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Abstract 
 

Sensing and Harvesting Pressure Fluctuations  
in Harsh Environments 

by 

Levent Beker 

Doctor of Philosophy in Engineering – Mechanical Engineering 

University of California, Berkeley 

Professor Liwei Lin, Co-Chair 
Professor Albert P. Pisano, Co-Chair 

 

Pressure is one of the most frequent and important parameters utilized in many applications to 
provide critical information about the operation of a system as well as a potential mechanical 
energy source.  Among various pressure-related devices, very few function in harsh environment 
which includes high temperature, high pressure, highly corrosive, or biofouling conditions. In the 
first part of this dissertation, a high temperature pressure sensor with a novel concentric ring-circle-
shape design is proposed specifically for the geothermal applications with detailed modeling, 
fabrication, and characterization results.  A concentrically matched ring-circular capacitance 
pressure sensor design is proposed to tackle the common mode noise problem of km-long cables 
in geothermal wells. Furthermore, to provide a high temperature and corrosive environment 
survivability, silicon carbide is utilized as it has superior material properties as compared to silicon 
in harsh environments. Experimentally, it was shown that the novel design can provide differential 
capacitance output at temperatures of 180℃ and capacitances ranging between 0.14 pF to 1.45 pF 
were observed from a sensor designed to operate under 1 MPa. In the second part of this 
dissertation, an energy harvester application is proposed to make the use of pressure fluctuations 
within the lateral ventricles of the brain which is a biofouling environment. This time, a concentric 
ring-circular design is utilized to convert the mechanical pressure fluctuations to electrical energy 
efficiently. The harvesters were fabricated using aluminum nitride as the piezoelectric material 
and the increase in efficiency of the proposed design was shown as characterized by both in-air 
and under water tests. A 3D-printed lateral ventricle mockup setup was used to mimic the operation 
of the harvester in lateral ventricles and the harvester with diameter of 2.5 mm generated a power 
of 0.62 nW. Moreover, considering the potential issues in deployment and mounting, a flexible 
harvester was developed using PVDF and PET materials and under water characterization the 
harvester with 3 mm diameter resulted in power of 1.75 nW. 
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INTRODUCTION 
 

1.1  Motivation of this work  
This dissertation describes the development of microsystems and flexible devices for sensing 

and harvesting pressure fluctuations with the potential of deployments in harsh environments. 
Pressure is one of the most frequent measurands in many of the living and mechanical systems. 
However, in many cases due to the environmental conditions it is not always possible to measure 
and monitor the pressure. In the first part of this dissertation, a pressure sensor that can operate in 
a high temperature environment such as a geothermal well is discussed. A harsh environment 
pressure sensor would help increasing the efficiency of the geothermal energy production process, 
which is expected to be a major energy source in the near future. The second part of this dissertation 
is about making the use of pressure and developing a sustainable power source from this abundant 
mechanical energy source. Specifically, a sustainable power source is highly needed for patients 
with implantable devices who needs to go through surgery every one or two years just to replace 
the battery. In this regard, an energy harvester that can convert the pressure fluctuations within the 
brain will be detailed in the second part. 

 
 Harsh environment applications in energy and medical industries and their 

most critical measurands and operation temperature ranges. 
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The current trends in MEMS are to develop sensors that have small form-factor; can provide 
more accurate data; and at the same time be cost effective. Given the considerable success of 
silicon-based MEMS to date for novel products and improved performances in various systems, 
research has started to expand the application fields into harsh environments where silicon-based 
devices cannot survive. Figure 1.1 summarizes various examples of harsh environments with the 
most desired measurands for each application. It can be seen that pressure is one of the most 
frequent measurand in all these different types of harsh environments. The harsh environment term 
covers a wide range of applications ranging from the high temperature/pressure environments to 
the human body. Potential applications for the former can be geothermal energy production, 
combustion and chemical process monitoring, and aerospace exploration. In addition to the 
research held in universities, organizations such as the U.S. Department of Energy, Sandia 
National Laboratories, and National Aeronautics and Space Administration (NASA) are also 
working to develop high temperature/pressure-stable sensor clusters. For instance, NASA’s 
Silicon Carbide Electronics and Sensors group has been developing semiconductor electronics and 
sensors for aerospace exploration applications. On the other hand, the human body has also been 
both an attractive and challenging medium for researchers. Foreign body reaction of the human 
body which is a reaction composed of macrophages and cells is the response of inflammatory 
system following implantation of a medical device or prosthesis. Although the human body 
represents a comparatively mild environment compared to aforementioned harsh environment 
applications in terms of temperature and pressure, requirements for medical implants are 
nevertheless very challenging. In order to overcome some of the major challenges, it is required to 
develop transducers with the right set of materials to minimize the effect of the foreign body 
reaction on the implanted device. Therefore, long-term and reliable performance are critical 
attributes of the implants [1].  

In the first part of this dissertation, a sensor that can measure pressure and operate in high 
temperature/pressure harsh environment will be presented. In the second part of the dissertation, 
an energy harvesting device that can convert pressure fluctuations to electrical energy and operate 
in a biofouling environment will be detailed. Therefore, the term “harsh environment” includes 
extremes of temperature, pressure, and chemical attack in the first part, while in the second part it 
includes the biofouling human body environment where the foreign body reaction encrusts the 
device surface as a protection mechanism. 

1.2  High temperature stable sensors 
Figure 1.2 shows the energy flow chart for the U.S. depicting the use of resources and wasted 

energy [2]. It can be seen from this chart that around 59% of the energy is wasted due to 
inefficiencies in the way that we utilize the energy [3]. When investigated closely, it can be seen 
that the majority of the wasted energy stems from the systems that can be considered as high 
temperature/pressure harsh environments.  The lack of harsh environment sensors implies that we 
cannot sense the environment and provide a feedback to the system. These systems include 
geothermal wells, oil and gas exploration systems, automotive and aircraft engines, and industrial 
gas turbines where the operating temperatures range from 275℃ to 600℃ or higher.  
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 Energy flow chart depicting resources, their use, and wasted energy. [2] 

Table 1.1 shows the examples of applications for these environments. As can be seen, in order 
to include feedbacks for more efficient systems, sensors that can withstand extreme temperatures 
should be developed. The majority of the current sensors are based on the silicon material which 
performs poorly in terms of mechanical and electrical characteristics in harsh environments. 
Therefore, a different material should be utilized for harsh temperature environment applications.  

Among these harsh environment applications, geothermal energy production is of particular 
importance because it is expected to be one of the major sustainable energy sources in the world. 
However, the efficiency of these systems can be further improved with the assistance of monitoring 
tools. If information such as pressure and temperature coming from the wells could be monitored, 
the operators can adjust the pump pressure from the Earth’s surface to transfer cold and hot water 
to/from wells more efficiently.  

Another major industry that can benefit from harsh environment sensors is the automotive 
industry. Every year, environmental regulations demand for lower fuel consumption which 
requires the harsh environment sensors to be implemented with better control in the combustion 
processes for automotive engines and gas turbines. The optimal efficiency can be achieved only 
by the precise control of pressure, temperature, air-to-fuel ratio, etc. Furthermore, another exciting 
application is NASA’s space missions that require sensor systems that can withstand the extremes 
of temperature, pressure, radiation, and chemical attack for space exploration applications [4]. In 
general, it can be clearly seen from Table 1 that pressure is one of the vital data and should be 
collected to assist better controls in all these systems. 
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 Example applications that need harsh environment sensors and their corresponding 
maximum operation temperature. 

Industry Application Sensors needed Max. temp. Ref. 

Geothermal 
energy 

Geothermal 
energy 
production 

Pressure and 
temperature sensor 

600℃ (unconventional) 
375℃ (conventional) [5]–[7] 

Automotive 

Engine and 
combustion 
control, Exhaust 
gas monitoring 

Pressure and 
temperature sensor, 
gas sensor 

Up to 850℃ [8], [9] 

Space 
Exploration 

Environmental 
monitoring, 
chemical analysis 

Pressure and 
temperature sensor, 
inertial sensors, 
chemical sensors 

900℃ (can go below 
 -180℃) [4], [10] 

The harsh environment pressure sensor work presented here was a part of a project funded by 
the Sandia National Laboratories’ Geothermal Division to develop geothermal sensor systems and 
deploy sensors inside the wells by mounting them along several km-long cables. One of the most 
critical parameter that needs to be measured is the pressure to operate the well efficiently. On the 
other hand, it is a challenge to detect and transfer small changes in capacitance or resistance 
through long cables. The project was to develop a sensor system that involves a pressure sensor 
for measuring the pressure inside the well and an electronic circuitry that can effectively transfer 
the pressure reading to the plant placed above the ground. Figure 1.3 depicts the geothermal energy 
production and the operation environment of the pressure sensors deep inside the wells. Only 
pressure sensor related work is detailed in this dissertation. In the first section of this dissertation, 
a pressure sensor that can be used along km-long cables and withstand high temperatures is 
detailed. 

 
  a) Geothermal energy production well, b) zoomed in view of one of the pipes 

showing the pressure sensing elements mounted along km-long cables.  
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1.3  Implantable medical devices 
Each year millions of patients need to go through risky surgical procedures to implant a 

medical device and improve their quality of life. All the implantable medical devices are of 
considerable importance for the patients because these devices directly affect the patients’ lives. 
The implants can be used to treat many different types of diseases, such as pacemakers for 
arrhythmias, cochlear implants for deafness, neural implants for tremors, cardiovascular stents for 
coronary artery diseases, and orthopedics for hip replacement [11]. Figure 1.4 shows 
commercialized implantable medical devices and their use, and according to a recent market 
report, the U.S. implantable medical devices market is expected to be more than $73 billion by 
2018 [12]. The majority of the implant market belongs to orthopedic implants because of certain 
problems that prevent electronically driven implants [13], [14]. These issues include short battery 
life time, limited encapsulation in the human body, and undeveloped packaging and electrical 
interconnect systems. Among these issues the short battery life time of the implants is not only a 
limiting factor for potential implants but also a concern for patients who already have implants 
[15], [16]. This might not be a problem for cochlear implant users because the battery is placed 
outside the body and they can replace the battery easily. However, for neural implant users or 
pacemaker users this is a major risk because the patients need to go through a risky surgery to 
replace the battery usually after every one-three years. Therefore, if a sustainable power source 
could be developed it can eliminate the need for battery replacement for the implants. In the second 
part of the thesis, a method is introduced to harvest pressure fluctuations within brain that can be 
used to supply electrical energy for neural implants. 

 
 Commercialized passive and active implantable medical devices (Courtesy of  

[17]). 

On the other hand, the harvester should be designed to operate under a biofouling environment. 
Because, a major problem that also limits implants’ advancement is that any implantable device is 
under constant chemical attack from the human body’s immune system which can be considered 
as another type of harsh environment [1], [18]. Figure 1.5 shows the sequence of events of an 
implanted biosensor after the implantation. After the procedure, local tissue environment initiates 
an immune response, and inflammatory cells and plasma proteins migrate to the implant site.  
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These cells encapsulate the implant surface as a protection mechanism and results in tissue 
formation which is also called biofouling. In order to tackle this biofouling problem researchers 
have been working on developing material platforms that can minimize the effect of biofouling on 
the operation of the implant [14], [19], [20]. Research findings have made it clear that 
biocompatibility does not necessarily mean that an implant is inert to its surroundings. Rather the 
term biocompatibility has been defined as minimal perturbation of the in vivo environment so that 
operation of the implant is not adversely affected [21].  

 The sequence of events after the implantation-biofouling process a) 
implantation, b) protein absorption, c) protein-cell interactions, d) tissue formation, 
fibrosis, and angiogenesis. (Courtesy of [22]) 

When potential energy sources within the human body are considered, there are not many 
different resources and a more in depth discussion of the state-of-the-art is given in Chapter 4. 
Heart and diaphragm motions and arm movements are two of the most popular methods utilized. 
However, these are not options for neural implants since their location are far away from the brain. 
In addition, users may forget to move their arms to charge the battery of the implant. Considering 
the potential power sources around the brain, it is found that the pressure fluctuations of the 
cerebrospinal fluid (CSF) is a promising source. By making the use of the continuous pressure 
fluctuations of the CSF, its mechanical energy can be harvested. In the second part of this 
dissertation, a novel method to harvest pressure fluctuations within the lateral ventricles of the 
brain is introduced that can either eliminate the battery need or extend battery lifetime of the neural 
implants. The CSF flow is a dynamic process and can provide continuous pressure to a harvester 
device. Figure 1.6a shows different sections involved in the CSF flow. The proposed method is 
depicted in Figure 1.6b where the harvester is placed inside the lateral ventricles which is a fluid 
filled cavity. This has been a collaboration project with Professor Arnau Benet Cabero, MD and 
his laboratory, the Skull Base & Cerebrovascular Laboratory at the Neurological Surgery 
Department of UC San Francisco. Figure 1.6c shows the proposed concentric ring-circular boss 
energy harvester that is designed to convert the pressure fluctuations to electrical energy. 
Compared to standard pressure harvesters, it utilizes the concentric structure design to decrease 
the stiffness which in turn increases deflection per unit pressure input. Since electric charges 
generated from the piezoelectric is proportional to the deflections on the piezoelectric layer higher 
efficiency can be obtained for operations with low frequency oscillation.  
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  a) Side view of the human brain showing the components of the brain which 

help to balance and provide CSF to the human brain and spinal cord (Courtesy of [23]), 
b) Cross-sectional view of the brain showing the proposed method of harvesting pressure 
fluctuations from the lateral ventricles, c) the proposed concentric ring-circular boss 
pressure energy harvester.  

1.4  Dissertation structure 
This dissertation focuses on sensing and harvesting pressure fluctuations in harsh 

environments. Therefore, the dissertation consists of two parts: 1) sensing pressure fluctuations for 
geothermal wells, 2) harvesting pressure fluctuations within the brain for neural implants. 
Correspondingly, the chapters are in the following order: 

Chapter 2 describes the development of a pressure sensor that can operate in geothermal wells. 
The chapter gives brief information about the geothermal energy production and gives reasons for 
the necessity of such sensor systems. The major limitation for the operation is the high temperature 
of the environment that silicon fails to operate as a structural material. Therefore, silicon carbide 
(SiC) is introduced and detailed as a potential harsh environment stable material for the 
application. In addition to the environmental conditions, it is required to design the sensor such 
that the pressure reading (resistance or capacitance) can be transferred through several km-long 
cables. A novel concentrically matched capacitance design is introduced that can provide 
differential capacitance outputs and can be used to send the pressure reading through long cables. 
Then, studies on the modeling and design of the sensor is detailed.  

Chapter 3 details the fabrication and characterization of the sensors. A surface micromachining 
process flow is developed where SiC is used as the structural layer. Some of the important steps 
are detailed such as doped SiC layer deposition. Then, the development of a high temperature 
characterization setup is explained and the characterization results are discussed.  

Chapter 4 introduces the proposed method of harvesting pressure fluctuations within the lateral 
ventricles of the brain to develop a sustainable power source for the neural implants. The chapter 
starts by introducing other potential mechanisms for recharging the implants such as 
electromagnetic and acoustic waves. Then, recent trends on implantable energy harvesters are 
introduced briefly. After the introduction of the proposed method, a novel energy harvesting 
structure, concentric ring-circular boss harvester is introduced for increasing the efficiency and 
studies on the design and modeling of the harvester are detailed. Initially, a circular piezoelectric 
plate model is developed which is then iterated to have the understanding about the proposed 
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method. The proposed structure is designed by considering silicon bulk micromachining and 
aluminum nitride as piezoelectric layer. However, due to its rigid structure silicon may not be 
favorable in some application that require implementation of array devices. Therefore, a flexible 
harvester is also introduced and modeled using energy relations.  

Chapter 5 gives details on the fabrication of the harvesters as well as characterization results. 
Bulk micromachining process for the fabrication of the Si/AlN-based harvester is detailed. Then, 
in-air characterization of the harvesters is presented to show the proof-of-concept of the enhanced 
efficiency of the proposed design. The development procedure of a mockup prototype to mimic 
the operation of the harvesters within the lateral ventricles is described and then characterization 
results are discussed. Lastly, fabrication process of the flexible harvester and its characterization 
results are presented. 

Concluding remarks and recommendations for future work are given in Chapter 6.



