm. In the final equation,Z is the relative
displacement of the coil-diaphragm with respect to the base, M is the equivalent

mass, K. is the equivalent stiffness, b, is the equivalent damping constant and ¢

is the damping ratio of the coil diaphragm.

The relative displacement of the coil diaphragm with respect to the base, Z, can be

obtained by solving the above equation with the initial conditions [21]. As a result,
using Laplace transformation the relative velocity of the coil diaphragm is obtained
as:

—Cqunt

2(t) = ~2oW,, =——==sin(w,t) (2.19)
\/1_ Ceq

where zq is the initial displacement imposed on the coil diaphragm, wq and w, are the
damped natural and natural frequencies of the coil diaphragm, respectively. e is the

equivalent damping ratio of the system.
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As a result, when only the initial conditions are considered the output voltage

generated by the coil diaphragm is:

~CeqWpt n
&= o _ de w e—sin(wdt)ZAi (2.20)

N el

and power term can be expanded as:

2

_Cqunt n
Bz,w, . sin(w,t) > A,
1-¢; i-1
o 1 S R, (2.21)
2 R, +R¢

In the equations above, wy is the damped natural frequency of the coil diaphragm
defined by,

Wy =W, \/1—Ge” (2.22)

Up to this point, the diaphragms are modeled for their separate motion independent
of each other. However, due to the operation principle, the system actually has two
operation modes: (i) the separate motion at which the magnet and coil diaphragm
move separately and (ii) the combined motion at which they move together. The
contact force obtained from the governing equation [21] for the combined motion

can be defined as follows,
T=m_(Z+Vy)+b 2+k ,(2-58) (2.23)

For the combined motion, contact force should be larger than the magnetic attraction
force, and magnetic attraction force needs to be larger in order to make diaphragms

move separately. This condition can be represented as follows:

Combined motion T > -F,
Separate motion T < -F, (2.24)
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T is the contact force between the bodies and Fy, is the magnetic attraction force

between the diaphragms during contact and it is defined by,

F= o (2.25)
2p,
where B is the magnetic field density defined previously, An is the magnetic contact

area, and ., is the permeability of free space [21].

With these equations, the analytical modeling of the proposed structure can be done.
In order to be able to simulate many conditions in a systematic way, a development
tool is designed, based on these equations. This will be explained in the following

section.

2.3 Development Tool

For predicting the performance of the proposed design in response to different design
parameters, a user interface based development tool has been built up in Visual®
Basic® environment. Figure 2.11 shows the tool output from the energy harvester
module. The tool includes the automation of the physical equations and additional
modeling capabilities to achieve simulation accuracy for the generator performance,
while accommodating improvements in the design topology studied in this work with
respect to the previous study [20]. The tool takes design and excitation parameters as

input, and estimates output voltage waveforms and power levels.

The evolution of the energy harvesters from first to second generation is a good
example of such design advancement. For example, empirical measurement based
miscorrelation factors due to material and fabrication tolerances as well as
measurement errors have been integrated into the development tool. The correlation
factors have been established after the validation of the first generation MEMS
module. In addition, the tool can accommodate topology changes with minimum

incremental effort.
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Figure 2.11. Development tool for estimating power output from the second

generation MEMS energy harvester module.

While calculating the voltage and power outputs, the most important parameter is the
release height of the coil diaphragm. This parameter is calculated in Simulink®
environment and all other parameters of the generator are justified in order to
maximize the release height of the coil diaphragm. Release height of the diaphragm
is directly related to the mechanical structure and design of the diaphragm
(Figure 2.12), magnetic actuation area and the strength of the magnet (Figure 2.13).
As discussed previously, diaphragm design has been determined in such a way to
maximize the area for coil turns and maximize the displacement in z direction at the
same time. Following this design, magnetic actuation area is the next important
parameter affecting the release height of the diaphragm. Figure 2.14 and Figure 2.15
show the release height of the lower diaphragm with respect to different magnetic

actuation area values.
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Magnetic actuation area

Elastic arms

Figure 2.12. Mechanical structure of the coil diaphragm.

Figure 2.13. Schematic drawing of the magnet diaphragm together with the coil
diaphragm.
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diaphragm: a close-up view of Figure 2.14.
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Figure 2.16. Effect of magnetic actuation area on realization of separate and

combined motion of magnet and coil diaphragm.

As magnetic actuation area increases, the catch point (release height of the
diaphragm) also increases, resulting high voltage and power levels (Figure 2.15).
However, an increase in magnetic actuation causes the magnetic attraction force to
be stronger than the tension force (2.24) all the time, resulting in a combined motion

as presented in Figure 2.16.

Realization of the frequency up-conversion by sweeping the magnetic actuation area
states that increasing the magnetic actuation directly affects the catch and release
points of the coil diaphragm. The catch point of the coil diaphragm is the release
height of the coil diaphragm which is the most important parameter for achieving

higher voltage levels at the same size without increasing the device dimensions.

Table 2.1 shows the relation between the magnetic actuation area, release height of

the coil diaphragm and accordingly induced voltage and power levels.
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Table 2.1. Effect of varying magnetic actuation area on the performance of the

generator.
Magnetic actuation area
Parameters
1000x1000 pm? | 1500x1500 um? | 2000x2000 pm? | 2500x2500 pum?
Release height (um) 21 33 51 76
Resonance
frequency of coil 1960 1883 1799 1702
diaphragm (Hz)
Peak voltage (mV) 10 15,2 22,4 31,5
RMS voltage (mV) 3,52 5,3 8 11,1
Peak power (LW) 0,052 0,12 0,258 0,514
RMS power (LW) 0,0076 0,017 0,0396 0,0795

An increase in the magnetic actuation area, keeping all other parameters constant
causes an insignificant decrease in the resonance frequency of the coil diaphragm,
but an enormous increase in release height of the coil diaphragm (Figure 2.17).
Accordingly, generated power levels increase in response to the increased release
height of the coil diaphragm (Figure 2.18). This results in an improvement in

generated power levels up to 0.5 pWatts.

Table 2.2 shows the improved parameters and simulation results for the generator. A
sample simulation of the model using a MEMS chip size of 10 x 8.5 x 2.5 mm?® is
depicted in Figure 2.19. Simulations predict the expected maximum voltage and

power from the second generation design as 15.2 mV and 119 nW, respectively.
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Table 2.2. Simulation parameters of the generator.

Input vibration frequency

50-200 Hz

Magnet type NdFeB (1.18 T)
Magnet dimensions 3.8x3.8x 1.5 mm’
Device dimensions 10 x 8.5 x 2.5 mm”®
Natural freq. of coil diaphragm 1.8 kHz

Coil diaphragm size

3800 x 3800 x 20 um°

Material for magnetic actuation

Nickel

Magnetic actuation area

1500 x 1500 x 9 pm®

Diaphragms structural material Parylene C
Length of each diaphragm arm 1000 pm
Width of each diaphragm arm 555 um
Thickness of each diaphragm arm 20 um
Total number of diaphragm arms 16

Magnet area on the diaphragm 3.95 x 3.95 mm”
Natural freq. of magnet diaphragm 114 Hz
Release height of coil diaphragm 33 um
Effective frequency range of the device 50-200 Hz
Distance between magnet and coil diaphragm | 500 um
Magnetic flux density 0.19 Tesla
Coil width 10 um
Coil spacing 10 pm
Coil thickness 10 um
Coil resistance 143 Q
Number of coil turns 96

Peak voltage output 15.2 mV
RMS voltage output 5.8 mV
Peak power output 119 nW
RMS power output 21.1 nW
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2.4 Conclusion

This chapter presented a micro generator design for harvesting energy from low
frequency environmental vibrations within the scope of this thesis study. A detailed
mathematical analysis and simulation parameters with governing motion equations
have been given. These equations and parameters are then automated in a
development tool engine in order to measure the performance of the generator with
minimum incremental effort. The tool takes design and input parameters as input and
estimates the mechanical parameters of the design, voltage and power output levels.
These results are considered in fabrication steps especially for the mechanical design.
With the proposed design, more than three orders of improvement is expected with
respect to the previous one in term of generated power. Coil resistance is reduced to
143 Q, synchronization and phase shift problem is eliminated. In the next chapter, the

macro scale prototyping of the generator will be discussed.
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CHAPTER 3

MACRO SCALE PROTOTYPING OF THE
ENERGY HARVESTER

This chapter presents the design, fabrication and test results of the macro scale
prototypes of the micro generator for verifying the feasibility of the frequency
up-conversion with two diaphragms and for investigating the important parameters
affecting the performance of the generator. In this scope, two different prototypes are
fabricated: one having metal springs and the other one having rubber springs. First,
Section 3.1 gives the properties of these macro scale prototypes. This is followed by
the fabrication steps of the prototypes in Section 3.2. Afterwards, Section 3.3
presents the test setup. Finally, the chapter is completed with the presentation of the

experimental results in Section 3.4.

3.1 Properties of the Macro Scale Prototype

Figure 3.1 depicts the schematic of the macro model for the proposed power
generator consisting of two diaphragms, one carrying a magnet and the other
carrying a coil and a magnetic piece. The diaphragms having different resonance
frequencies are connected to a common frame and the magnetic frequency up-
conversion is realized via the pull and release mechanism between the magnet and

the magnetic piece.
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3.1.1 Metal Spring Prototype

Figure 3.2 shows the fabricated metal spring energy harvester prototype. In this

prototype, the diaphragms are connected to a fixed frame via metal springs. The

upper diaphragm having lower resonance frequency carries a NdFeB magnet, and the

lower diaphragm carries a hand wound coil and a magnetic piece. The feasibility of

the prototype is verified by converting 6 Hz external vibrations up to 85 Hz,

implementing 25 coil turns, resulting a maximum voltage and power levels of 11.1

mV and 5.1 uW, respectively (Figure 3.3).
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Metal for Magnetic Actuation Parylene Diaphragm

Diaphragm Resonating with
Ambient Vibration

Nickel

Diaphragm Beams

High Frequency il
Diaphragm (fi<<f,)

Figure 3.1. The proposed generator system.
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Although the frequency up-conversion concept is realized by the test results,
requirements of high acceleration levels caused the prototype to be tested with
human motions by which high acceleration and displacement levels can be achieved
with respect to vibration exciter. This aroused the need for the fabrication of another
macro prototype in order to have test results by controllable input and excitation

parameters with vibration exciter.

o
Nickel piece
magneticactuation

Figure 3.2. First macro scale prototype of the generator for proof of concept, coil

diaphragm (left), the whole system (right).
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Figure 3.3. Voltage output from the macro prototype, realizing the frequency up-

conversion.