9 
 

 

 

 

  
 

SiC-BASED CONCENTRICALLY MATCHED 
CAPACITANCE PRESSURE SENSOR for 

GEOTHERMAL APPLICATIONS 
 

This chapter details the development of a pressure sensor that can be used in geothermal wells. 
The sensor not only has to withstand the high temperature environment of geothermal wells, but 
also should be compatible with electric schemes that are well suited for transferring the gathered 
data to monitoring station above the Earth’s surface through km-long cables. Although pressure 
sensor is a mature and a well-developed field, there are not any example that is designed to both 
operate in high temperature harsh environments and transfer data through long cables. This chapter 
focuses on this need and by considering SiC as the structural layer with concentrically matched 
capacitance concept, the problem could be overcome. This chapter begins with a brief introduction 
to geothermal energy production. Then, reasons for the SiC selection as the structural material are 
explained and SiC is compared to different common MEMS materials. Then, the novel design 
proposed in this work to eliminate the data transfer problem is introduced while the design and 
modeling studies are presented. 

2.1  Geothermal Energy Production 
Geothermal energy resources are hot water reservoirs below the Earth’s surface at varying 

temperatures around 375℃. This energy in the underground is harnessed to generate clean and 
renewable energy while it emits little or no greenhouse gases [7].  

Figures 2.1a-d show the sequence of events for the geothermal energy production. Firstly, a 
candidate area is examined and checked for three critical factors: 1) high-temperature rock, 2) 
water saturation of the field, 3) good permeability to allow water (the heat transfer agent) 
movement throughout the target geothermal field. Once a candidate location is confirmed to have 
these features the initial well is drilled that usually goes ~3-4 km down to the Earth’s surface 
(Figure 2.1a). Then, water is injected through these pipes at sufficient pressures to ensure 
fracturing or to open existing fractures within the reservoir and hot basement rock (Figure 2.1b). 
Pumping of water is continued to extend the fractures until hot water can be sucked from the 
production well (Figure 2.1c). The number of production and injection wells can be increased 
depending on the capacity of the plant (Figure 2.1d). During this operation, the most important 
parameter is the pressure of the wells to effectively adjust and control the water to be pumped from 
each injection well as well as water that comes out from the production well. Since the basement 
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rock has many cracks along the well, the pressure information should also be gathered spatially 
and without the pressure data, these wells operate in an open-loop inefficiently [24], [25]. 

 
Figure 2.1: Geothermal energy production process: a) well is drilled after confirming the 
candidate area; b) water is injected through the pipes to ensure fracturing or to open 
existing fractures; c) pumping water until hot water can be sucked from the production 
well; d) increasing the number of wells depending on the location and plant size (Courtesy 
of [3]); e) pressure sensors that needs to be installed through the pipes of the wells. 

2.2  Pressure sensor development for geothermal wells 
One of the Sandia National Laboratory’s mission is to ensure a secure and sustainable energy 

future [26]. It is estimated that the available geothermal energy in the U.S. is greater than 13 million 
quads or 130,000 times the current annual consumption of energy of the U.S. [7]. For this reason, 
the Geothermal Energy Division of the Sandia National Laboratory focuses on developing better 
geothermal energy production facilities. One of the major tasks of this division is to develop 
sensing systems at high temperatures. The author had worked in collaboration with the Sandia 
National Laboratory team to develop a pressure sensor that is designed to meet the specific needs 
of geothermal wells. Figure 2.1e depicts the pressure sensors that are deployed inside the 
geothermal wells as requested for this project. More specifically, Sandia team requested a pressure 
sensor with the following features: 1) it should be mounted along several km-long cables deployed 
inside the wells; 2) it should be compatible with an electric scheme that can transfer pressure 
reading through long cables; 3) it should withstand temperature of 400℃ and corrosive and 
hydrogen rich environment of the wells; 4) it should have a small size so that it does not interrupt 
the flow inside the water pipe that has maximum diameter of 10 cm. 

In this context, two challenges are obvious; the high temperature operation and transferring 
data through long distances. The next section discusses the material aspects of the problem to 
address the challenge of high temperature operation. Then, in order to address the data transfer, 
the proposed design is detailed. The last part of this chapter presents the design and modeling 
studies of the sensor.  
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2.3  SiC as a structural material for harsh environment sensors 
Severe geothermal well environments require sensors that can operate reliably at high 

temperature, high pressure, and under corrosive mediums environments [27]. The operation 
temperature of the conventional geothermal wells usually goes up to 375℃ which may lead to 
failure or exceed operating limits of silicon-based devices. Therefore, the sensor should be built 
from materials with robust mechanical, electrical, and chemical properties. SiC has been identified 
as one of the best materials that meets all the requirements because of its unique and well-rounded 
material properties for harsh environments. There are many different polytypes of SiC such that 
more than 250 SiC polytypes have been identified to date [28]. All of the different polytypes are 
alike in terms of arrangement of Si and C atoms in two-dimensional arrangement but they differ 
in stacking sequence of these two-dimensional planes with respect to the orientation of adjacent 
layers [29]. Although there are many different polytypes, they can be categorized in three groups 
in terms of their crystalline structure, namely, cubic (β –SiC), hexagonal, and rhombohedral (α -
SiC). Cubic structured SiC is also called 3C-SiC where “3” corresponds the number of stacking 
layer positions within one period and “C” refers to cubic symmetry. On the other hand, α -SiC has 
several most common types, including 2H-SiC, 4H-SiC, and 6H-SiC.  

Table 2.1: Comparison of material properties of SiC to Si, aluminum nitride, and diamond. 

Property SiC 
 (3C-SiC) Silicon Aluminum 

Nitride Diamond Unit 

Melting Point 2830 
(sublimes) 1420 2470 4000 ℃ 

Energy gap 2.4 1.12 6.2 5.6 eV 

Thermal Conductivity  5.0 1.5 1.6 20 W/cm-K 

Young’s Modulus 450 190 340 1035 GPa 

Acoustic Velocity 11.9 9.1 11.4 17.2 x103 m/s 

Yield Strength 21 7 - 53 GPa 

Thermal Exp. Coeff. 3.0 2.6 4.0 0.8 x10-6 /℃ 

Chemical Stability Excellent Fair Good Fair - 

Table 2.1 compares the critical mechanical and electrical parameters of SiC, silicon, aluminum 
nitride (AlN), and diamond [30]–[32]. For instance, the critical material properties of SiC for harsh 
environments such as melting temperature, yield strength, and Young’s modulus are 2, 3, and 2.3 
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times that of the silicon. For environments having chemical content or excessive hydrogen, 
chemical inertness of the material is a very critical parameter. In terms of chemical stability SiC is 
graded as “excellent” while silicon is graded as “fair”.  

Since these sensors are expected to operate under high temperature, their thermo-mechanical 
characteristics should also be considered. Based on a recent study, the change in Young’s Modulus 
with temperature between room temperature and 800K is given by [33]: 

0
528 )0134.1101.4103.1()( ETTTE +⋅−⋅−= −−

 (2.1) 

where E0 is the Young’s Modulus at room temperature and T is temperature in Kelvins. The 
changing Young’s Modulus is important in designing static devices such as pressure sensors as 
well as dynamic devices such as resonators because it directly affects the stiffness of the structure, 
therefore should be considered in the device design phase. Figure 2.2a shows the plot of the 
polynomial given in Equation (2.1) where the change in modulus behavior of SiC corresponds to 
~ -2.4 GPa/100℃.  

 
Figure 2.2: a) Young’s modulus of SiC with respect to temperature [33]; b) comparison of 
the thermal expansion coefficients for SiC and Si [34], [35].  

Researchers have also tested the yield strength of silicon, SiC, and other MEMS materials such 
as aluminum nitride, GaN, and III-V nitrides. Experimental data shows that under minimal loads 
silicon undergoes plastic deformation around 500℃ while data for 6H-SiC shows that the plastic 
deformation starts above 1200℃ [36], [37]. It is also important to consider α11, coefficient of 
thermal expansion (CTE) and how it varies with the temperature because this parameter affects 
structures exposed to a temperature load and generates stress gradient in structures. Li and Bradt 
conducted experiments on the α11 of various polytypes of SiC including 3C-SiC, 4H-SiC, and 6H-
SiC [35]. Figure 2.2b compares CTE of SiC and Si for temperatures up to 527℃. Experimental 
results show that the CTE of SiC is higher than Si at room temperature and a shift of almost 50% 
occurs at 500℃. Therefore, depending on the application temperature proper α11 value should be 
considered during design phase. According to the experimental results following polynomial 
function can be used to calculate α11 of SiC [35]: 
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Another critical parameter is the melting temperature, and SiC sublimes at 2830℃ while 
silicon starts melting at 1420℃.  The high temperature stability of SiC is in part due to its 
extremely low diffusion rate. This allows no significant diffusion to start in SiC until 1800℃ while 
there are many research that shows diffusion of silicon can be done in temperatures as low as 
450℃ [38], [39]. SiC is also notable for its excellent chemical stability which is characterized by 
its invulnerability to wet etching which makes it resistant to erosion and corrosion [40]. It does not 
react with most of the chemicals at room temperature. For example, potassium hydroxide (KOH) 
etching of SiC does not start until 600℃. In addition, SiC is a good material for high oxidative 
environments too which makes them suitable for geothermal applications [41]. Many experimental 
studies have been done to compare oxidation characteristics of SiC in hydrocarbon combustion 
environments. Experimental results show that rate of oxidation is diffusion limited at temperatures 
below 927℃. For instance, annealing of poly 3C-SiC at 752℃ in atmospheric air resulted in only 
5nm-thick oxide layer after 5 hours of treatment. Therefore, compared to common MEMS 
materials such as silicon and diamond-like carbon (DLC) films, SiC has a relatively high oxidation 
resistance. Wijensundara et al. compared oxidation rate of silicon, DLC, and SiC films and 
oxidized these films under 752℃ in atmospheric air [41]. Experimental results showed that during 
the first 24 hours, 500 nm of DLC was burned out while the oxide thickness of silicon and poly-
SiC films after 100 hours were 290 nm and 48 nm, respectively. This result clearly demonstrates 
the superiority of SiC over common MEMS materials in oxidizing environments.  

Electrical properties of SiC are also superior to silicon at high temperatures because electronics 
require thermal stability of electrical parameters over wide range of temperatures. Therefore, 
intrinsic properties of the semiconductor play an important role as well as device architecture. 
Increase in temperature in a semiconductor material leads to an increase in carrier concentration 
and a decrease in the energy band gap, and this in turn decreases the device performance such as 
increase in leakage current occurs. Therefore, materials with high band gap and low intrinsic 
carrier concentration are needed for high temperature applications.  The band gaps of 6H-SiC, 4H-
SiC, 3C-SiC and silicon are 3.03 eV, 3.26 eV, 2.4 eV and 1.12 eV, respectively, confirming that 
SiC is a better suited material for high temperature electronics applications too [42], [43]. 

Overall, when mechanical, chemical, and electrical parameters of SiC and silicon are 
considered, SiC has higher mechanical toughness, chemical inertness, and better electrical 
parameters that makes them a good candidate for harsh environment applications.  

2.4  Harsh environment pressure sensing  
Pressure sensors is a widely studied topic and there are many products already commercialized. 

Many of the commercial pressure sensors use a similar datasheet with commercial electronics that 
lists 125℃ as the maximum operation temperature. As a result, these sensors cannot be utilized 
for environments with higher temperatures, such as geothermal wells and combustion chambers.  
Silicon-based pressure sensors are very well documented in terms of material properties, design, 
fabrication, and characterization. These sensors usually utilize a thin diaphragm that can bend 
under external pressure, and either piezoresistive or capacitive sensing method is implemented to 
detect the bending of the diaphragm when pressure is applied.  
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Pressure sensors operating in geothermal wells should be able to withstand high temperature 
and corrosive environment as mentioned earlier in this chapter. Because of the environmental 
conditions, it is not possible to use battery-powered standalone sensor systems that needs 
maintenance or battery replacement. Therefore, monitoring of geothermal wells is usually done by 
a series of sensor suites attached along a several km-long cable that goes deep inside the 
geothermal well.  These cables are attached to the side of a 10 cm-diameter pipe and in order to 
free fluid flows, small sized sensors are necessary. In addition to the environmental conditions, 
transferring pressure data which are small capacitance changes along long cables, brings additional 
challenges.  

Recent efforts to develop sensors for high temperature environments include fiber-optic and 
SiC-based pressure sensors. In the following sections these sensing methodologies are discussed 
briefly.  

2.4.1 Fiber-optic pressure sensors 
Optic sensors are made up of transparent dielectric cables that guides light over distances. 

There are various types of sensors that make use of fiber optics such as displacement, pressure, 
temperature, and flow rate. Fiber optic pressure sensors was first introduced in 1979 by Fields and 
Barnoski [44]. Since then, they received great attention and found use in many diverse fields 
because of its ease of fabrication and the fact that it does not require electrical power at the sensor 
site [45]–[48]. Fiber optic pressure sensors have relatively simple structure. A fiber optic cable is 
integrated to a diaphragm that can bend upon pressure applied. The optic cable sends light to the 
diaphragm and by calculating the difference in the phase of the reflected waves, the amount of 
deflection in the diaphragm can be inferred.  

Fiber optic cable usually consists of three layers, namely core, cladding, and jacket. The core 
is made up of either a glass (silica) or acrylic based plastic. One of the major problems of the fiber 
optic cables is that when the optical fibers are exposed to a hydrogen-rich environment, the optical 
properties degrade considerably due to the hydrogen ingression and hydroxyl formation [49]–[54]. 
Moreover, because of the temperature gradient along the well, thermal stress of the cable causes 
variations through the optical cable diameter, which would also affect the performance of the 
sensor considerably. This kind of defects arising from the environmental conditions can be 
prevented by using active electronic equipment which is not an option for geothermal applications. 
Therefore, for this method to become a reliable option for geothermal wells, it is required to 
develop a coating material that protects the fiber from effects of hydrogen-rich environments as 
well as temperature effects.  

2.4.2 Silicon carbide-based pressure sensors 
The operation temperature limit of the silicon-based sensor systems, forced researchers to 

focus on different materials and SiC has received great attentions due to its superior material 
properties as mentioned in earlier sections.  

The earlier examples of pressure sensor research using SiC focused on piezoresistive sensing 
method. Okoije et al. fabricated a 6H-SiC piezoresistive pressure sensor and tested up to 500℃ 
[55]. Piezoresistive sensing is a widely used method even in commercial sensors, however the 
major drawback of the piezoresistive sensing is its dependence on the temperature variations [56]–
[58]. This effect caused net bridge voltage outputs of 20 mV and 41 mV (~100% change) from the 
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sensor under 6.9 MPa when measured at room temperature and 500℃, respectively. The same 
effect also caused a 15% drift in output voltage between transient and steady-state measurements. 
In order to circumvent the effect of temperature, researchers have proposed devices that has 
temperature sensor fabricated close to the pressure sensor to compensate for the temperature 
effects but this approach requires an active electronic circuitry which again has temperature 
limitations. This might be alleviated by putting the sensor and reading site close from each other. 
For example, NASA is working on this approach for some of their space exploration projects [59]–
[61].  

Research group from the Case Western University utilized the capacitive sensing approach 
[62], [63]. Chen and Mehregany fabricated a SiC capacitive pressure sensor and used a poly-SiC 
wafer in order to minimize the thermal expansion mismatch effects between the diaphragm 
structure and the substrate. They utilized surface micromachining processes and fabricated circular 
diaphragms having diameter, thickness, and gap of 172 μm, 2.8 μm, and 1.4 μm, respectively. 
They also conducted dynamic measurements in a cylinder which has characteristics of a cyclic 4-
stroke dynamics pressure loading. Characterizations were held at maximum temperature of 574℃ 
and pressures of up to 0.7 MPa and sensitivity of 1.5 fF/kPa is reported. This work showed that 
SiC capacitive pressure sensors are promising even for high temperature dynamic measurements.  

However, one of the challenges for capacitive pressure sensors in geothermal applications is 
that a small change of capacitance on the order of fF to pF obtained inside the wells cannot be 
transferred through km-long cables. In the following section, the proposed method is introduced 
which has the potential to eliminate this problem.  

2.4.3 Differential capacitance output pressure sensors 
Measurement from a remote location has long been a problem for many different fields such 

as geography, hydrology, ecology, oceanography, etc. For geothermal applications, remote sensing 
of small capacitive changes is limited by common mode noise arising from long cables. Therefore, 
transferring the measured data from the well is a very important problem that should be considered 
during the sensor design phase. Fortunately, sending and receiving data from a remote sensor 
system is a well-known problem in electrical engineering. In 1973, NASA researchers Harrison 
and Dimeff proposed diode-quad transducer bridge circuit which rejects common mode noise and 
transfer small capacitance changes over long distances [64]. Figure 2.3a shows the schematic of 
the diode-quad bridge circuit. By implementing this circuit, it is possible to drive the diode bridge 
at a frequency selected to get through a very long cable and a “differential” capacitive sensor can 
be used to generate a DC bias proportional to the differential capacitance on the bridge that can be 
read at a great distance.  
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Figure 2.3: a) The diode-quad bridge proposed by Harrison et al. to eliminate the 
common-mode noise and transfer small capacitance changes through long cables, b) 
simulation of the diode-quad bridge using LT-Spice, c) simulation results showing DC bias 
that can be read for a given AC input. 