41



3.1.2 Rubber Spring Prototype

The requirement of lower acceleration levels for accurate test results aroused the use
of rubber springs instead of metal springs. Changing the metal springs with rubber
springs also requires high precise alignment. The rubber springs need to be placed in
such a way to realize the motion of the diaphragms along z direction. Accordingly,
the alignment of the two diaphragms is important for the catch and release operation.
The magnet and the magnetic piece need to move at the same direction for proper
catch and release operation, realizing the frequency up-conversion. Therefore, the
fabrication of the second macro prototype has been carried out in high precision
automated CNC machines. The fabrication of the prototype is explained in the next

section.

Introducing rubber springs in the macro model provides the prototype working at a
tunable frequency range. Proper operation has been achieved at different external
frequency ranges of 2-30 Hz with the help of rubber springs which makes the
resonance frequency of each diaphragm tunable. The proposed power generator is
able to fit in a wide range of energy harvesting applications covering low frequency
vibrations and high frequency environments due to the adjustability of the rubber
springs. The feasibility of the prototype for very low frequency and acceleration
levels is also verified by operating the prototype at 2 Hz with a maximum peak
acceleration of 0.024g which is in the range of vibrations such as ones arousing from

human motions and building and tree vibrations [22].

The upper diaphragm carries a magnet while the lower one carries the pick-up coil
and the magnetic piece for actuation. The upper diaphragm resonates with vibrations
in the range of 2-30 Hz. On the other hand, the lower diaphragm has a higher natural
resonance frequency range of 20-200 Hz. The exact resonance frequency values of
the diaphragms are set by adjusting their rubber springs. When the upper diaphragm
starts resonating with external vibrations, the magnet pulls and releases the magnetic
piece, making the lower diaphragm resonate at its resonance frequency, realizing the

magnetic frequency up-conversion. Power is generated through electromagnetic
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induction, with relative position change of the magnet and the coil. Both of the

diaphragms are fixed to a common frame via rubber springs.

As stated before, the prototype is composed of two frames which are combined with
screws at the end of the fabrication. While the whole prototype can be seen in Figure
3.4, the lower diaphragm which has the coil turns and magnetic piece for frequency

up-conversion is given in Figure 3.5.
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Figure 3.5. High frequency coil diaphragm of the generator.
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3.2 Fabrication of the Macro Prototype

The fabrication of the macro prototype has been carried out in a highly automated
flexible manufacturing laboratory in Cankaya University. The manufacturing system
consists of two CNC machines of high level technology and a five axis robot. One of
the CNC machines, the milling machine is the part of the machining center, while the
other machine, turning machine is the element of turning center. Each machine is
connected to computers over the control boxes. The fabrication in CNC milling
machine is controlled by the software via the controller boxes. This software has a nc
(numerical control) code development interface, realizing the fabrication of the

milling parts by nc codes.

The macro prototype has been fabricated as two different frames, to be combined at
the end of the fabrication. The frames are fabricated in such a way that the space
between the two frames will be enough for the magnet movement and coil diaphragm
displacement. Frames are fabricated from a plexiglass material which is suitable for
the machining operation in CNC milling machine. Plexiglass is a transparent material

which makes assembly and testing operations visible at the same time (Figure 3.6).

Figure 3.6. Fabricated frames for magnet diaphragm and coil diaphragm (top),
assembly of the frames and casing for the coil turns ( bottom).
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3.3 Test Setup

The fabricated rubber spring macro prototype is tested by using a vibration shaker
system. Figure 3.7 shows the test setup and related equipment. Test setup is
composed of a shaker table, a control unit, an amplifier, accelerometer and software
interface. The user interface provides the user to enter the desired input and test
parameters by a user interface program which is a part of the test setup. Tests can be

carried out in a frequency range of 2 Hz to 20 kHz and up to an acceleration of 75 g.

Reference control input
from the software Prototype  Accelerometer
~ N
.

~

N
N
Freq. and voltage
signal
Shaker Table Oscilloscope

Accelerometer

Acceleration and
frequency feedback

Controller Amplifier

Figure 3.7. Block diagram of the test setup.

3.4 Experimental Results of the Prototype

Proposed micro power generator structure has been tested and feasibility of the
frequency up-conversion has been verified and also tunability of the resonance
frequency is experimentally verified by operating the same device at 2 Hz, 13 Hz,
and 30 Hz external vibrations via adjusting the rubber springs for the desired
resonance frequency. Table 3.1 gives a summary of the different prototype
configurations and the corresponding test results. Figure 3.8 (a) and (b) present the
output voltage waveform of the two sample generator configurations operating at 2

Hz and 13 Hz, respectively.

For a 2 Hz, 3 mm peak-to-peak external vibration condition, corresponding to a very
low rms acceleration value of 0.017g, the prototype proved to generate 0.34 mV rms
voltage and 13.7 nW rms power, with an up-converted resonance frequency of 23

Hz. When the vibration conditions are set as 13 Hz frequency and 7.5 mm peak-to-

45



peak displacement, the generated output voltage and power reaches to 5.2 mV and
3.21 uW, with the lower diaphragm resonance frequency adjusted as 200 Hz. It
should also be noted that the adjustment of the distance between the two diaphragms

Is also necessary as well as adjusting their resonance frequencies for proper operation

of the power generator.

Table 3.1. Specifications and performance parameters of the tested prototype.

Excitation frequency 2Hz 13 Hz 30 Hz

Magnet type NdFeB (1.18 T)

Magnet dimensions 8x8x16mm?® 8x8x24mm?®

Magnetic piece material Nickel NdFeB (1.18 T)
Magnetic piece dimensions 2.5x2.5x0.5 mm® 2.5x2.5x2.5 mm®
Distance btw. magnet and coil turn 2mm 5mm 8.5 mm

Catch distance between two diaphragms 0.5 mm 4 mm

Number of coil turns 50 100 250
Coil resistance 2.1Q 23Q 330 7.9Q
Coil wire diameter 120 pm

Coil inner diameter 2mm 3.3mm

Coil outer diameter 4 mm 4.5mm 5.4mm 9.5mm
Device dimensions 32x32x22mm?

Upper diaphragm f (1) 2 Hz 13 Hz 30 Hz

Lower diaphragm fie (f2) 23 Hz 200 Hz 90 Hz

Input displacement 3mm 7.5 mm 7.3mm

Input peak acceleration 0.024 g 254 ¢ 13.2¢g

Input RMS acceleration 0.017g 1.78¢g 9.34¢

Peak output voltage 2mvV 345mvV | 13mV 37mvV 104 mV
Peak output power” 476 nW | 141.6 uyW | 183 uW | 104 uW | 342 uyW
RMS output voltage 0.34mV | 52mV 3.2mVv 6.8 mV 29 mV
RMS output power” 13.7nW | 321 uW | 1.1 pW 3.5uW | 26.6 uW

* For an equivalent resistive load.
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Figure 3.8. Measured voltage output of the energy harvester in response to vibrations
of (a) 2 Hz and (b) 13 Hz.

Figure 3.9 shows the generated voltage and power levels from the prototype for
different resonance frequency and coil turn values. The highest rms power level of
26.6 uW is obtained for a configuration where 9.34g rms vibrations at 30 Hz are up

converted to 90 Hz, and a 250-turn coil is used.
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Figure 3.9. Measured voltage (a) and power (b) output at 2 Hz, 13 Hz, and 30 Hz

with varying number of coil turns.
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3.5 Conclusion

This chapter presented the macro prototypes of the proposed micro generator. Two
different prototypes are fabricated: one having metal springs and the other one
having rubber springs. In metal spring prototype, the diaphragms are connected to a
fixed frame via metal springs. The upper diaphragm having lower resonance
frequency carries a NdFeB magnet, and the lower diaphragm carries a hand wound
coil and a magnetic piece. The feasibility of the prototype is verified by converting 6
Hz external vibrations up to 85 Hz. Although the frequency up-conversion concept is
realized by the test results, requirements of high acceleration levels caused the
prototype to be tested with human motions by which high acceleration and
displacement levels can be achieved with respect to vibration exciter. This aroused
the need for the fabrication of another macro prototype in order to have test results

by controllable input and excitation parameters with vibration exciter.

The requirement of lower acceleration levels for accurate test results aroused the use
of rubber springs instead of metal springs. Introducing rubber springs in the macro
model provides the prototype working at a tunable frequency range. Proper operation
has been achieved at different external frequency ranges of 2-30 Hz with the help of
rubber springs which makes the resonance frequency of each diaphragm tunable. The
feasibility of the prototype for very low frequency and acceleration levels is verified
by operating the prototype at 2 Hz with a maximum peak acceleration of 0.024g
resulting in 2 mV and 476 nW power level.

As a result, experimental results verify the feasibility of the new architecture. In the

next chapter, the fabrication of the micro generator will be discussed.
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CHAPTER 4

THE FABRICATION OF MICRO GENERATOR

This chapter explains the micro fabrication steps of the micro generator. Layout
drawings of the masks are drawn by Tanner Tools® Layout editor®. As stated before,
the new topology consists of an upper and a lower diaphragm, one holding the coil
turns and other diaphragm stands for magnet assembly (Figure 4.1). Firstly, Section
4.1 explains the properties of the new topology and Section 4.2 gives the schematic
drawing of the wafer. Afterwards, Section 4.3 explains the microfabrication steps of

the generator. This chapter is finalized with the photos of the fabrication steps.