In order to confirm the operation of the circuitry, a simulation study was conducted using the 
LT Spice electric circuit simulation program. Figures 2.3b&c show the designed circuitry and 
simulation results. It is confirmed that by giving an AC voltage input of 1 Vp-p at 1 MHz, a DC 
bias that is proportional to the differential capacitance can be read. However, in most of the cases, 
the capacitive sensors have only single capacitance output. Although two of the most widely 
commercialized MEMS sensors accelerometer and gyroscopes utilize differential sensing scheme, 
differential capacitance measurement for pressure sensors is not common. The majority of the 
capacitance output pressure sensor designs have single diaphragms either circular or rectangular 
shaped, and provide single capacitance change when the diaphragm is bent upon applied pressure. 
As a result, this kind of pressure sensors with single capacitance output cannot be implemented for 
differential outputs because the circuitry needs the sensor to have a differential capacitive output 
scheme.  

Figure 2.4 shows some of the recent efforts on developing pressure sensors with differential 
capacitance output. Mastrangelo et al. proposed a pressure sensor that has three diaphragms (two 
microfabricated and one bulk micromachined) which is shown in Figure 2.4a [65]. When pressure 
is applied from the backside of the wafer, the bulk micromachined diaphragm bends and the 
distance between the diaphragms gets closer which in turn increases the capacitance between these 
diaphragms. On the other hand, the other surface micromachined diaphragm does not deflect and 
capacitance between this diaphragm and the substrate stays constant. As a result, differential 
capacitance output can be realized. However, in order to fabricate this sensor, a very complex 
fabrication process is required. Figure 2.4b shows a sensor proposed by Moe et al. that consists of 
two diaphragms where one of them has relatively thicker structure [66]. The thicker structure of 
the diaphragm makes it insensitive to pressure changes such that it does not deflect while the 
thinner diaphragm bends. Therefore, the capacitance between the thin diaphragm and the substrate 
changes while the capacitance between the thick diaphragm and the substrate does not change. 
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Again, this kind of sensor requires very complex fabrication process such that at least two wafers 
needs to be bonded to each other. Recently, Fairchild Inc. filed a patent on a pressure sensor with 
differential capacitance output which is shown in Figure 2.4c [67]. Compared to the other methods 
instead of diaphragms with different thicknesses, this sensor utilizes a lever mechanism to generate 
the differential capacitance output. The lever is placed such that it is not aligned with the center of 
the mass of the beam it’s carrying while the base of the lever is attached to a deflecting membrane. 
The deflection of the membrane causes one of the tips of the beam to move upwards while the 
other moves downwards causing the corresponding capacitances to decrease and increase, 
respectively. Once again, the proposed device can work as a fully-differential capacitance output 
sensor which doubles the capacitive difference but a very complicated fabrication procedure 
should be developed. Therefore, although there have been attempts to develop a pressure sensor 
with differential capacitance output, they lack an easy fabrication process. Since pressure sensor 
fabrication is a well-established process, the sensor to be developed should have a similar and 
simple fabrication process.  

 
Figure 2.4: Differential capacitance output pressure sensors proposed by other 
researchers: a) a sensor that requires both surface- and bulk-micromachining [65]; b) 
differential capacitance output realized by a device that needs bulk-micromachining and 
wafer bonding processes [66]; c) a lever mechanism attached to a deflecting membrane 
inside a sealed diaphragm [67]. 

2.5  Concentrically matched capacitance pressure sensor 
Figure 2.5a shows the proposed device: concentrically matched capacitance differential 

capacitance output (DCO) pressure sensor [68]. The proposed DCO sensor can be coupled to the 
diode-quad bridge to eliminate common-mode noises stemming from the km-long cables. The 
proposed sensor design consists of a concentric ring and circular shaped plate structures having 
the same footprints such that they have the same nominal capacitance. Critical design parameters 
shown in Figure 2.5a are: radius of the circular plate, R1, central radius of the ring plate, R2, width 
of the ring plate, Rw, thickness of the plates, t, and the gap between the plate and the substrate, g.  
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Figure 2.5: a) The proposed concentrically matched capacitance pressure sensor that can 
provide differential capacitance output and it critical dimensions; b) operation principle 
of the proposed sensor where an applied pressure deflects the circular diaphragm and 
deflection of the ring is negligible compared to that of the circular diaphragm; c) operation 
principle of the conventional pressure sensors with single capacitance output.  

Because of the boundary conditions and shape of the ring structure it is expected to be much 
stiffer than the circular plate. The operation mechanism is based on this assumption. When an 
external pressure is applied, the plate structures are deformed. However, because of the higher 
stiffness of the ring plate structure, the deflection of the ring plate is much smaller than that of the 
circular plate. As a result, the deflection of the ring plate can be neglected and thus, capacitance 
between the ring plate and the substrate, C2, can be assumed to be constant. On the other hand, 
since the circular plate deflects considerably, the capacitance between the circular plate and the 
substrate, C1, increases with the applied external pressure which is similar to a conventional 
pressure sensor as depicted in Figure 2.5c. As a result, the proposed design can provide differential 
capacitance output and is compatible with the diode-quad bridge circuitry.  

2.5.1 Design of the sensor 
The design and modeling of the proposed sensor is carried out by using both analytical and 

finite element (FE) modeling approaches. As a first step, in order to prove the assumption that the 
deflection of the center of the ring plate, wR, is negligible as compared to the deflection of the 
center of the circular plate, wo, (wR << wo) under the same pressure loading so that the device can 
operate in a differential manner. The deflection profiles of the ring and circular plates are modeled 
and compared. After the confirmation of the fact that the proposed sensor can operate in a 
differential manner, the next step is designing the circular plate for a particular pressure range and 
sensitivity. 

2.5.2 Verification of the differential operation of the proposed sensor design 
Figure 2.6 shows the simplified cross sectional view of the sensor which consists of a circular 

plate and ring (annular) plate. The ring and circular plates are modeled by assuming edge-clamped 
boundary conditions with a distributed load, P. Critical dimensions are radius of the circular plate, 
R1, radius of the center of the ring plate, R2, and radial width of the ring plate, Rw. 
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Figure 2.6: Cross sectional view of the simplified model of the proposed sensor showing 
boundary conditions, loads, and critical dimensions.  

The deflections of the plate structures are well known and studied in many text books [69], 
[70]. For the deflection of circular plates, there are two different deflection modes, namely, small 
deflection and large deflection. The difference between these two modes arises from the fact that 
bending and stretching behaviors of the plate depend highly on the thickness to deflection ratio 
(t/wo). The small deflection mode is also refereed as pure bending mode such that the strain or 
stretching of the neutral plane of the plate is neglected. The small deflection mode is applicable 
when the center deflection of the plate is smaller than 20% of the plate’s thickness, t [69]. In order 
to model this regime of the deflection, plate theory is considered. As the deformation increases, 
strains on the neutral plane increase and causes the neutral plane to be stretched. Therefore, for 
deflections larger than 20%, large deflection formulation is considered. In order to model the 
behavior of the plate during this regime, thin-plate theory is utilized, which is a transition region 
from plate to membrane behavior.   

For a circular plate with a uniform load P and clamped from its edges, the relation between P 
and the center deflection, w0, for small and large deflection modes can be derived by utilizing 
strain-energy methods and expressed as [69]: 
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where σf is the built-in film stress, and D is the flexural rigidity that is defined as:  
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where E and ν are material properties which are Young’s modulus and Poisson’s ratio, 
respectively. During the large-deflection mode, the diaphragm is bent and stretched, and the 
resulting strains cannot be neglected as in the small-deflection mode. Both Equations (2.3) and 
(2.4) includes the built-in stress effects on the deflection.  The microfabrication of a thin diaphragm 
processes generally creates a structure with a residual stress which might stem from the deposition 
temperature and thermal mismatch between the substrate and deposited materials [71]. The 
deflection profile of the diaphragm can be expressed as:  
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where the exponential term, 1<n<2 and becomes 2 for the plate model (small-deflection mode). 
Furthermore, as the deflection to thickness ratio increases n decreases and for cases where 
deflection is much larger than the plate thickness such as membrane models, it is considered as 1 
[71]. The pressure sensor design here is constrained with fabrication limitations, such as the gap 
between the plate and the substrate, g, is limited with the sacrificial material deposition rate and 
thickness generally in the range of 0.5 - 2 μm. Furthermore, the plate thickness is also dependent 
on the SiC deposition rate and thickness, so the plate thickness, t, is generally in the range of 1 - 3 
μm. Considering these limitations, the different values of n are evaluated under various pressure 
values. Figure 2.7 shows the deflection profiles of the plate model for increasing pressures from 
0.1 MPa to 25 MPa by considering the small deflection mode, large deflection mode with n=1.85, 
and FE analysis results. It can be seen that, increasing the pressure causes an increase in the 
difference between small-deflection and large-deflection models. As a result, considering all the 
factors, including the studies using different n values and FE analysis results, fabrication 
limitations, and the values published in the literature, the n value is considered as 1.85 throughout 
the modeling studies [63], [69], [71]–[73].   

 
Figure 2.7: (a-d) Deflection profile of the small-deflection, large-deflection models and 
FE results from low to high pressures from 0.1 MPa to 25 MPa; e) the deflection contour 
of the circular plate model developed using FE program under a pressure of 10MPa. 

The ring plate has a different deflection profile and stiffness for a uniform load than a circular 
plate. The following relation is used to calculate deflection of the center of the ring plate under 
pressure loading with both edges clamped as shown in the Figure 2.6 [70]. 
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where MR is unit radial bending moment, QR is unit shear force, and φ1, φ2, and φ3 are geometric 
functions dependent on R2 and Rw. These geometric functions can be expressed as:  
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where b is inner radius of the ring plate (R2-Rw/2), and the singularity function < r-b >0, indicates 
that the expression (r-b) is equated to zero unless r>b. The other terms in Equation (2.7), MR and 
QR can be calculated as:  
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where φ4, and φ5 are functions based on the radial dimensions of the ring plate, R2 and Rw and can 
be expressed as follows: 
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In addition to the analytical approach, an FE model of the sensor that has a ring and circular 
plate structure is also simulated using the Comsol FE analysis program.  Table 2.2 shows the 
material properties and critical dimensions of the model used during the calculations of the 
analytical approach as well as the FE analysis approach. The results of the FE analysis results are 
then compared with that of the analytical approach. The dimensions of the circular and the ring 
plate is selected such that they have same footprint area, thus have same starting capacitance.  

Table 2.2: Dimensions and material properties used for the analytical and FE models.  

Sensor dimensions Material properties 

R1 100 

μm 

E 450 GPa 

R2 138 ν 0.17 - 

w 36 ρ 3210 kg/m3 

t 2  

Figure 2.8 summarizes the modeling results which shows contour plot of the deflection of the 
ring and the circular plate under the external pressure of 1 MPa. The difference in the contours can 
show that deflection of the ring is almost negligible compared to that of the circular plate. In order 
to have a better understanding of deflection ratios of these structures and its trend under different 
pressures, a pressure sweep analysis is conducted using both analytical and FE model approach. 
Figure 2.8b shows the results of the both methods. It can be seen that analytical methods match 
well with the FE analysis results. During the pressure sweep from 0.1 MPa to 2 MPa, the ratio of 
the deflection of the circular plate to the ring plate (wo/ wR) decreased from 345 to 130. Therefore, 
it can be concluded that the deflection of the ring is between 0.29% and 0.77% of the circular plate 
deformation which confirms that deflection of the ring membrane is negligible compared to 
circular plate deflection under the same pressure. As a result, the ring plate can act as a fixed 
capacitor, while the circular plate can work as a variable capacitor that is needed in the quad-diode 
bridge circuitry for the differential capacitance output operation.  
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Figure 2.8: a) FE simulation results showing the deflection contour of the proposed sensor 
under the pressure of 1 MPa, b) comparison of the deflection of the circular and ring plate 
models by the analytical and FE model results.  

2.5.3 Design of the circular plate as a variable capacitor 
In the previous section, the necessary equations to calculate the deflection profile of the circular 

plate are introduced. In this section, two different operation modes of the pressure sensor are 
detailed and necessary equations to calculate the capacitance response of the sensor are introduced.  

 
Figure 2.9: Cross sectional views of the circular plate diaphragm under the external 
pressure in a) non-contact mode, and b) contact mode.  

Micromachined capacitive pressure sensors can be designed to operate in two different modes, 
the non-contact mode and contact mode. Figure 2.9 shows these modes and the critical parameters 
for these modes. The non-contact mode operation is in the regime before the diaphragm touches 
the substrate when the pressure is applied. At a specific pressure called touch pressure, Ptouch, the 
diaphragm contacts the substrate and the increase in the applied pressure afterwards also increases 
the contact area.  This regime is called the contact-mode operation. There are two major 
characteristics of the contact mode operation which makes it more favorable to non-contact mode 
operation under high pressure operations, including increased linear range and sensitivity [74].  

Deflection profile calculations during the contact mode operation requires the modification of 
the equations. In Figure 2.9b, the non-contact radius, Rn, and contact radius, Rc (or R1 -Rn), as their 
names imply, correspond to the radii of the non-contacting and contacting regions, respectively. It 
is possible to evaluate Rn for an external pressure applied, P, by using the deflection equation given 
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in Equation (2.4) using gap, g, as the center deflection, which then can be used to calculate 
deflection profile equation: 
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It is known from previous studies that the typically contact-mode pressure sensors have linear 
behavior in the range between 1.2Ptouch to 2.5Ptouch [72], [73], [75]. Therefore, depending on the 
required pressure range and sensitivity, Ptouch and sensor dimensions can be adjusted to meet the 
requirements. Figure 2.10 shows deflection profile of a particular sensor design under pressures 
exceeding Ptouch. An FE model is also developed using the Ansys FE analysis program to confirm 
the contact-mode deflection profiles.  

 
Figure 2.10: Results of the developed models for contact mode operation, a) analytical 
model results, b) developed FE model’s deflection contour results.  

The developed models for deflection profiles are used to calculate the capacitance between the 
diaphragm and the substrate.  During the contact mode operation, in order to prevent short circuit 
between the diaphragm and the bottom electrode on the substrate, an insulator layer should be 
deposited on top of the bottom electrode. The insulator layer which has a thickness of tins, also 
contributes to the capacitance between the diaphragm and the substrate. As a result, the capacitance 
has two components in parallel as depicted in Figure 2.11. The first component arises from the 
contact region which is the capacitance stemming from the insulator layer, Cins_c. The second 
capacitance component is the series capacitances of the air gap, Cair, and the insulator capacitance 
on the non-contacting region of the diaphragm, Cins_n.  

 
Figure 2.11: Cross-sectional view of the circular plate under contact-mode operation and 
capacitances arising from the operation mode and layers.  
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Considering the described components of the capacitance between the diaphragm and the 
substrate, capacitances can be calculated as:  
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where ε0 , εa, and εins are permittivity constant (8.854x10-12 F/m), relative air permittivity which is 
1, and relative insulator permittivity (3.9 for silicon oxide, 7.5 for silicon nitride), respectively. 
Figure 2.12a shows a typical capacitance versus pressure plot for a sensor that operates in both 
non-contact and contact modes. A linear curve is fitted starting from 1.2Ptouch that has nonlinearity 
of less than 0.5% which is defined as in Equation (2.25). Figure 2.12b shows the close-up view of 
the linear range of the contact mode operation. It can be seen that the non-linearity of the sensor 
response increases considerably after ~2.5Ptouch.  The nonlinearity is expressed as: 
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where ΔC+ and ΔC- are the maximum and minimum deviations from the fitted linear curve, 
respectively; and Cmax and Cmin are the maximum and minimum capacitances within the operation 
range.  

  
Figure 2.12: a) Capacitance pressure response of the pressure sensors model showing 
both non-contact and contact mode operations, b) close-up view of the linear range of the 
contact mode operation with non-linearity <0.5%. 

Depending on the application requirements, the limitation on nonlinearity of the sensor can be 
adjusted to increase the linear range. As a result, by using the given relations, pressure sensors are 
designed to operate under various pressures such as 1 MPa, 5 MPa, and 10 MPa. During the 
modeling attempts, material properties given in Table 2.2 are used. A sample set from of the 
designed sensors can be seen in Table 2.3.  
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Table 2.3: A sample set of designed sensor dimensions for various pressure ranges. (*σfilm 
effect is the increase in the radius length required, R1, per 100 MPa increase in the film stress)  

 Inputs Outputs 
Desired 
Pressure 
[MPa] 

t 
[μm] 

g 
[μm] 

tins 
[μm] 

R1 
[μm] 

Sensitivity 
[fF/kPa] 

Cap. range 
[pF] 

σfilm effect*   
[μm/100MPa] 

1 2 2 

0.2 

102.5 0.98 0.53 2.0 7.6 
1 3 3 153.8 2.1 0.9 4.1 11.7 
5 2 2 68.6 8.8e-2 0.24 0.9 2.3 
5 3 3 102.9 0.2 0.4 1.8 3.4 
10 2 2 57.7 3.1e-2 0.17 0.64 1.3 
10 3 3 86.5 6.6e-2 0.3 1.2 2.0 

In the design procedure, the desired operation pressure, P, thickness of the diaphragm, t, gap, 
g, and insulator thickness, tins, are used as input variables. The diaphragm radius, R1, sensitivity, 
capacitance range, and effect of film stress, σfilm are calculated. The desired pressure is set to be at 
the middle of the linear range of the contact mode operation. Then, Ptouch and R1 is calculated by 
using the given relations. As a final step, sensor characteristics such as sensitivity, capacitance 
range, and effect of film stress on the required R1 is calculated. 

2.5.4 Optimization of sensor output 
In the previous section, efforts on modeling and pressure-capacitance response have been 

discussed. In general, the sensitivity and linear range of the pressure sensor are its most important 
characteristics. In order to design a sensor tailored for a specific application, an optimization 
should be done. In this section, optimization studies on the sensor dimensions to enhance its 
sensitivity and linear range are detailed.  

 
Figure 2.13: Capacitance pressure response plot of a pressure sensor and critical 
parameters shown to define linear range, and sensitivities of each operation modes.   
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Figure 2.13 shows a typical capacitive pressure sensor response plot where non-contact and 
contact modes are visible. Important characteristics of the sensor are also emphasized such as ΔP1 
and ΔP2, the absolute pressure values that lie within the linear range in the non-contact and contact 
mode, respectively. On the other hand, m1 and m2 correspond to slopes of the fitted curves of the 
linear range of non-contact and contact modes, respectively. Two non-dimensional parameters are 
introduced, namely, pressure ratio, PR, and slope ratio, mR. In general, 3Ptouch is considered as the 
maximum limit in pressure range such that sensor saturates above this pressure. Therefore, 
considering this limit, PR is defined as the ratio of the sum of the ΔP1 and ΔP2 to 3Ptouch. In addition, 
two non-dimensional parameters λR and λg are defined for the sake of simplicity during the 
optimization which can be expressed as:  
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In the ideal case, it is desired to have a PR and mR of 1, such that the sensor is linear for all 
pressures below 3Ptouch. Matlab is used to develop a parameter sweep code to identify 
combinations of parameters that yields more favorable PR and mR. In order to find the optimal 
dimensions, Matlab’s Genetic Algorithm Toolbox is used with the following constraints:  

Objective function:   

• Minimize 𝑓𝑓1(𝑃𝑃𝑅𝑅) = 1 − 𝑃𝑃𝑅𝑅    𝑓𝑓2(𝑚𝑚𝑅𝑅) = 𝑚𝑚𝑅𝑅 

Subject to: 

• 𝑓𝑓1,𝑓𝑓2 ≥ 0 
• 0.5 < 𝜆𝜆𝑅𝑅 < 1000 
• 0.05 < 𝜆𝜆𝑔𝑔 < 20 

At the end of the optimization run, f1 was converged to 0.14 which corresponds to PR of 0.86 
meaning that 86% of the pressure range of up to 3Ptouch can be operated within linear range. On 
the other hand, mR was converged to 1.97. As a result, it is concluded that it is not possible to select 
such dimensions within microfabrication limitations that would yield a full linear range sensor 
within the 3Ptouch limit. The global maximum value of the PR resulted in λR and λg values of 42 and 
1.4, respectively. As a conclusion, the PR value of 0.86 can be achieved with moderate values of 
λR and λg while in order to achieve mR ratio of 1.97, very high values of λR and very low values of 
λg are required which brings additional challenges in fabrication (i.e. a membrane with a gap 
smaller than the thickness of the membrane). Therefore, although both design goals cannot be 
achieved simultaneously, it is at least possible to achieve a high PR ratio to increase the linear range 
of the sensor which results in ~60% increase compared to designs with the standard procedure. 
Figure 2.14 shows the parameter sweep study that also confirms the optimization results. 
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Figure 2.14: Parameter sweep results to search for a better PR and mR ratios, a) PR vs λR, 
b) PR vs t and R, c) mR vs λR, d) mR vs λR and g. 

A case study is done to show the effect of the new strategy to determine the critical dimensions 
of the sensor. For instance, for a high-pressure sensor which needs to withstand 35 MPa, two 
different approaches are considered. The first one utilizes the standard approach, while the second 
one is the optimization approach to have a maximum linear range or PR. Figure 2.15 shows the 
capacitance-pressure response of the sensors designed using these two approaches. The first 
approach resulted in a sensor that has R1, t, and g of 26.7 μm, 2 μm, and 0.5 μm, respectively; 
while the second approach yields R1, t, and g of 60 μm, 2 μm, and 4 μm, respectively. The former 
design has a PR of 53% with 25.5 MPa contact mode linear range, while the latter design yields PR 
of 81% with 32.1 MPa contact mode linear range, thus confirms the benefit of the optimization 
procedure in the enhancements of the sensor characteristics. 

 
Figure 2.15: Comparison of two different sensor performances designed to operate at 35 
MPa, using the standard and optimization approaches, response of the sensor designed 
using a) standard method having R1=26.7 μm, t=2 μm, g=0.5 μm, b) optimization method 
having R1=60 μm, t=2 μm, g=4 μm. 
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FABRICATION and CHARACTERIZATION of 
SIC CONCENTRICALLY MATCHED 

CAPACITANCE PRESSURE SENSORS 
 

In this chapter, the fabrication and characterization of the SiC-based, concentrically matched 
capacitance sensors will be detailed. A surface micromachining process is developed to fabricate 
the proposed sensor design which is introduced in the first part of this chapter. In order to 
characterize the pressure sensors, a temperature controlled pressure chamber is custom built which 
will be detailed in the second part of this chapter. 

3.1  Fabrication of the pressure sensors 
A surface micromachining process is developed to fabricate the proposed sensors. Fabrication 

was completed at UC Berkeley Marvell Nanofabrication facility. The facility has a low pressure 
chemical vapor deposition equipment that is capable of depositing doped and undoped poly-SiC 
films. As a structural layer and bottom electrode layer, the doped poly-SiC deposition process is 
used. The fabrication process developed is similar to a conventional pressure sensor fabrication 
flow.  By changing the layout of the conventional pressure sensor fabrication process, the proposed 
DCO sensor can be fabricated. Figure 3.1 shows the developed fabrication process.  

 

 
1- SiO2 deposition (APCVD) and doped poly-SiC deposition (LPCVD) 
2- Poly-SiC patterning using plasma-based etching 
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3- SiO2 deposition (APCVD) and patterning using plasma etcher 

 
4- Sacrificial poly-Si layer deposition (LPCVD) 

 
5- Poly-Si sacrificial layer patterning using plasma etcher  

 
6- Doped poly-SiC deposition (LPCVD)  

 
7- Patterning of doped poly-SiC layer using plasma etcher 

 
8- XeF2 vapor-based etching of the sacrificial poly-Si layer 
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9- SiO2 deposition (LPCVD) and patterning for sealing cavities 
10- Al deposition and patterning for metallization  

 

Figure 3.1: Surface-micromachining process developed for the concentrically matched 
capacitance pressure sensor fabrication. 

The fabrication process starts with a 6” <100> bare silicon wafer. Firstly, a pre-furnace 
cleaning is done which includes a 10-minute piranha dip and 1 minute of HF dip. Then, a 100 nm-
thick SiO2 layer is deposited via thermal oxidation process at 1050℃.  The oxidation process is 
followed by a poly-SiC deposition process via a low-pressure chemical vapor deposition (LPCVD) 
process. Since the purpose of this layer is to serve as bottom electrode, nitrogen doped poly-SiC 
is deposited. Two different gases methylsilane (CH3SiH3) and dichlorosilane (SiH2Cl2) are the two 
gases used for poly-SiC deposition where NH3 is used for the doping purposes. Deposition 
temperature of 800℃ for 40 minutes results in nearly 200 nm-thick doped poly-SiC film. Initially, 
the standard recipe was used for a doped poly-SiC, however this recipe didn’t result in a film with 
low resistivity. Therefore, some of the fabrication parameters were adjusted to realize a poly-SiC 
film with low resistivity and stress values. Figure 3.2a summarizes the doped poly-SiC deposition 
characterization results. Resistivity was measured using the CDE ResMap four-point probe tool 
and the stress measurements were done using the Flexus thin film stress measurement tool. More 
details on the poly-SiC deposition process can be found in [76], [77].  

 
Figure 3.2: a) Effect of NH3 flow rate on SiC film resistivity and stress for the LPCVD SiC 
deposition process; b) a-Si deposition rate observed for the PECVD process.  

In order to pattern the poly-SiC, an oxide mask is used. However, for thin layers (i.e. <300 nm) 
double spin coated and hard baked resist (~5 μm) also works under plasma-based etching process. 
Therefore, a standard i-line resist having total thickness of 5 μm is spin coated and then patterned 
after the UV exposure. After the lithography process, Lam Research’s transformer coupled plasma 
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(TCP) etcher is used to pattern the poly-SiC layer. During the etching process, a mixture of gases 
Cl2, HBr, CF4 with ratios of 5:3:4 (125, 100, 75 sccm) are used with TCP under a bias RF power 
of 300 W and 150 W, respectively. Figure 3.3a shows the patterned poly-SiC bottom electrodes 
on insulator. After the poly-SiC patterning, a SiO2 insulation layer is deposited again that serves 
as a protection layer during the contact-mode operation of the pressure sensor to prevent short 
circuit between the diaphragm and the bottom electrode. The patterning of the second insulation 
layer is done using Lam Research’s plasma etcher and gasses used during the etching process are 
Ar:CHF3:CF4 (6:1:1). Figures 3.3b, c show colored and grayscale 3D confocal microscope images 
taken right after patterning the oxide layer. In these images, electrical pads and contact points to 
the diaphragm electrode are visible. 

 
Figure 3.3: Optical images from different steps during the fabrication: a) after bottom 
electrode patterning; b-c) after bottom electrode insulation layer patterning; d-e) after a-
Si sacrificial layer patterning; f-e) after top electrode patterning.  

As a next step, a sacrificial amorphous silicon (a-Si) layer is deposited because of its high etch 
rates via XeF2 vapor based etching. The thickness of the sacrificial layer defines g, the gap height 
between the diaphragm and the insulation layer above the bottom electrode. Oxford Plasmalab’s 
80plus plasma enhanced chemical vapor deposition (PECVD) tool was used for the sacrificial 
layer deposition process. In order to understand the deposition rate and characteristics of the tool, 
dummy wafers were deposited initially for different deposition times. Figure 3.2b shows the a-Si 
deposition rate of the tool. This process uses a combination of silane (SiH4) and Ar gases coupled 
with plasma generated by RF power and can be done at 150℃. Depending on the design, up to 
several micrometers of a-Si can be deposited using this process in a relatively short time. Then, in 
order to pattern the sacrificial layer, a lithography process is done. Again, double-spin-coated resist 
of ~5 μm-thick is used for patterning as in the case of poly-SiC patterning. Lam’s plasma etcher is 
used again for patterning of the a-Si but in this case gases used are Cl2:HBr (1:3) under an RF 
power of 200W. This process defines the boundaries of the circular and ring plate structures (i.e. 
radius). Figures 3.3d, e show grayscale light microscope and contoured confocal image of a device 
structure. The former image shows the etched sacrificial regions and the electrical contact region 
that diaphragm electrode touch and connect during the poly-SiC deposition process afterwards. 
Anchor regions of the diaphragms are also visible in this image. After the sacrificial layer 
patterning, the poly-SiC layer is deposited to form the ring and circular diaphragm structures. This 
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process defines t, the thickness of the diaphragm structures. The same poly-SiC deposition process 
described earlier is utilized with increased deposition time to have diaphragm thickness of several 
micrometers. After patterning, the second poly-SiC layer diaphragm structures are defined. 
Furthermore, etch holes are patterned on top of the diaphragm structures that are used for the 
etching of the sacrificial a-Si. Figure 3.3f shows 3D confocal microscope image of the device 
where etch holes are visible. Then, in order to remove the sacrificial layer beneath the diaphragms, 
a XeF2 vapor-based etching method is utilized. The Xactix XeF2 etcher tool is used for this process 
with a XeF2 pressure of 3 Torr. Figure 3.4a is a light microscope image taken during the XeF2 
etching process in which etched regions are visible. Figures 3.4b, c are the light microscope and 
3D contour confocal microscope images taken after the etching is completed. It can be seen that 
all the sacrificial a-Si is removed. Figure 3.4d shows the line profile and height difference between 
the top surface of the device and the substrate which is 4.65 μm for the device as shown. After the 
removal of the sacrificial layer, SiO2 is deposited to seal the etch holes. This process is completed 
using an LPCVD process instead of an APCVD process because the process pressure also defines 
the internal pressure of the sensor. Since the deposition pressure of ~40 Pa is small as compared 
to MPa level pressures, so that the sensor can be considered as an absolute pressure sensor. Figure 
3.4e shows the SEM image of the fabricated sensor structure where circular and ring diaphragms 
are visible. After patterning, aluminum is deposited and patterned via a lift-off process to have 
metal contacts. The details of the fabrication process recipe can be found in the Appendix 1. 

 
Figure 3.4: Images from different steps during the fabrication, a) during XeF2 vapor-based 
sacrificial layer etching, b-d) after the sacrificial layer etching, e) SEM image of a 
fabricated sensor. 

3.2  Characterization of the pressure sensors 
A custom-built pressure chamber was used for the characterization of the sensors. The chamber 

was connected to university’s air supply system. However, this system has maximum pressure of 
1.4 MPa which limits the experimental results presented here. The chamber also has a pressure 
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control valve attached that was used to adjust the pressure inside the chamber.  The pressure 
chamber has a feedthrough connector which was used to connect the sensors to the measurement 
equipment outside the chamber. 

 
Figure 3.5: a) Schematic diagram of the custom-built temperature controlled pressure 
chamber and connected electrical measurement instruments. 

Figure 3.5 shows the schematic of the characterization setup. A rectangular ceramic heater 
element (Watlow, Ultramic, CER-1-01-00003) was used to apply a thermal load and control the 
temperature of the sensor. A 2.5 cm-thick board (Fiberfrax Silplate Mass 1500) that is composed 
of high-temperature fibrous materials and sintered refractory oxides was placed beneath the 
heating element to prevent heat conduction to the pressure chamber. Then, fabricated wafer was 
diced and mounted to an aluminum nitride printed circuit board (PCB) via a high temperature 
adhesive. Connections from the sensor die to the PCB was done using aluminum wire bonding 
equipment (Westbond model 7400B). In order to measure the temperature of the PCB, a 
thermocouple wire (K-type, duplex insulated) was connected to a thermocouple reader breakout 
board (SEN-13266, Sparkfun MAX31855K thermocouple breakout board). The breakout board 
was connected to an analog pin of Arduino board (Arduino UNO). Ardunio board sends the 
readings from the thermocouple breakout board to a computer, thus real-time chamber temperature 
reading could be accomplished. Electrical connections of the PCB were connected to an LCR-
meter so that the capacitance changes of the sensor could be monitored. Figures 3.6a, b show the 
optical images of the test setup and inside of the chamber. Figure 3.6c shows the temperature and 
pressure calibration recordings from inside of the chamber before a capacitance measurement is 
made. In this case, pressure and temperature values were set to 200 kPa and 100℃, respectively. 



35 
 

 
Figure 3.6: a) An optical photo of the characterization setup showing the pressure 
chamber and electrical measurement instruments; b) an optical photo of tested sensor 
placed inside the pressure chamber; c) the temperature and pressure plot from the 
calibration procedure held during the characterization process.  

The tested device consists of a 5x5 sensor array and has single capacitance output.  Sensors 
were connected in parallel so that capacitance output is amplified. Critical dimensions such as 
radius, thickness, and gap of each single unit is 55 μm, 0.9 μm, and 1.2 μm, respectively. Figure 
3.7 shows the capacitance output of the array device under different pressure loads. The devices 
were tested under the pressures ranging of 0.1 – 1.4 MPa and temperatures of 20℃ and 100℃. 
After 100℃, some of the wire bonds started detaching, therefore for sensor arrays tests couldn’t 
be tested at temperatures above 100℃. Both non-contact and contact modes of the sensor operation 
are visible in the results. Pressure reading were recorded in each 0.1 MPa steps.  