4.1 General View of the Micro Generator

Micro generator consists of an upper and a lower diaphragm (Figure 4.1). Both of
the diaphragms are fabricated from several Parylene C layers to achieve a thickness
of 20 um. The lower diaphragm (coil diaphragm) has 96 coil turns with 10 pm width
and 10 um thick metal layers. Spacing between these metal layers is designed as 10
um. For achieving higher voltage levels, two layers of coil turns are also deposited
on the coil diaphragm which is shown on the wafer layout in Figure 4.2.
Additionally, at the middle of the diaphragm a 1500 x 1500 x 9 pm?® metal layer
(nickel) is formed for magnetic actuation. Other critical dimensions of the generator

are given in layout drawing in Figure 4.1.
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Figure 4.1. Schematic drawing of the frequency up-conversion design, magnet
diaphragm (top), coil diaphragm (bottom).
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4.2 Layout of the Whole Wafer

Figure 4.2 shows the layout of the wafer and the devices on this 4-inch wafer.

Magnet diaphragm and coil diaphragm are both fabricated on the same wafer.

coil diaphragms | o coil diaphragms
(twolayercoil turns) | (one layer coil turns)

Figure 4.2. Layout of the 4-inch silicon wafer.

4.3 Fabrication steps of the Micro Generator

This section explains the fabrication steps of the designed micro generator. The
micro generator is fabricated as two separate chips to be combined at the end of the
process. These chips are fabricated on the same wafer that requires 8 masks which
are designed and fabricated at METU-MEMS Center. The fabrication sequence is

shown in Figure 4.3. A more detailed process flow is given in Appendix A.
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1%t Parylene layer

1%t coil turns

1% Parylene deposition + 1% coil turns by Au/Ti sputter and Cu electroplating.

2" Parylene layer

Vias on parylene
for contact

2" Parylene deposition + via opening on parylene layers to get contact.

2" parylene layer

2" coil turns

2" Parylene deposition + 2" coil turns by Au/Ti sputter and Cu electroplating.

Figure 4.3. The fabrication sequence of the micro energy harvester.
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3" parylene layer

Nickel for magnetic
actuation

3" Parylene deposition + nickel electroplating for magnetic actuation area.

4% parylene layer

Electrical
contact pads

Parylene arms

4™ Parylene deposition + RIE for patterning diaphragm and DRIE for release.

Low frequency
magnet diaphragm

High frequency
coil diaphragm

Assembly of the coil diaphragm and magnet diaphragm.

Figure 4.3. (cont’d).
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At the end of the fabrication, fabricated chips on the wafer should be separated from
each other. In order to eliminate the dicing step, the masks are drawn so that devices
can be separated from each other by manually applying a light force between the
devices on the wafer. All devices are attached to each other by a 200 um length and
20 pum thick parylene layer. At the end of the fabrication, after the devices are
released, they can be separated from each other by applying a light force on these

parylene structures.

Masks and details of related processes are summarized in Table 4.1. The tolerance of
the masks is set as 10 um which is enough for the minimum feature size. The field
types of each mask are also specified whether they are dark field or clear field.

Table 4.1. List of the masks used in micro fabrication of the micro generator.

Field Patterned
Mask # | Mask Name tvpe |©°F etched | Description
yp material
Ti-Au Sputtering
1 before copper Clear [Ti/Au Form the first metal routes
electroplating
. Form the first coil turns on
2 Copper Electroplating [ Dark | Cu first metal routes
3 Vias on parylene Dark |Parylene [Etch parylene to form vias
Ti-Au Sputtering
4 before copper Clear [Ti/Au Form the second metal
: routes
electroplating
5 Copper Electroplating [ Dark | Cu Form the second coil turns
PP plating on second metal routes
6 Nickel Electroplating |Dark | Ni Zr%;m magnetic actuation
7 Parylene Clear [Parylene |Form the diaphragms
Etch Si wafer from
8 DRIE for Silicon Dark [ Silicon backside to release the
devices

After giving a brief outline of the fabrication process, the detailed process flow of
each step is explained in the following paragraphs. Figure 4.4 gives the process flow

of the micro generator.
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First, an oxide layer is formed on the backside of the silicon substrates. Next, a 5 um-
thick parylene is deposited to the front side of the wafer (a). Then, Ti/Au seed layer
is deposited and patterned to form the coil turns. Copper is electroplated on the coil
turns for increasing the thickness (b). As the next step, a second 5 um thick parylene
layer is formed on the electroplated copper to provide electrical isolation between the
first and second metal layers and patterned at the contact areas in order to form via
openings (c). Then, second seed layer is deposited and patterned and copper layer is
electroplated to complete the metal routes (d). After forming the second metal,
another parylene layer is deposited to increase the thickness and adjust the resonant
frequency of the coil diaphragm (). A 3™ seed layer is deposited, over it
a 9 um thick nickel is electroplated to form the magnetic actuation area (f). A final
layer of parylene is deposited to act as a protection layer for the magnetic actuation
area and patterned to obtain the pad openings for external contacts (g). Next, by
etching the sacrificial oxide, and DRIE step, devices are released and two separate
set of chips are obtained (h). Magnet is placed on top of the parylene diaphragm (i).
Finally, two chips are combined with a separator (j), finalizing the assembly of the

energy harvester. Detailed fabrication process flow is also given in Appendix B.

The fabrication steps of the generator are summarized by photos of the wafer below
considering the process flow. Figure 4.5 shows the coil diaphragm structure which
has coil turns and contacts fabricated on the wafer. Figure 4.6 shows the
electroplated nickel on the coil diaphragm for the interaction with the magnet. As the
next step, after the electroplating step of nickel, the seed layer which is composed of
AU/Ti needs to be removed. However, Au etchant attacks the electroplated nickel as
shown in Figure 4.7. One of the solution approaches is the use of selective etchant
for this process. Au selective etchant can be used as an alternative etchant to remove
Au without attacking to nickel. Another solution method is the application of image
reversal process in order to pattern the seed layer first before the electroplating step

of nickel. Thus, etchant attack problem can be eliminated.
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Figure 4.4. Micro fabrication steps of the generator.
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Figure 4.4. (cont’d).
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Figure 4.5. Fabricated coil turns and contact pads on coil diaphragm on a 4'* wafer.
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Figure 4.6. Electroplated nickel for magnetic actuation area.
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Figure 4.7. Au etchant attack on electroplated nickel.

61



4.4 Conclusion

This chapter presented the micro fabrication steps of the proposed generator. The
properties of the proposed frequency up-conversion micro generator have been
presented. Afterwards, fabrication steps including process flow are also given in
detail.

The problems related with microfabrication have been discussed and solution
approaches have been presented. Following the problems in microfabrication,
fabrication photos are given in Figures 4.5, 4.6, and 4.7. Due to these problems, the
fabrication of the devices could not be finalized, although almost all the fabrication

steps have been concluded.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

This thesis study presented the design of a new electromagnetic type low frequency
micro energy harvester structure utilizing the frequency up-conversion mechanism,
fabrication, and characterization of two macro prototypes. Furthermore, a process
flow has been designed for the fabrication of the structures with microfabrication
techniques.

Within the scope of this study, the cantilever based frequency up-conversion design
that has been previously developed in METU-MEMS Center has been improved in
term of performance parameters, realizing the frequency up-conversion with a
monolithic diaphragm instead of consecutive cantilevers. The main advantage of the
proposed design is the use of a monolithic diaphragm instead of cantilevers,
increasing the available area for coil turns, resulting in a higher voltage and power
output levels. Also, integrating 20 consecutive cantilevers into the first generation
module has not yielded in proportionate scaling of the output power compared to a
single cantilever. This was due to the synchronization and resulting phase shift
problem of the cantilevers as well as the mismatches in the resonance frequency of

each cantilever, reducing the available aggregate power.

For predicting the performance of the proposed design in response to different design
parameters, a user interface based development tool has been built up in Visual®
Basic® environment. The tool includes the automation of the physical equations and
additional modeling capabilities to achieve simulation accuracy for the generator

performance.

63



In order to show the feasibility of the proposed structure, two macro prototypes of
the micro generator have been fabricated and tested for performance measurements.
The first prototype converts 6 Hz external vibrations up to 85 Hz by using metal
springs. However, requirements of high acceleration levels caused the prototype to
be tested with human movements by which high acceleration and displacement levels
can be achieved with respect to vibration exciter. This aroused the need for the
fabrication of another macro prototype in order to have test results by controllable
input and excitation parameters with vibration exciter. Therefore, in the 2™
prototype, metal springs have been changed with rubber springs. The results show
that at an excitation frequency of 30 Hz, a maximum voltage and power level of 104
mV and 342 uW have been obtained, respectively. Furthermore, operation frequency
of the 2" prototype can be tuned by properly adjusting the rubber springs. By
changing the stiffness of the rubber springs, desired resonance frequency can be
realized for both of the diaphragm, realizing the frequency up-conversion.

The proposed generator structure has been designed in micro scale and fabrication
steps and process flow has been given in detail. The fabrication process has been
almost completed, however, due to some problems in the final step; the fabrication of
the devices could not be finalized. However, the problem is pointed out and a
possible modification in the fabrication process flow has been proposed in order to

eliminate the problem.
The achievement of this thesis study can be listed as,

e The frequency up-conversion concept has been improved by introducing a
monolithic diaphragm instead of consecutive cantilevers.

e The voltage output levels have been increased through a larger available area
for number of coil turns.

e The power output levels have been increased by enhancing the thickness of
the coil layers by micro fabrication techniques.
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e The macro prototypes of the proposed generator have been implemented as
proof of concept for realizing the frequency up-conversion with two
diaphragm structures.

This thesis work covers all the objectives that are planned to be undertaken stated
at the proposal of the study excluding the completion of the micro fabrication.
Following this, there are also some points that can be improved as a future work.
Some of these points can be listed as;

1. Fabrication process flow should be reviewed and the problematic steps
should be re-designed.

2. A further improvement in the structure could be done. Implementing two
coil diaphragms into the design to increase the voltage and power levels
(Figure 5.1) expressed as third generation.