 
Figure 3.7: a) Experimental results showing the capacitance responses of the arrayed 
sensor, b) light-microscope image of the tested arrayed device.  



36 
 

Simulation results are also included in the plot, showing close match with the characterization 
results. It can be seen that non-contact mode results matched closely than the contact-mode region. 
It is believed that this is related with the n number that was used during the modeling attempts and 
changing n to 1.8 gave better match in the contact-mode simulations. Sensitivities of the 13.7 
fF/kPa and 13.4 fF/kPa were observed at temperatures of 20℃ and 100℃, respectively. 
Furthermore, the decrease in the capacitance outputs for increased temperature is also visible in 
the plot. It is believed that increasing temperature increases the thermal mismatch which induces 
stress to the structure, thus results in smaller deformations. After the characterization of the arrayed 
devices, testing of differential pressure sensor was completed again using the same setup. Two 
different capacitance measurements were recorded from a single device. The first one is the 
capacitance between the circular diaphragm and the bottom electrode, C1, and the capacitance 
between the ring diaphragm and the bottom electrode, C2, which are depicted in Figure 3.8. After 
the wirebond problem encountered during the testing of the arrayed devices, the metal layer was 
changed to Pt/Ti instead of Al which gave better results with Au as wire bonds. As a result, this 
time the measurements were held up to 180℃. However, because of the pressure limitation 
mentioned earlier, the pressure range of this test was also limited to 1.4 MPa with recordings at 
each 0.1 MPa steps. Tested device had diaphragm thickness of 2 μm, circular diaphragm radius of 
80 μm, and inner and outer radii of the rings of 90 μm and 120 μm, respectively. Figure 3.8 shows 
the capacitance versus pressure plot of the DCO sensor. Two operations modes, non-contact and 
contact modes, are also visible in this plot with contact-mode operation starting around 0.5 MPa, 
as well as a decreasing trend in the capacitance output of the circular diaphragm with increasing 
temperature. Although, the increase in temperature decreased the sensors circular plate sections 
characteristics in terms of sensitivity, the capacitance of the ring diaphragm is almost constant 
throughout the tested pressures and temperatures, which verified the DCO operation of the 
proposed device.  The DCO operation is verified at temperatures 20℃ and 180℃, and capacitance 
of 0.14 pF was obtained for both cases. Decreasing capacitance with increasing temperatures also 
results in decreasing sensitivity and sensitivities of 1.03 fF/kPa, 0.98 fF/kPa, and 0.92 fF/kPa were 
recorded at temperatures of 20℃, 100℃, and 180℃, respectively. 

 
Figure 3.8: Experimental results showing the capacitance responses of the circular and 
ring diaphragms with respect to pressure at temperatures of 20℃, 100℃, and 180℃. 
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PRESSURE ENERGY HARVESTERS for  
NEURAL IMPLANT APPLICATIONS 

 
In the previous chapter, a harsh environment pressure sensor is detailed where harsh is defined 

as “high temperature” environments. In this chapter, an implantable device that can harvest 
pressure fluctuations to generate electrical energy is discussed. One of the major problems of 
neural implant users is the fact that they need to go through a risky surgery every after two or three 
years just to replace battery. The harvester proposed here is designed to convert the cerebrospinal 
fluid (CSF) pressure fluctuations within brain to electrical energy, so that the generated electrical 
energy can be supplied to the neural implants and either eliminate or reduce the battery need of 
the implants. Therefore, for this chapter “harsh” is defined as the biofouling human body medium 
which makes the implanted device to be under constant chemical attack from the body’s immune 
system. The immune response of the body causes inflammatory cells and plasma proteins to be 
transferred to implant location and encapsulate the implanted device. As a results, the device 
should be able to operate even under these conditions.  

In this chapter, the proposed method of energy harvesting is introduced, and details on design 
and modeling of two different types of harvesters are provided. First, a silicon-based device is 
explained where aluminum nitride (AlN) piezoelectric material is used as the key material to 
convert the mechanical energy to electrical energy. A concentric ring-boss design is proposed 
which has higher conversion efficiency compared to conventional pressure energy harvester 
design. Furthermore, a flexible energy harvester is developed where different types of flexible 
structures including polyvinylidene fluoride (PVDF) piezoelectric material are used to harvest the 
pressure fluctuations. The flexible device has the advantage of easier deployment compared to 
silicon-based harvesters for it easier to implant arrays of harvesters.  

4.1  Sustainable power source requirement for implantable devices 
Deep brain stimulation has enabled treatment of neurological disorders such as Parkinson’s 

disease, essential tremor, and dystonia. The procedure involves the implantation of an electronic 
medical device called deep brain stimulator (DBS). This device consists of an electrode for 
stimulation of the site of interest, a processor that controls the stimulation parameters such as 
frequency and amplitude, and a battery. The system achieves therapeutic effect by delivering 
electrical stimulation to a specific anatomical target, typically a particular location in deep brain 
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such as the substantia nigra or subthalamic nuclei. Depending on patients’ specific needs, the 
amplitude and frequency of the electrical stimulation signal is adjusted such that patients can 
physically feel comfortable enough. This procedure increases the quality of life of the patients 
considerably.  For instance, patients having Parkinson’s disease who cannot walk, regain motor 
control and can easily continue their daily routines after they receive a DBS. However, due to the 
limited battery lifespan of the implants, patients have to undergo additional surgical procedures 
just to replace the battery. The period of the replacement surgery highly depends on patients’ need, 
model, and usage, and ranges between 2 to 10 years [78], [79]. The surgery requirement just for 
battery replacement is a critical medical risk for the patients, but also an economic burden for the 
patients, doctors, governments and hospitals [80]. On the other hand, the battery problem also 
limits the potential implantable devices such as active electrocorticography (ECoG) arrays [81]. 
Recently, with the increasing number of grants such as BRAIN initiative, devices that can sense 
neural signals and stimulate specific locations in brain received great attention. These potential 
devices can be used for many diverse applications including brain-machine interface (BMI) for 
disabled people, epilepsy telemetry, as well as treatment of movement disorders and psychiatric 
conditions [82]. 

Recent advances in microfabrication and stretchable material technologies have enabled the 
fabrication of sub-mm-sized implantable transducers as well as stretchable film type devices that 
can be stretched on a particular site of the brain. Shrinking the feature sizes of these systems and 
integration of these transducers with the ultra-low power electronics allows them to use the energy 
more efficiently and reduced their overall power requirements, which make them even more 
favorable due to increased operation lifetime of the implants. This also led to an increasing 
attention on energy harvesters as a sustainable power sources for these low-power implantable 
devices. In the following section, recent advances in charging implants such as wireless power 
transfer via electromagnetic or acoustic waves are discussed. Then, implantable energy harvesters 
are mentioned briefly and the proposed method of harvesting is introduced.  

4.2  Wireless power transfer for charging implants 
Recently, researchers have been trying to tackle the battery problem of the implantable medical 

devices using wireless charging methods [83], [84]. These methods include inductive coupling 
[85]–[87], capacitive coupling [88], [89], far-field electromagnetic coupling [90], [91], optical 
coupling [92], [93], and acoustic energy transfer with the intention of powering implantable 
devices such as pacemakers [94], [95], DBS [96]–[98], artificial hearts [99], lab-on-a-chip devices 
[100], artificial retinal prosthesis [101], and endoscopic capsules [102]–[104]. Figure 4.1a shows 
a wireless power transfer system which consists of a power transmitter that is placed outside the 
human body and powered by a DC source such as battery, and a power receiver that is placed 
inside the human body and converts the transferred power to the implanted battery. Although these 
technologies have great progress recently, they have not been successful in providing power to 
medical devices reliably. With the developments in fabrication technologies the developing trend 
of the implants is miniaturization. For inductively coupled devices, this is not advantageous 
because a smaller antenna degrades its quality factor and the coupling factor between the 
transmitter and receiver [105], [106]. This results in the increase in the operation frequency which 
leads to more energy loss in human tissue. Figure 4.1b shows the overall system and important 
parameters that needs to be considered. 
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Figure 4.1: a) Schematic of wireless power transfer system for implantable devices. b) 
simplified schematic of the system showing the critical factors and challenges of the 
wireless power transfer (adapted from [105]). 

Another important factor is the ratio of the transfer distance to the transmitters and the receivers 
size. Due to limitations within the human body, a small size antenna makes the coupling weak. 
For instance, it is reported that an endoscopic capsule with a diameter of 1 cm requires the transfer 
distance to be in the range of 1-10 cm and power transfer efficiency of as low as 0.3% is reported 
[102]. Furthermore, transfer medium is another important parameter for wireless power transfer. 
For implantable medical devices, there are usually three different types of mediums which are air, 
human tissue, and usually metal layer that is generally used to protect internal circuits of the 
implantable devices. Although the air has minimum absorption of electromagnetic field, the human 
tissue absorbs certain electromagnetic energy depending on the operation frequency and power 
level which is also referred as specific absorption rate (SAR). The absorbed energy would increase 
the tissue temperature which is dangerous and undesired. The metal shell used to protect internal 
circuitry also causes some energy losses. Another issue is the lateral and angle misalignments 
between the transmitter and the receiver, and even small misalignments would cause degradations 
in the coupling factor. Finally, the required power level is also a constraint for the electromagnetic-
based power transfer because the transferred power efficiency typically decreases with decreasing 
power levels. Although efficiencies of up to 90% are reported for relatively high power levels 
(~200 W), the efficiency decreases as power levels decrease and systems shrinks in size [107]. As 
a result, when designing an inductively or capacitive coupled power transfer system, issues 
stemming from both transmitter and receiver side should be considered.   

 
Figure 4.2: Schematic of acoustic power transmission system for implantable devices [84].  
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Figure 4.2 shows critical components used for ultrasonic power transfer method. Ultrasonic 
power transfer has also received great attentions due to some of its advantages over inductively 
and capacitive coupled methods. To begin with, the propagation speed of acoustic waves in air, c0, 
is much lower as compared to the electromagnetic wave propagation speed, cem, which makes 
acoustic waves advantageous since this allows acoustic waves to have relatively smaller 
wavelength for a given frequency than electromagnetic waves. This helps the transmitter and 
receiver components to be orders of magnitude smaller for acoustic power transfer systems than 
its electromagnetic counterparts which makes acoustic waves a potentially good candidate for 
implant applications [84]. In addition, rectification electronics required is less complicated for the 
acoustic power transfer without complex circuit elements. However, the ultrasonic power transfer 
suffers from reflections and resulting spatial resonances which restrict placement of the receiver 
for optimal power transfer. In order to address this problem, researchers utilize the quarter-
wavelength matching method which is a technique that is often used with ultrasound probes for 
medical ultrasonography. Another problem is the requirement of a matching and coupling layers 
because of the typical acoustic mismatch between piezoelectric transducer, air, and human body. 
All of these issues degrade the power  transfer efficiency and one of the optimal configurations 
has demonstrated an efficiency of up to 39.1% [108]. As a result, the ultrasound method is more 
favorable for smaller implants and larger implant depths.  

Another limitation for these methods are the regulations from energy and safety regulations. 
For example, The California Energy Commission (CEC) – Level V and Energy Star – Level V 
mandate that AC adapters should meet an minimum adapter-to-battery efficiency of 85% and 87%, 
respectively [109]. This regulation also limits the spread of wireless charging for mobile phones 
too.  

The problems and limitations regarding contactless power transfer coupled with some recent 
advances in materials and microfabrication for reduced power requirements in miniaturized 
systems have made energy harvesting a potentially viable option to supply electrical power to 
implants sustainably.  Therefore, implantable energy harvesters received great attention in the last 
decade. The next section introduces recent efforts on the implantable energy harvesters.  

4.3  Implantable energy harvesters 
Recently, a conformal ZnO-based piezoelectric film is proposed which is attached to the heart 

and lung and can generate electrical energy from the deformations of the heart and lung [110]. The 
harvester could harvest 1.2 μW/cm2 which might be useful for implants such as pacemakers and 
insulin pumps and extend their battery lifespan.  The attachments of the harvesters on to organs 
like heart and lung could be advantageous due to their large displacements. However, it is risky to 
mount the harvester on such important organs because of the additional mechanical resistance of 
the implant to the organs.  Furthermore, if the implant to be powered is not in the chest area, these 
attachments may not be appropriate because an additional surgery is required for the deployment 
of the harvester. Furthermore, in the brain there is no sites with such large deformations. In the 
author’s prior work, converting eardrum vibrations to electrical signals using an array of 
cantilevers with different resonance frequencies is proposed [111]. The generated signals can be 
used to stimulate auditory nerves inside cochlea similar to cochlear implants’ stimulation 
procedure such that deaf people can hear. The method can eliminate drawbacks of conventional 
cochlear implants, such that users do not need to replace battery because the system is self-powered 
and all the electronic components of conventional cochlear implants such as microphone and 
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processor can be eliminated and a fully implantable cochlear implant can be realized. However, 
this method requires the harvester to be attached on to the eardrum, thus changes mechanical 
characteristics of the eardrum considerably. This makes the proposed method to be applicable to 
deaf people only and cannot be applied to people with no hearing disability. Recently, Hwang et 
al. reported a flexible indium modified piezoelectric harvester that can be attached to forearm so 
that it can convert movements of the forearm to electrical energy [98]. The harvester is proposed 
to be used to power neural implants such as DBS. Researchers also conducted animal tests and 
showed that the generated energy can be used to stimulate a DBS placed in a mice brain. However, 
this type of harvester does not generate electrical energy in a continuous manner such that it relies 
on the movements of patients; thus, not reliable and sustainable.  MIT researchers tried to tackle 
this problem via a glucose energy harvester [97]. The device is proposed to be implanted in 
subarachnoid space (gap between skull and brain) and able to convert the glucose content of the 
CSF to electrical energy through a glucose oxidation reaction. However, it is known that the 
subarachnoid space is a well-protected region where many web structures are present. This was 
also observed and confirmed during the author’s site visit to the UCSF Skull Base and 
Cerebrovascular Laboratory. Furthermore, it is known that because of the foreign body reaction 
and biofouling effect, the device surface would be encrusted with a biofilm which would block the 
contact between the device and the CSF, and make the device useless. As a result, in order to tackle 
the battery problem specifically for neural implants, it should satisfy three requirements: 1) It 
should be easy to implant the harvester such that an additional surgery shouldn’t be necessary; 2) 
The harvester should be sustainable and it shouldn’t require users’ attention and movement to 
harvest energy; 3) The harvester should survive within the human body (that is considered as the 
harsh environment for this chapter) and continue its operation even if its coated with a biofilm. In 
the following section, a method that can satisfy these requirements is proposed. Then, modeling, 
fabrication, and characterization studies are detailed.  

4.4  Harvesting CSF pressure fluctuations within lateral ventricles of 
the brain 
Energy harvesting from brain is a challenging task because the brain is one of the most delicate 

organs of the human body and does not have any moving tissues as in the heart or lung. Therefore, 
a common method such that a strain-based generator to convert tissue deflections cannot work for 
the brain. This limitation has forced researchers to either use glucose content of the CSF or convert 
and transfer other moving organs’ mechanical energy to the neural implants which have problems 
as mentioned in the preceding section. Therefore, in this work we propose to use pressure 
fluctuations of the CSF within the lateral ventricles of the brain as a potential mechanical energy 
source. The lateral ventricles of the brain are chosen as the deployment site because it is a large 
fluid cavity in the brain with relatively high pressures and minimal arachnoid lining. Furthermore, 
it can be safely accessed via a standard surgical procedure. By converting the available mechanical 
energy to electrical energy, the neural implants located nearby can be powered or their battery 
lifetime can be extended. A diaphragm type of harvester is utilized to convert the pressure 
fluctuations to electricity, thus even in the case of a thin biofilm covers the device surface it can 
safely continue the operation. In this chapter, two different methods are proposed to convert the 
pressure fluctuations to electrical energy. Firstly, a silicon-based harvester with an AlN 
piezoelectric material is used to convert the pressure fluctuations to electricity. In order to enhance 
the power output of the harvester, the concentric ring-circular design is utilized again but this time 
as suspended masses to increase strained regions on the piezoelectric layer. It is shown that the 
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proposed design can provide higher power output and density as compared to the conventional 
pressure energy harvester design. However, using silicon as the base material brings some 
additional problems during deployment especially when array of harvesters is to be deployed 
because of its rigid structure. Therefore, in the second approach, a different set of flexible materials 
such as polyethylene terephthalate (PET) and PVDF was utilized and an energy harvester was 
manufactured that can be bent and has thinner structure (~200 μm) compared to the silicon-based 
harvester.  