3. Implementing piezoelectric materials into the design to reach higher
power levels.

4. Integration with rectifying electronics. However, generated voltage level
is low. On the other hand, the number of coil turns can easily be

increased.

High frequency
coil diaphragms Low frequency

magnet diaphragm

Figure 5.1. Third generation frequency up-conversion design.
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APPENDIX A

FABRICATION PROCESS OUTLINE

Parylene deposition

Au/Ti sputtering

Patterning Au

Figure A.1. Fabrication process outline of the micro generator.
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Copper Electroplating

Tietch

Parylene deposition

Figure A.1. (cont’d).
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Via opening on parylene

Au/Ti sputtering

Patterning Au

Figure A.1. (cont’d).



Copper electroplating

Tietch

Parylene deposition

Figure A.1. (cont’d).
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Au/Ti sputtering

Patterning Au

Nickel electroplating

Figure A.1. (cont’d).



Ti etch

Parylene deposition

RIE to pattern parylene

Figure A.1. (cont’d).



DRIE to release the device

Figure A.1. (cont’d).
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APPENDIX B

FABRICATION PROCESS FLOW

Table B.1. Process steps for sputtering and patterning Au/Ti.

Ti-Au sputtering before copper electroplating

Parylene Deposition (5pm)

SP:15 PLAL:10, use A-174-Silane (Backside protection
with dicing tape)

Dehydration

Right before sputter, dehydrate 40mins. in oven
@90°C, cool down in desiccator for 10 mins.

Ti Sputter (40nm)

Timel: 120 sec., Time2: 270 s., MFC1: 2.5 sccm,
300W

Au Sputter (125 nm)

Timel: 120 sec., Time2: 130 s., MFC1: 6.2 sccm,
300W

Lithography

Dehydration ([j)eesril():/ggz;ura f400r T(;nnsq.iri]r;.oven @90°C, Cool down in
Primer Spin Primer@2000 rpm, t=30s.

PR Spin $1813 @4000 rpm, t=30s.

Softbake Softbake t=60s over contact hotplate @ T=115°C
Expose Expose 7 sec. (Vacuum contact)

Develop MF319, 65 s.

ot (o e ctr) G0 for 20 . Coo
Au Wet Etch Au etchant 30-40 s.

PR Strip SvC
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Table B.2. Process steps for Cu electroplating.

Copper electroplating

Right before electroplating, dehydrate 10 mins. In oven

Dehydration @90°C, cool down in desiccator for 5 mins.
Lithography
Primer Spin Primer@2000 rpm, t=30s.

. AZ9260 @1700 rpm, t=60s. (12.5 um aimed) + EBR
PR Spin : -

with the same settings.

Softbake Softbake @90°C for 30 mins. in oven
Expose Expose 35 sec. (Vacuum contact)
Develop AZ 826 MIF, 5 mins.

PR thickness measurement

Veeco Dektak 8

Cu Electroplating (10 um)

T=18°C, A=20.44 dm? duty=0.03, T,,=0.1 ms,
Tor=2.4 ms, log=44.2 MA

Electroless gold deposition

T=85°C, 20 mins.

PR Strip

Acetone + IPA +DI Water.

Ti Wet Etch

Ti etchant, prepare 100 ml (80% H,0+10% HF+10%
H,0,), 25 ml Ti etchant + 1575 ml DI H,O, ~80 sec.
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Table B.3. Process steps for opening vias on parylene.

Parylene vias

Parylene Deposition (5pm)

SP:15 PLA1:10, use A-174-Silane (Backside protection
with dicing tape)

Right before sputter, dehydrate 40mins. in oven

Dehydration @90°C, cool down in desiccator for 10 mins.
Lithography
Primer Spin Primer@2000 rpm, t=30s.
. AZ9260 @1500 rpm, t=60s. (10 um aimed) + EBR
PR Spin : )
with the same settings.
Softbake Softbake @90°C for 30 mins. in oven
Expose Expose 35 sec. (Vacuum contact)
Develop AZ 826 MIF, 6-7 min.
Hardbake No

PR thickness measurement

Veeco Dektak 8

Parylene Etch by RIE

15 min., O, Plasma, 100 sccm, 100 mTorr, 100 Watt

PR Strip

Acetone + IPA + DI Water
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Table B.4. Process steps for sputtering and patterning Au/Ti.

Ti-Au sputtering before copper electroplating

Parylene Deposition (5pm)

SP:15 PLAL:10, use A-174-Silane (Backside protection

with dicing tape)

Dehydration

Right before sputter, dehydrate 40 mins. in oven
@90°C, cool down in desiccator for 10 mins.

Ti Sputter (40nm)

Timel: 120 sec., Time2: 270 sec., MFC1: 2.5 sccm,
300W

Au Sputter (125 nm)

Timel: 120 sec., Time2: 130 sec., MFC1: 6.2 sccm,
300W

Lithography

Dehydration Eei?gg;f;? ?E)Or T(;nr;.iri]r;loven @90°C, Cool down in
Primer Spin Primer@2000 rpm, t=30s.