 

 
Figure 4.3: Proposed method of converting pressure fluctuations of CSF within the lateral 
ventricles of the brain a) cross sectional, b) front-side views of the brain showing the 
placement of the harvester inside the lateral ventricles and tissues around the harvester, 
c) operation principle of the harvester, a deflecting piezoelectric diaphragm in response to 
applied pressure fluctuations converts the mechanical deflection to electrical energy.  

Figure 4.3 shows the proposed method of harvesting pressure fluctuations within the lateral 
ventricles of the brain and the placement of the harvester within the lateral ventricles [112]. The 
lateral ventricles is a nearly 10 cm3 fluid filled cavity inside the brain and is responsible for 
producing and providing the CSF for both the brain and spinal cord. The lateral ventricles work 
synchronously with other tissues around the brain to balance the CSF and intracranial pressure 
(ICP) to prevent damage to the brain. The ICP is derived from the cerebral blood and circulation 
of the CSF, which makes the waveform of the CSF closely related to cardiac rhythm [113]–[115]. 
Therefore, the operation of the CSF also sets the operation frequency for the harvester (~2-4 Hz). 
This is the limiting factor for the energy generation, thus a highly efficient harvester is required to 
increase the generated energy as much as possible. The ICP can go up to 2 kPa for healthy adult 
subjects, whereas for patients with head injury or hydrocephalus - who will need an implant - 
according to the published results and the ICP can go up to 3.3 kPa [116]. These high pressures 
make energy harvesting appealing, because these pressure fluctuations can be converted to 
electrical energy without giving harm to its environment and blocking the CSF flow. Septum 
pellucidum is a thin membrane separating left and right lateral ventricles that helps balancing the 
pressure within lateral ventricles without critical tissues on or around it. The septum pellucidum 
has an available area of nearly 3 cm2 on each side of the lateral ventricles which makes it a 
promising location where the harvester can be mounted on [117]. Considering the size of the 
harvesters that can be build using microfabrication technology (sub-millimeters to millimeters) 
and the available area on the septum pellucidum, it is possible to attach an array of harvesters to 
amplify the power output depending on the application. A standard surgical procedure for 
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deployment of shunt device for hydrocephalus patients can be used for the deployment of the 
harvesters too. After the mounting of the harvesters, electrical output wires can be taken out 
through the path followed during the surgery and the lateral ventricles can be sealed to prevent 
potential leakage as in the shunt surgery. The electrical cables can be connected to an ECoG or 
other type of implantable device that needs electrical power. Figures 4.3a, b depict the proposed 
location within the lateral ventricles of the brain. Figure 4.3c shows the operation of the proposed 
method. The pressure fluctuations deform the diaphragm-type harvester. The harvester’s 
diaphragm is composed structural layers including a piezoelectric layer. When the diaphragm is 
bent due to the applied pressure, stress is generated on the diaphragm which causes piezoelectric 
layer to generate electric potential across its surfaces. The generated electric potential can be 
collected and supplied to the neural implants. On the other hand, the harvester can be coated with 
a thin biocompatible layer such as Parylene-C to minimize the biofouling effects. In the framework 
of this study, first a Si/AlN-based energy harvester is introduced in the following section. Then, to 
circumvent the deployment issues, the flexible harvester is explained. 

4.4.1 Si/AlN-based concentric ring-circular boss pressure energy harvester  
In order to circumvent the low frequency of the pressure fluctuations, the concentric ring-boss 

harvester (CRBH) design is proposed which has the potential to enhance the power output and 
density of the conventional pressure harvesters [118]. In general, pressure-based energy harvesters 
utilize a circular diaphragm with or without a suspended mass where the diaphragm consists of 
several layers and one or more of which are piezoelectric layer. The diaphragm deforms upon the 
applied pressure and the deformations results in strains along the diaphragm. The piezoelectric 
layer makes use of the generated strains and converts them to electrical charge which is then 
collected and supplied to the neural implant.  

The majority of the reported harvesters focus on converting audible sounds such that operation 
frequency is usually from several kHz to 20 kHz. This relatively high operation frequency gives 
the designer to consider mechanical resonance phenomena since it is possible to fabricate a sub-
millimeter-sized microsystem that can resonate within the audible sound frequency range. Figure 
4.4a shows the harvester design that was proposed by Horowitz et al. which utilizes the Helmholtz 
resonance phenomena and designed for acoustic waves between 1-4 kHz [119]. The harvester 
consists of a circular diaphragm and a small air chamber underneath with a defined volume and 
neck length to tune the acoustic resonance frequency. Experimental results showed that the power 
density of 0.34 μW/cm2 is possible for a sound level pressure of 149 dB (~0.56 kPa). Although 
this kind of resonant harvester can efficiently generate power at a specific frequency within audible 
range, considering the dimensions required for implants it is not possible to achieve frequencies 
on the orders of several hertz. Moreover, fabrication via a standard microfabrication processes 
would be considerably challenging, because the device requires a well-defined chamber and neck 
length which should be integrated to a thin diaphragm. 
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Figure 4.4: Recently published pressure harvesters; a) harvesters based on Helmholtz 
resonance [119]; b) double-electrode design harvesters for audible sounds [120]; c) high-
frequency pressure harvesters based on the third-resonance operation [121]. 

Figure 4.4b, c show works done by Kimura et al. and Iizumi et al. where they developed a 
circular diaphragm type pressure harvester for audible sound frequencies and designed the 
structure to resonate at specific frequencies [120], [121]. In general, diaphragm type harvesters 
utilize two electrodes placed around the anchor and middle region of the diaphragm where strains 
are maximum. Their device utilizes electrode structures that were designed to give the maximum 
output during the third resonance mode of the structure and reported improved power density. 
Because the diaphragm has more nodal points along the radius when resonating in the third flexural 
mode as compared to the first resonance mode, by placing multiple electrodes around the 
diaphragm accordingly, the covered strained areas can be enlarged which in turn increases the 
harvested power. However, even the first resonance mode of a typical MEMS-based diaphragm 
type harvester is around several kHz which is very high for application requiring relatively low 
frequencies. Therefore, this approach does not yield the same high power outputs when excited 
with low frequency loads. Figure 4.4d shows the different operation regimes of the harvester 
depending on the operation frequency. For low frequency applications as harvester operates in off-
resonance regimes, the boss structure is utilized. The boss structure in general increases the mass 
of the system, which decreases the natural frequency when designed accordingly. This in turn 
decreases the stiffness of the diaphragm and provide increase deflection per applied pressure, thus 
the stress around diaphragm increases. The increase in the stress around the diaphragm increases 
the charge that can be extracted from the piezoelectric material. Previously, our group reported a 
SiC/AlN pressure harvester with a circular boss structure for high temperature applications and 
operation frequency between 1-2 kHz [122]. In addition to the boss structure, the harvester also 
has annular slots around the anchor region of the diaphragm to decrease the stiffness and natural 
frequency of the harvester.  
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The main disadvantage of utilizing a single boss design is that the area on top of the boss itself 
becomes a zero-strain region, thus making this area useless and no charge can be extracted from 
this region. For the proposed method of harvesting low frequency resources, the stiffness of the 
harvester will be very important in terms of the deflection response as summarized in Figure 4.4d. 
Therefore, in this study we focus on a design where concentric ring-circular boss structure is 
utilized which has the potential to increase the power output. In order to prove the increase in the 
efficiency of the proposed design, an analytical approach is utilized and the strain energy of the 
harvester is evaluated and compared with that of the conventional single-bossed design. 

Figures 4.5a, b show the proposed CRBH design. The circular and ring-shaped boss structures 
help to increase and concentrate the stress generated around the anchors of the boss structures. For 
conventional single-bossed harvesters (SBHs), stress is generated only in two regions, around the 
anchor and circular boss’ boundary. Therefore, compared to the SBH, the CRBH design increases 
the number of strained regions. Together with the multiple electrodes placed around these strained 
regions, it is possible to enhance the charge extraction rate within the piezoelectric layer, thus the 
output power of the harvester. Furthermore, the proposed design can be thought of such that an 
annular region on the single boss is etched away. Therefore, the stiffness of the structure is lowered 
while increasing the total strained regions on the diaphragm without lowering the stress amplitude 
as shown by the simulations. The number of ring structures can be increased such that the overall 
strained region area can be made larger and the natural frequency of the harvester can be adjusted 
to match for a specific application. In this study, we focused on a harvester with single ring 
structure to show the proof-of-concept and compare the proposed CRBH with the conventional 
SBH. 

 
Figure 4.5: a) The proposed concentric ring-circular boss harvester (CRBH) b) backside 
of the CRBH showing ring (single ring in this example) and circular boss; cross-sectional 
view of c) CRBH and d) conventional SBH showing critical dimensions; simulation results 
showing stress generated on top surface when static pressure is applied for e) CRBH with 
different combination of R2 and w, f) SBH with similar R1 and R0 dimensions.  
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Figure 4.5c, d show critical design parameters of the CRBH and the SBH on the cross-sectional 
views. In the figure, R0 is radius of the diaphragm, R1 is radius of the circular boss for the SBH 
and outer radius of the ring the CRBH, R2 is radius of the center of the opening between the ring 
and the circular boss for the CRBH, and w is width of the opening between the ring and the circular 
boss for the CRBH, and L is the radial width of the electrodes. Figures 4.5e, f show the simulation 
results for the CRBH and the SBH showing the stress on the top surface along the radius of the 
harvesters. Both simulated structures have the same R0 and R1. The simulation results confirm that 
the CRBH has additional strained regions on the diaphragm while the amplitude of the stresses on 
these regions depend on the size and placement of the opening between the ring and the circular 
suspended masses. Furthermore, the maximum stress amplitude generated on the SBH is also 
similar to that of the CRBH for the similar location, thus it can be concluded that having ring 
structures does not degrade the stress amplitude.  

As a first step to developing a model for the proposed structure, a plain circular piezoelectric 
composite plate was modeled first and then adjusted to count for the effects of the boss structures. 
Figure 4.6a depicts the circular piezoelectric plate model that has a bi-stack layer consisting of 
structural and piezoelectric layers, where hp and hs represents thickness of the piezoelectric and 
structural layer, respectively; a1 is the radius of the top electrode layer; R0 is the radius of the 
diaphragm. 

 
Figure 4.6: Cross sectional views of a piezoelectric composite circular plate showing a) 
critical dimensions, b) regions on the plate (i.e. electrode covered/not covered), c) top view 
of the circular plate showing the regions and r and θ coordinates.  

The top electrode on the piezoelectric layer is used to collect the charges from the piezoelectric 
layer where a bottom electrode layer is located between the piezoelectric and structural layers and 
is electrically grounded. In Figures 4.6b, c, the plate is divided into two regions where region 1 is 
the portion covered with the top electrode layer and region 2 is the rest of the device, i.e. not 
covered with the electrode. In other words, the region 1 can be regarded as the active piezoelectric 
region where power generation occurs and acts as an electro-mechanical structure; while the region 
2 can be regarded as a mechanical structure only because piezoelectric properties of the layer is 
not utilized. By using Hamilton’s Principle, it is possible to calculate the total electro-mechanical 
energy of the system [69], [123]. Then, by differentiating the obtained energy equation with respect 
to the value that needs to be optimized, critical design parameters can be found that have 
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considerable impact on the energy of the system. Total energy of the system, Utotal, can be 
expressed as:  

21 UUUtotal +=  (4.1) 
where U1 and U2 corresponds to the energy of the 1st and 2nd region, respectively, and can be 
calculated by integrating the unit energy inside the regions 1 and 2 using the following expressions: 
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where first index of the subscripts of the unit energy, dU, p and s denotes piezoelectric and 
structural layer, respectively, and the second index represents the region, i.e. region 1 or 2. 
Therefore, both energy terms U1 and U2 has two components which correspond to the piezoelectric 
and the structural layers, respectively.  

To evaluate UP, the behavior of the piezoelectric layer should be integrated to the model. 
Usually, the stress-strain relation for common materials can be described using isotropic material 
properties and Hooke’s Law. However, because of the electro-mechanical coupled nature of the 
piezoelectric material it cannot be expressed by considering mechanical effects only. The 
piezoelectric constitutive equations that is standardized by the IEEE express the relation between 
strain, stress, charge, and electric field [124]. Although there are many different notations of the 
constitutive equations for different orientations, for cylindrical coordinate system, it can be written 
as in the following:  

( ) 33111 Eds r
E

r −−= θνσσε  (4.4) 

( ) 33111 Eds r
E −−= νσσε θθ  (4.5) 

( ) 333313 EdD T
r εσσ θ ++−=  (4.6) 

where subscripts 1, 2, and 3 correspond to radial, angular, and thickness directions, respectively; 
ε is strain; σ is stress; E3 is electric field; D is electric displacement; s11 is elastic compliance; d31 
is piezoelectric coefficient; T

33ε  is permittivity constant; and νp is Poisson’s ratio. Superscripts E 
and T correspond to constant electric field and constant stress, respectively. 

In general terms, unit energy of the piezoelectric material, dUp can be evaluated by the 
following expression: 

32
1

2
1 DEdU p += εσ

 
(4.7) 

In Equation (4.7), radial and angular components of the stress and strain terms are simplified. 
It can be seen from this equation that if a piezoelectric material is not covered with an electrode, 
electric field cannot be generated, thus E3 becomes zero and the second term in Equation (4.7) 
vanishes. Therefore, this forces the piezoelectric material to act as purely mechanical structure for 
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regions that are not covered by an electrode since there is no coupling between mechanical and 
electrical domains. As a result, the unit energy of the piezoelectric layer that is covered with 
electrode (i.e. region 1), dUp,1, and regions not covered with an electrode, dUp,2, can be evaluated 
by the following equations: 

31, 2
1

2
1 DEdU p += εσ

 
(4.8) 
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By integrating the piezoelectric constitutive relation in Equation (4.6) to Equation (4.8), following 
expression can be obtained for the unit energy of the active piezoelectric region, dUP,1: 
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(4.10) 

In this equation, the first term corresponds to pure mechanical energy; the second term corresponds 
to coupled electro-mechanical energy; and the third term corresponds to pure electrical energy. 
Then, to evaluate the unit energy of the structural layer, dUS, strain energy is calculated which 
includes mechanical terms only as in the inactive region of the piezoelectric material:  

εσ
2
1

=sdU
 

(4.11) 

which can be used for both dUS,1 and dUS,2 in Equations (4.2) and (4.3). As a result, the energy of 
the outer region, U2, consists of purely mechanical terms while the energy of the region covered 
with an electrode (region 1), U1, consists of pure mechanical, pure electrical, and coupled electro-
mechanical terms. However, we still need to evaluate stress and strains which are still unknowns 
at this point.  

We can evaluate εr and εθ, radial and angular strains, by using the strain-curvature relations 
[69]. However, since the mechanical characteristics of the 1st and 2nd region are different because 
of the piezoelectric effect within the 1st region, there will be two different strain characteristics for 
both radial and angular strain:  

)(1,1, crr zz −−= ρε  (4.12) 

)(1,1, czz −−= θθ ρε  (4.13) 

)(2,2, crr zz −−= ρε  (4.14) 

)(2,2, czz −−= θθ ρε  (4.15) 
where ρ is the curvature and its first index which is either r or θ corresponds to the radial and 
angular coordinates, respectively; the second index corresponds to the number of the region; z is 
the coordinate in thickness direction; and zc is the height of the neutral plane. In order to calculate 
σr and σθ, radial and angular stresses for the active piezoelectric layer, the constitutive relations in 
Equations (4.4-4.6) are used. While for the structural layer stresses and passive piezoelectric layer 
in the region 2, standard stress-strain relations are used. Because of the two different strain 
behaviors throughout the plate structure, again there will be two different stress equations for each 
layer of each region which can be described using the following expressions:  
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where Es and νs are Young’s modulus and Poisson’s ratio of the structural layer. The first index of 
the stress terms corresponds to the coordinate (r or θ), while the second index is the region number 
(1 or 2), and the third index represents the layer (p for piezoelectric or s for structural). At this 
point, it is possible to rewrite the stress and strain relations as a function of ρr and ρθ which are still 
unknowns. In order to find these unknowns, moment-curvature relations are used and assumed 
modes method is utilized.  The modes assumed here is one of the modes described in the Chapter 
2 which is the small deflection mode of the circular plate under pressure loading, P, and the 
deflection profile can be expressed as in Equation (4.24). As mentioned earlier, the stretching 
effects or other deflection modes under different loadings can be used. Using the deflection profile 
of the diaphragm, Mr and Mθ, radial and angular moments, respectively, can be calculated as 
follows [69]:  
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where D is flexural rigidity. In addition to the Equations (4.25-26), moments can also be found by 
the integration of the stresses generated on the diaphragm: 
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Then, by equating the moment equations which are functions of the curvature (Mr,1(ρr,1, ρθ,1), 
Mθ,1(ρr,1, ρθ,1), Mr,2(ρr,2, ρθ,2), Mθ,2(ρr,2, ρθ,2)) to the Mr(r) and Mθ(r) defined in Equations (4.25-26), 
curvatures can be obtained as a function of radius.  