PR Spin $1813 @4000 rpm, t=30s.

Softhake Softbake t=60s over contact hotplate @T=115°C
Expose Expose 7 sec. (Vacuum contact)

Develop MF319, 65 sec.

ek or et o) @S0 o 10 i o
Au Wet Etch Au etchant 30-40 sec.

PR Strip svC
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Table B.5. Process steps for second Cu electroplating.

Copper electroplating

Right before electroplating, dehydrate 10 mins. in oven

Dehydration @90°C, cool down in desiccator for 5 mins.
Lithography
Primer Spin Primer@2000 rpm, t=30s.

. AZ9260 @1700 rpm, t=60s. (12.5 um aimed) + EBR
PR Spin : -

with the same settings.

Softbake Softbake @90°C for 30 mins. in oven
Expose Expose 35 sec. (Vacuum contact)
Develop AZ 826 MIF, 5 min.
Hardbake No

PR thickness measurement

Veeco Dektak 8

Cu Electroplating (10 um)

T=18°C, A=19.27 dm? duty=0.03, T,,=0.1 ms,
Tor=2.4 mMs, l,4=46.8 MA

Electroless gold deposition

T=85°C, 20 mins.

PR Strip

Acetone + IPA +DI Water.

Ti Wet Etch

Ti etchant, prepare 100 ml (80% H,0+10% HF+10%
H,0,), 25 ml Ti etchant + 1575 ml DI H,O, ~80 sec.
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Table B.6. Process steps for Ni electroplating.

Ni electroplating

Dehydration

Right before electroplating, dehydrate 10 mins. in oven
@90°C, cool down in desiccator for 5 mins.

Ti Sputter (40nm)

Timel: 120 sec., Time2: 270 sec., MFC1: 2.5 sccm,
300W

Au Sputter (125 nm)

Timel: 120 sec., Time2: 130 sec., MFC1: 6.2 sccm,
300W

Lithography
. o -
Dehydration Der_lydrate 40 mins. in oven @90°C, Cool down in
desiccator for 10 mins.
Primer Spin Primer@2000 rpm, t=30s.
. AZ9260 @1500 rpm, t=60s. (11 pm aimed) + EBR
PR Spin - .
with the same settings.
Softbake Softhake @90°C for 30 mins. in oven
Expose Expose 40 sec. (Vacuum contact)
Develop AZ 826 MIF, 6 min.
0O, plasma O, Plasma @ 0.2-0.3 Torr for 1-2 mins.

Ni Electroplating (9 um)

T=50°C, A=15.04 dm?, duty=0.03, To,=0.1 ms, To4=2.4
ms, lag=60 MA

Au Wet Etch Au etchant 25-32 s.

Ti Wet Etch Ti etchant, prepare 100 ml (80% H,0+10% HF+10%
H,0,), 25 ml Ti etchant + 1575 ml DI H,O, ~80 sec.

PR Strip Try Acetone + IPA, else use SVC
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Table B.7. Process steps for patterning parylene by RIE.

Parylene pattern

Parylene Deposition (5pm)

SP:15 PLA1:10, use A-174-Silane (Backside protection
with dicing tape)

Right before sputter, dehydrate 40mins. In oven

Dehydration @90°C, cool down in desiccator for 10 mins.
Primer Spin Primer@2000 rpm, t=30s.

. AZ9260 @1500 rpm, t=60s. (11 um aimed) + EBR
PR Spin : -

with the same settings.

Softhake Softbake @90°C for 30 mins. in oven
Expose Expose 40 sec. (Vacuum contact)
Develop AZ 826 MIF, 6 min.
0O, plasma O, Plasma @ 0.2-0.3 Torr for 1-2 mins.
Hardbake No

Parylene Etch by RIE

30 + 30 mins., O, Plasma, 100 sccm, 100 mTorr,
100 Watt

PR Strip

Acetone + IPA + DI Water
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Table B.8. Process steps for the release of the devices by DRIE.

Backside etch

Backside Lithography

Right before sputter, dehydrate 40mins. in oven

Dehydration @90°C, cool down in desiccator for 10 mins.
Primer Spin Primer@2000 rpm, t=30s.

PR Spin AZ9260 @900 rpm, t=30s. (20 pm aimed)
Softhake Softbake @90°C for 20 mins. in oven
Expose Expose 65 sec. (Vacuum contact)

Develop AZ 826 MIF, 6 min.

Reconstruct EB at the
backside

Reconstruct edge bead at the back with AZ9260 @750
rpm (spin PR to the edge only), wait 5 mins., softbake
@100°C, t=5 mins., cool down in desiccator

Attachment of handle
wafer

Attach handle wafer to the process wafer by thermal
gress over hot plate @115°C

Backside SiO, etch by RIE

Use the DRIE mask, 100 mTorr, 300 W, Chiller
Temp.=20°C, CF,=12 sccm, CHF;=38 sccm, t=~6
mins.

Backside Si etch by DRIE

About 100 mins.

Release

Keep the wafer in acetone about one day
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