( ) 3001, )()()( ErMrMr rr χνρ θ +−Φ=  (4.31) 

( ) 3001, )()()( ErMrMr r χνρ θθ +−Φ=  (4.32) 

( ) 3002, )()()( ErMrMr rr χνρ θ −−Φ=  (4.33) 

( ) 3002, )()()( ErMrMr r χνρ θθ −−Φ=  (4.34) 
where Φ0 and χ0 are functions of geometrical dimensions and material properties as expressed in 
the following equations: 
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be evaluated and can be used to calculate the energy of the system using Equations (4.2-3). After 
the integration, E3 can be replaced by V/hp and charge, Q, can be calculated as: 
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In the above equation, Q involves both charges generated due to pressure and voltage loads as seen 
in the following expression:  
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For the generator case, V is set to zero to find charges generated, Qgen, due to pressure load 
only when no external electric field is applied:  
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Then, capacitance is obtained via CVQ = relation. Capacitance of the structure is the coefficient of 
the V, thus, free capacitance, C0 is calculated as in the following expression:  
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As a next step, voltage generated due to pressure loading is calculated:  
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Finally, Ugen,el can be expressed using the following relation:  
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Figure 4.7 shows resulting plots for a piezoelectric circular plate model that can be used to 
optimize the device dimensions. Both voltage and energy plots shows that there is an optimal 
thickness ratio, hs/hp, depending on the material properties. As the radius of the electrode 
decreases, the voltage output increases since decreasing radius results in the reduction in the 
capacitance while increasing the average stress results in the increase of charge density on the 
electrode. However, the normalized energy plot and the energy contour plot shows that there is an 
optimal a1/Ro ratio (~0.7 for single electrode shown above) as well as an optimal hs/hp ratio. 

 
Figure 4.7: Modeling results showing 3D plots of: a) Vout vs a1/R0 and hs/hp, b) normalized 
Ugen vs a1/R0 and hs/hp, and c) contour plot of Ugen vs a1/R0 and hs/hp. 
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In addition to the electro-mechanical energy formulation, the stretching energy, Us, and 
bending energy, Ub, can also be calculated as an indicator of the performance [125].  
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After developing a general set of equations for a circular plate having a piezoelectric and a 
structural layer, it is used to analyze the behaviors of the conventional SBH and the proposed 
CRBH. Figure 4.8 shows the cross-sectional views of these structures with their critical dimensions 
shown in Figures 4.8a, c, while different sections along the diaphragm are emphasized in Figures 
4.8b, d. 

 
Figure 4.8: Cross-sectional views showing: a) critical dimensions of SBH, b) different 
regions of the SBH structure, c) critical dimensions of CRBH, d) different regions of the 
CRBH.  

Building on the procedure developed for the circular plate case, the total electro-mechanical 
energy of the SBH and the CRBH can be generalized as:  

∑= n
itotal UU

1  
(4.45) 

where n is the number of sections, which is equal to four for the SBH and eight for the CRBH 
structures shown in Figure 4.8. For the stress-strain relations, piezoelectric relations, and moment 
relations, Equations (4.1-42) are applied to each corresponding section using MATLAB which is 
numerical computing software and programming language to calculate the energy of the structures 
for optimization purposes. Figure 4.9a gives the simulation results showing the effect of radial 
electrode length, L, on the power output for the single-ring CRBH design with R2 and w of 600 μm 
and 200 μm, respectively. For this particular design, the maximum power output is obtained for 
L=60 μm which corresponds to an area coverage of 36% along the width of the harvester. It should 
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be noted that the widths included a 5 μm non-active portion on top of boss or ring regions to 
account for possible misalignments during the electrode patterning process.  

In addition to analytical methods, Comsol Multiphysics which is a finite element analysis 
solver and simulation software is used to calculate the stress and strains generated on the harvester 
structures and mechanical energy equations in Equations (4.43-44) are used to calculate stretching 
and bending energies, Us and Ub, and results are plotted and compared with the results of the 
analytical method. Figure 4.9b shows the comparison of the strain energies when a unit pressure 
is applied to the SBH and CRBH designs which were computed both analytically and using FE 
models. Both CRBH and SBH structures have the same R0 (diaphragm radius) of 1.25 mm, and R1 
(outer ring radius for the CRBH and boss radius for the SBH) of 0.75 mm. Data shown in the upper 
half of the plot represent stretching strain energy, Us, while the bottom half represents bending 
strain energy, Ub for CRBH with different R2 and w combinations and the SBH. Although there is 
a slight difference between the analytical results and the FE model results (max difference of 
7.8%), the trend of the data for Us and Ub are similar. In all cases, Us is more dominant than Ub 
(~x2.8). The most important result from the plot is that for both Us and Ub, the proposed CRBH 
design has higher strain energy than that of the conventional SBH for all R2 and w combinations. 
For example, Us values of the CRBH is more than 15% and 45% than those of the conventional 
SBH design when R2 and w of the CRBH are (300 μm, 50 μm) and (600 μm, 100 μm), respectively. 
Therefore, it can be concluded that the proposed CRBH design can convert the input mechanical 
energy due to a pressure loading more effectively than the conventional SBH. 

 
Figure 4.9: Simulation results showing: a) optimizations of the CRBH’s electrode radial 
length, L, b) strain energy comparisons of the CRBH and the SBH structures via analytical 
and FE models.  

4.4.2 PET/PVDF-based flexible circular membrane pressure energy harvester 
In the previous section, an AlN/Si-based harvester which can be fabricated using standard 

MEMS fabrication techniques is presented. The advances in the MEMS fabrication technologies 
can facilitate fabrication of transducers with footprints ranging from micron-to-millimeter scale. 
This advancement brings many advantages for implantable devices since small size is more 
favorable. However, because of the material properties, Si-based devices are rigid structures and 
this brings additional risks and challenges during the deployment of the device. The deployment 
procedure should be able to be carried out via a standard surgical procedure and has to be 
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completed within a minimal time period. For instance, Figure 4.10 shows placement of the lateral 
ventricles and a standard procedure to deploy a shunt inside the lateral ventricles. For this surgery, 
initially a hole is drilled on skull. Using the least invasive path to the lateral ventricles, a shunt is 
placed. In order to deploy the harvesters, surgical tubes with curvature are used. Therefore, the 
deployment of an array of a rigid structure would be challenging by using a curved tubing system. 
To prevent this potential problem in the deployment and to give more flexibility for the operator 
during the surgery, the harvester should be made from flexible materials so that it can be bent 
during the deployment procedure.  

For this purpose, a flexible harvester is developed in this work that is comprised of 
polyvinylidene fluoride (PVDF) as the piezoelectric circular membrane to convert strains 
generated by applied pressure fluctuations to electrical energy. As a structural layer, polyethylene 
terephthalate (PET) is utilized due to its availability and wide usages in medical devices. Both 
PVDF and PET are commercially available materials and can be found in various thicknesses. 

 
Figure 4.10: a) Side view of human head showing the brain and the lateral ventricles, b) a 
drilled human skull on the head for implantation of a medical device. 

Table 4.1 shows some of the key material properties of the PVDF and PET.  The PVDF 
material is generally used in applications where flexibility is needed. Compared to the AlN 
piezoelectric material which is a ceramic-based material, it has relatively low Young’s modulus 
and it can withstand strains of up to 10% [126]. Another key difference between these materials is 
that Curie temperature of the PVDF is around 100℃ which is relatively low compared to the AlN. 
This brings some challenges in the fabrication process. Since operation temperature (the body 
temperature) is between 36.5℃-37.5℃, the Curie temperature of the material is not exceeded and 
the device can operate without degradations of its piezoelectric properties. 

Table 4.1: Some of the key material properties of PVDF and PET. [126]–[129] 

 PVDF PET Unit 
Density  1.78 1.38 g/cm3 
Young’s Modulus  2.2 2.9 GPa 
Poisson’s Ratio 0.34 0.38 - 
Coeff. Thermal Expansion 105 60 10-6m/m.K 
d31  20 - pC/N 
d33 20 - pC/N 
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In the second chapter of the work, for the design of the pressure sensor, because of the 
radius/thickness ratios ranging between 30-80 and the relatively stiff structures of the SiC, both 
plate and thin plate theory is utilized. In this section, the PVDF film acts as a membrane because 
of its relatively low modulus which is around 2-3 GPa with high radius/thickness ratios. The major 
difference between plate and membrane structures is that membranes cannot resist bending loads 
because they do not have any flexural rigidity and their deflection profile is also highly dependent 
on the built-in stress of the membrane. Furthermore, another difference is that membranes can 
sustain tensile loads but cannot sustain compressive loads and they wrinkle under compressive 
loads [69], [73], [130].  

Membranes are usually modeled as simplified versions of plates where the major difference is 
the built-in tension stress applied at the boundary of the membrane, which changes its mechanical 
characteristics such as deformation, natural frequency, etc. Depending on the analysis desired, 
many different approaches have been used to develop a membrane theory such as modified Von 
Karman equations and energy relations. In this work, because of the very low frequency of 
operation, a more simplified expression is utilized here to relate the deformation of the membrane 
to the applied pressure, which is known as Cabrera’s Equation. Figure 4.11a shows the cross-
sectional view of the membrane under pressure loading and built-in tensile loads. In this figure, 
σM is the built-in stress on the membrane; t is thickness; R0 is radius; L is the radius of electrode; 
and P is the applied pressure.  

 
Figure 4.11: a) Cross-sectional view of a membrane with a built-in stress of σM showing 
it’s critical dimensions, b) a parabola used to approximate strain of the membrane.  

The deflection curve of the membrane can be derived using the following relation:  
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where w0 is the center deflection of the membrane which can be calculated by the equilibrium of 
forces at the circular boundary. The total applied force by the external pressure is the pressure 
times the membrane area and is balanced by the vertical component of the membrane stress:   

)sin(2 0
2
0 θπσπ RRPF MP −==  (4.47) 

where FP is the overall force applied by the external pressure, and θ is the angle between σM and 
the horizontal plane. For comparatively small θ, the sine function can be assumed to be 
approximately same as tangent function. The tangent function is slope of the membrane on the 
circular boundary and can be calculated by differentiating Equation (4.46).  
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In this equation, the membrane stress, σM, consists of two parts, namely, the built-in stress, σ0, due 
to the tensile force applied during fabrication that gives the initial strain of ε0, and the generated 
stress, σw, due to the deflection of the membrane under the applied pressure. The former part can 
be controlled during the fabrication process and the latter is calculated from the radial and 
tangential strains εR, and εθ generated during the deflection of the membrane. According to 
Hooke’s law, εR and εθ can be calculated using the following equations: 
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For thin membrane structures, the radial strain, εR, is assumed to be constant over the entire 
structure. As the structure becomes thicker, the bending moments cause large strain changes while 
for thin structures, this change is relatively small and may be neglected. The radial strain, εR, can 
ben approximated by considering a parabola having a length, LM, a base length of 2R0 and a small 
peak of w0 in the middle which is shown in Figure 4.11b by using the following expression [131]:  
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Therefore, the radial strain, εR, is the difference between the initial length of the membrane 2R0 
and LM which can be approximated as:  
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In regard to the tangential strain, εθ, two different rough estimations are made in the literature. 
These estimations are based on the boundary conditions. At the boundary of the circular 
membrane, εθ is zero because of the clamped condition no movement of the boundary is allowed. 
The other condition is that, in the center of the membrane εr and εθ are equal because the strain is 
not a function of direction at this point due to the symmetry. Since Poisson’s ratio is approximately 
0.3 here, the maximum difference between these assumptions is 11% [73]. Therefore, considering 
the case of equal εr and εθ the following equation is obtained, which is also known as Cabrera’s 
equation:  
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Researchers also utilized FE methods and proposed equations for circular membranes such as 
given in the following [132]:  
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Figure 4.12a shows the deformation on a membrane under different external pressures and 
built-in stresses. Increasing the built-in stress decreases the deflection of the membrane. In addition 
to the membrane models, plate models are also plotted to emphasize the difference between these 
two models. As seen from the plots for the plate model, there are two different regions of stress on 
the top surface of the structure such that the anchor region is convex and the middle region is 
concave which make the anchor region in tensile stress while the middle section in compressive 
stress. However, for the membrane model with relatively lower rigidity of the structure, the 
deflection mode of the structure is different than the plate model and all sections of the membrane 
is in tension. Now, these strain and stress relations can be integrated into the piezoelectric 
constitutive equations to get more insight about the electrical output of the harvester using the 
similar procedure shown in the previous section. From the piezoelectric constitutive equations 
introduced in the preceding section stress within the piezoelectric layer that is covered with an 
electrode layer can be written as:  

( ) ( )( )3312
11

, 1
1
1 Ed

s rErp ννεε
ν

σ θ +++
−

=
 

(4.56) 

where d31 and E3 are piezoelectric coefficient and electric field through the thickness of the 
piezoelectric layer which can be written as V/t. The area that is not covered with the electrode acts 
as purely mechanical structure, and therefore the stress of this region is represented using relations 
given in Equations (4.10-11).  

 
Figure 4.12: a) Modeling results showing deflection of the membrane under different 
pressures and built-in stresses (deflection of a plate is also shown as a reference), b) Ugen 
vs electrode ratio (L/R0) and applied force that determines the built-in stress of the 
membrane.  

Similar to the energy relations introduced in the previous section, total electro-mechanical 
energy of the structure can be obtained. Then, the relations given in Equations (4.37-42) are used 
to calculate the generated energy. Figure 4.12b shows the relation between the electrode-to-radius 
ratio (L/R0), applied force (F0, that defines the built-in stress σ0), and the generated electrical 
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energy, Ugen. In general, increasing both the L/R0 ratio and F0 results the increase of Ugen. However, 
Ugen decreases initially as F0 increases, but after a certain point it increases as F0 increases. It is 
believed that in the low force region the strains resulting from the deflection dominate the overall 
reactions. Therefore, increasing the force results in the smaller deflection which degrades the effect 
of deflection induced strains. As the force increases, the force induced strains become dominant 
to have larger resulting strains which results in higher energy output. On the other hand, compared 
to a plate structure where both tensile and compressive regions are present, the membrane is always 
in tension which makes it appropriate to place electrodes to the whole membrane instead of 
partially as in the plates. 

Considering the size limitation of the application and surgical tubes that can be used during 
the deployment procedure, harvesters having 2 mm diameter are designed with electrodes covering 
the overall membrane area. As will be discussed later in the fabrication section due to a bonding 
problem, a design having a structural layer of PET is also fabricated.  

In the following chapter, fabrication processes and characterization results of two different 
types of harvesters are presented. Firstly, the Si/AlN-based harvester fabrication with in-air and 
under water characterization results. Secondly, fabrication and under water characterization results 
of the flexible harvesters are presented. 
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FABRICATION and CHARACTERIZATION  
of the HARVESTERS 

 
This chapter details the fabrication processes of the harvesters. Two different energy harvesters 

were fabricated, a silicon/aluminum nitride-based rigid harvester and a PET/PVDF-based flexible 
harvester. The former one was fabricated at the Marvell Nanofabrication Laboratory at UC 
Berkeley and the flexible harvester was fabricated at the Biomolecular -Nanomolecular Center 
(BNC) facility within QB3 of UC Berkeley. A bulk-micromachining process was used to fabricate 
the silicon based harvester. Aluminum nitride (AlN) was chosen as the piezoelectric layer because 
of its ease of deposition and availability. In order to fabricate the flexible harvester, PVDF was 
chosen as the piezoelectric layer because of its material properties as well as its availability in wide 
range of thicknesses. For the fabrication of the flexible harvester, laser cutting was used for 
patterning of the flexible substrate, and a bonding technique was used to attach it to the PVDF 
layer.  

5.1  Fabrication of the Si/AlN-based CRBH 
A bulk micromachining process has been developed for the fabrication of the energy 

harvesters. Figure 5.1 shows the fabrication process flow. This fabrication flow is adapted from 
previously developed piezoelectric micromachined ultrasound transducers fabrication process by 
former group members [133]–[135].  

 
1- Deposition of AlN/Mo stacks (1 μm each AlN layer and 200 nm each Mo layer) 
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2- Patterning top Mo to define top electrodes via SF6 based plasma etcher. 
3- Patterning top AlN layer to get electrical contact from the bottom electrode via a DPS 

etcher. 
 

 

4- Backside deep reactive ion etching (DRIE) of silicon substrate to define the concentric 
ring-circular boss structures*.  

 

 
 

5- Conformal coating of biocompatible Parylene-C*.  

Figure 5.1: Fabrication process of the Si/AlN-based CRBH. (SBH design was also 
fabricated on the same wafer with the CRBH) 

The fabrication process starts with cleaning a 6” <100> bare silicon wafer with a 10-minute 
piranha dip and 1-minute of HF dip. Then a 500 nm-thick oxide layer is deposited via thermal 
oxidation at 1050℃. After the oxidation process, Tegal Corporation’s Endeavor multi-chamber 
reactive AC magnetron sputtering tool is used to deposit Mo metal and AlN layers. The first AlN 
and Mo layers serve as structural layer and bottom electrode, respectively, while the second AlN 
and Mo serve as active piezoelectric layer and top electrode, respectively. Some important 
parameters during the AlN deposition include gas flow rates (nitrogen and argon), RF substrate 
bias, and resistance of the stress adjustment unit. To ensure the film quality, parameters such as 
thickness, film stress, and c-axis orientation should be measured after the deposition process. After 
the deposition of the stack layers, film stress is measured using Tencor Flexus thin film stress 
measurement tool. This tool uses reflection of laser beams to measure the curvature of the wafer 
such that when looked from the top of the wafer it becomes concave when stress is tensile and 
becomes convex when stress is compressive. Thickness measurement is done by the Nanospec 
film thickness measurement system. This tool measures the thickness by comparing incident light 
to the wafer surface to light reflected from it and employs mathematical relations based on the 
shift in the interference spectra. Thickness non-uniformity of below 3% is usually considered as a 
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satisfactory deposition. Another characterization procedure is the rocking curve measurement. 
Since the sputtered AlN films are polycrystalline, they have a wurzite crystal structure and the c-
axis orientation can be measured via the x-ray diffractometry. The output of this characterization 
procedure is a plot with rocking curves of different layers deposited on the wafer and Gaussian fit 
curves to calculate the full width at half maximum (FWHM) of these curves. In general, FWHM 
of <1.5% is considered to be a satisfactory c-axis crystallinity for a 1 μm-thick AlN film.  After 
the characterization of the AlN film, a 1 μm-thick oxide layer is deposited using Oxford Plasma 
Lab’s PECVD tool. Then, oxide layer and the AlN layer was etched. The Centura magnetically 
enhanced RIE tool was used for oxide etching and the decoupled plasma source (DPS) etcher was 
used for AlN etching. As a complementary to the dry etching process, wet etching of AlN was 
done for a short time period using MF-319 chemical. As a next step, backside of the wafer was 
patterned and suspended masses were defined via a DRIE process. During the DRIE, ~600 μm 
silicon wafer was etched and oxide layer on the silicon substrate acted as a stop layer. Finally, the 
wafer was diced and each die was coated with Parylene-C which is a biocompatible polymer that 
can be conformally coated at room temperature. As mentioned earlier, the purpose of the parylene 
layer is to minimize the biofilm formation on the harvester [136], [137].  

 
Figure 5.2: a) Fabricated energy harvester chip on a 1-cent US coin showing front- and 
back-side of the chip; b) fabricated energy harvester chips with cracked diaphragms.   

Figure 5.2a shows the fabricated devices on a 1-cent US coin. Due to fabrication limitations 
during the DRIE process, a maximum width of 175 μm were fabricated. After the fabrication, some 
of the diaphragms broke during the silicon oxide wet etching process after the DRIE step. This is 
believed to occur more often in devices with diaphragms having relatively higher AlN film stress. 
Figure 5.2b shows some of the failed devices. 

5.2  Characterization of the Si/AlN-based pressure energy harvesters  
In order to characterize the harvesters, two different test setups were prepared. First setup was 

prepared to characterize the harvesters in air environment and under relatively high frequency. The 
purposed behind this setup is to compare the performance of the proposed design in the air 
environment because majority of the published harvesters have their tests conducted in the air 
environment [118]. The second test setup was prepared specifically for the proposed application 
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environment. A 1:1 3D-printed lateral ventricle prototype was manufactured to mimic the 
operation environment and to characterize the harvesters. 

5.2.1  In-air characterizations 
Figure 5.3a depicts the test setup. A test setup mimicking a pulsed-pressure environment was 

built to characterize and compare the proposed CRBH and the SBH.  

 
Figure 5.3: a) Schematic view b) test setup of the characterization setup for in-air testing 
of the harvesters 

A commercially available rotating fan was used to control the frequency of the pressure 
pulsations. These rotating fans have equally spaced slits and their speed can be controlled through 
a fan-control IC (Analog Devices, ADM1028). A pipe with static airflow is mounted on top of the 
fan and the harvesters. In order to calibrate the pressure frequency and amplitude, a commercially 
available pressure sensor (NXP, MP3H6115A) was used. To give quantitative expressions for the 
amplitude of the applied pressure pulsations, they are represented in rms values.  

 
Figure 5.4: Measured pressure pulsation waveform around the harvesters at 1 kHz, rms 
pressure of 0.95 kPa and maximum pressure of 2.34 kPa. 

Figure 5.3b shows the built test setup. The pressure sensor was placed next to the harvester to 
calibrate the pressure coming from the static pressure pipe and pressure recordings were monitored 
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while the pipe pressure is adjusted to reach desired levels. Figure 5.4 shows measured pressure 
pulsation waveforms. Frequency of the pulsations were set to 1kHz and the rms-pressure of 0.95 
kPa was applied which corresponds maximum applied pressure of 2.34 kPa where pressure of zero 
corresponds to ambient pressure of 101 kPa.  

Table 5.1 shows the critical dimensions of the tested harvesters. For the sake of a fair 
comparison, the CRBH and the SBH designs have the same diaphragm radius, R0, and the outer 
radius of the ring and the radius of the circular boss was also the same.  In addition, the CRBH has 
R2 and w of 675 μm and 150 μm, respectively. Since these devices were fabricated on the same 
wafer, they also have same active and structural piezo layer thicknesses which were 1 μm.  

Table 5.1: Dimensions of the tested CRBH and SBH.  

 R0 R1 R2 w tp ts L 

CRBH 1250 1100 675 150 1 1 55 

SBH 1250 1100 - - 1 1 55 
 

Two different electrical measurements were conducted to test the polarity of the piezoelectric 
material and the power output of the harvester. For the former, electrodes of the CRBH with similar 
stress patterns are connected and the electrical potential was measured with respect to the grounded 
bottom electrode. Therefore, the oppositely stressed regions should output opposite voltage 
signals. Figure 5.5 shows the voltage readings of these two electrical connections to verify the 
polarity. Pressure pulsations of 1 kHz with rms-pressure of 0.95 kPa was applied. Because of the 
relatively high natural frequency of the structure, oscillations in between excitations are visible 
from which it can be inferred that the natural frequency of the harvester is ~22 kHz. From the 
voltage readings of these two channels which are almost opposite to each other, it can be concluded 
that the material was poled as expected such that opposite stress regions output opposite voltage 
signals.  

After confirming the polarity of the piezoelectric material, power output of the harvester was 
measured. Figure 5.6 shows the measured power and voltage outputs of the CRBH and the 
conventional SBH with similar dimensions. 

 
Figure 5.5: Output voltage readings of the CRBH’s two oppositely stresses electrodes 
under periodic rms-pressure pulsations of 0.95 kPa at 1 kHz. 
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For power measurements, electrical connections were made such that the bottom electrode is 
grounded and electrodes with similar stress behavior connected to each side of a resistive load 
which is also illustrated in Figure 5.6. Power measurements were held under two different rms-
pressures of 1.5 kPa and 0.95 kPa. Under 1.5kPa of pressure, maximum power of 1.32 μW was 
harvested from the CRBH when the output voltage was 0.82 Vrms, while the conventional SBH 
was able to harvest 0.82 μW and its output voltage was 0.78 Vrms. Furthermore, the same trend 
was observed when applied pressure was 0.95 kPa and 0.82 μW and 0.46 μW were harvested from 
the CRBH and SBH, respectively. One of the disadvantages of the piezoelectric energy harvesting 
mechanism is that the internal resistance of the piezoelectric materials is relatively high which 
degrades the power output even though they can provide necessarily high voltage outputs. It should 
be noted that due to 1MΩ internal resistance of the oscilloscope that was used to record the 
measurements, it was not possible to go beyond 0.82 MΩ resistive loads during the experiments. 
Because of the slightly lower internal resistance of the CRBH as compared to the SBH, the optimal 
resistance of the tested CRBH was observed around 0.5 MΩ. On the other hand, for the tested 
SBH, due to the mentioned resistive load limitation, it was not possible to go beyond the optimal 
point. However, the power plot of the SBH was already started saturated around 0.8 MΩ, thus it’s 
believed that the maximum power of the SBH was also observed. Figure 5.6b shows the voltage 
readings under different resistive loads.  

 
Figure 5.6: Experimental results of the in-air characterizations: a) power vs load 
resistance, b) rms-voltage vs load resistance for rms-pressures of 0.95 kPa and 1.5 kPa.   

In order to quantify the incoming mechanical power from the pressure fluctuations, intensity 
of an acoustic wave is used [138]: 

c
PI
ρ

2
=

 
(5.1) 

where c is speed of the sound in the fluid; P is root mean square of the pressure amplitude; and ρ 
is density of the fluid. The power intensity of the incoming pressure waves can be calculated by 
multiplying the intensity, I with the area of the harvester. Therefore, conversion efficiency of the 
pressure energy harvesters, η, can be calculated using the following expression [139], [140]:  
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where Pout is the power output of the harvester; Пp is the power intensity of the applied pressure 
wave. Considering this formula as a base for the efficiency comparison, the efficiency of the 
CRBH and the conventional SBH under 1.5 kPa can be calculated as 0.0051% and 0.0032%, 
respectively.  

Table 5.2: Comparison of the performance of the tested harvesters with the recently published 
pressure energy harvester. 

Ref. Material Diameter 
[mm] 

Freq 
[Hz] 

Ppeak 
[Pa] 

Pout 
[μW] 

Пp  
[μW] 

η 
[%] 

CRBH 
AlN 

2.5 1000 2300 1.32 2.58e4 0.0051 

SBH 2.5 1000 2300 0.82 2.58e4 0.0032 

[122] 
AlN/SiC 

4 2000 7515 2.50 1.66e6 1.51e-4 

[141] 3 1000 10203 6.15 1.72e6 3.6e-4 

[119] PZT 2.4 3700 563 1.5e-5 3.34e3 0.33 

[120] PZT 2 4920 2 8.3e-5 0.029 0.28 

[121] Sol-gel 
PZT 1.2 16700 2 1.4e-4 0.0105 1.33 

 

Table 5.2 shows the comparison of the performances of the harvesters characterized in this 
work with other recently published harvesters tested in air. Although the tested harvesters perform 
better than some of the published works, there are still big gap with some of them. However, it 
should be noted that the ones with relatively high efficiency are the ones that are designed to 
harvest audible sound energy. Therefore, the pressure amplitude is orders of magnitude smaller 
than the pressure that is used for testing in this work which is better suited for industrial 
applications. In addition to the large pressure differences, the relatively higher operation frequency 
cause these devices to operate under resonance to have enhanced outputs.  

5.2.2 Under water characterizations via 3D-printed lateral ventricles model 
The lateral ventricles is a fluid-filled cavity that controls the CSF balance of the brain and the 

spinal cord. In order to evaluate the performance of the harvesters within the lateral ventricles, a 
3D-printed mock setup was prepared. The 3D-print model was developed using magnetic 
resonance imaging (MRI) data. MRI is a well-known medical imaging technology used in 
radiology that is used to form images of the anatomy. By using this technology, detailed images 
of the brain can also be generated. These images can be converted to computer aided drawing 
(CAD) files. Following these procedures, the MRI images from a control adult subject were used 
to generate a 3D model of the right lateral ventricles. A freeware program, ITK-Snap can process 
the segment structures in MRI images [142]. Using the software, 3D model of the lateral ventricles 
was constructed as a 3D CAD model in STL format. However, usually commercial CAD programs 
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such as SolidWorks has an upper limit for the faces of the structure when an STL file is to be 
imported. The output of the ITK-Snap program usually does not provide a low-number faced 
structures.  In order to provide this detailed model to a compatible version, another freeware 
program called MeshLab was used. This program can control each of the element of the drawing.  
By using the built-in face-reduction methodologies, the number of faces can be reduced.  The re-
generated CAD file was edited using the commercial SolidWorks program. Figures 5.7a, b show 
the interface of the ITK-Snap program during 3D model generation of the lateral ventricles and 
the final 3D solid model drawing of the prototype for the test setup which was prepared using 
SolidWorks. Inlets and outlets were added to this model in order to mimic CSF generation and 
outflow process using tubular connections around the top surface and the front side of the lateral 
ventricles prototype. In addition, a small attachment piece was also designed to fit into the 
prototype that is used to mount the harvester. Figure 5.7c shows the manufactured prototype and 
cross sectional view of the prototype. A Dimension 1200es series 3D-printer was used to 
manufacture the prototype from acrylonitrile butadine styrene (ABS) material. The harvesters were 
mounted to the small attachment piece that was designed to fit around the septum pellucidum of 
the lateral ventricle prototype. This attachment piece also allowed the electrical cables connected 
to the harvester to come out from the prototype. The attachment piece is shown in Figure 5.7c.  

 
Figure 5.7: a) Top cross-sectional view of the MRI image of the brain of a control adult 
subject and the generated 3D lateral ventricle model; b) transparent 3D CAD model of the 
mockup test setup; c) 3D-printed model with the attachment piece and a half-cut model of 
the setup showing the lateral ventricle profile.  

Figure 5.8a shows schematic drawing of the characterization setup. The manufactured 3D-
printed mock setup was assembled to a Fluigent MFCS-Ez which is a pressure-based microfluidics 
flow control system. This hardware can be controlled via computer and has an interface to control 
flow rate and pressure patterns such that it can provide sinusoidal pressure waves as well as static 
pressures. The flow generator is connected to a fluid reservoir.  By controlling the pressure within 
this reservoir, a flow is generated. Along the tubes from the reservoir, a flow rate controller is 
attached. This tool can determine the flow rate and send the information back to the flow generator 
system such that the generator can adjust the reservoir pressure to achieve the desired pressure 
patterns. The CSF is very similar to water in terms of viscosity which is ~0.8 mPa.s [143]. 
Therefore, as a fluid medium, deionized water was used to mimic the lateral ventricle environment 
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while preventing potential electrical issues. The attachment piece that was used to mount the 
harvesters has small holes for electrical cables. The electrical cables connected to the harvesters 
were connected to resistive loads to quantify power and voltage outputs which were also connected 
to the oscilloscope for measurements. Figure 5.8b shows the optical photo of the characterization 
setup.  

 
Figure 5.8: a) Schematic view of the test setup, b) optical photo of the built test setup.   

As a next step, in order to mimic operation inside the lateral ventricles the pressure patterns 
inside the 3D-printed setup were examined. Due to size constraints, it was not possible to attach 
the harvesters and pressure sensors side by side at the same time on the attachment piece. Thus, 
initially a pressure sensor was mounted to the attachment piece. By using the pressure sensor, the 
pressure pattern that is generated from the flow controller system was calibrated. For this purpose, 
a commercial pressure sensor breakout board was used (NXP, MP3H6115A). The breakout 
board’s electrical wiring was coated with PDMS to prevent potential electrical issues. The input 
pressure was adjusted depending on the recorded pressure readings from the sensor for calibration 
purposes. The pattern around the septum pellucidum attachment piece was calibrated to match 
with the reference values with a frequency of 3 Hz and a maximum pressure of 2.5 kPa that is 
similar to measurements conducted by Cardoso et al. by recording pressure patterns of a 
hydrocephalic patient [115].  

 
Figure 5.9: Pressure pulsations a) recorded at the input of the prototype using controller 
piece of the flow generator system, b) measured pressure pulsations inside the prototype 
around the septum pellucidum attachment piece.  
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Figure 5.9 shows input pressure generated by the Fluigent flow control system as well as the 
pressure recordings around the attachment piece inside the 3D-printed model. A series of hydraulic 
resistance elements such as pipes with different diameters and fittings were added along the input 
pipe to match the pressure recordings to the lateral ventricles pressure patterns. After this 
calibration procedure, the pressure sensor was removed from the attachment piece and the 
fabricated harvester chip was mounted and placed inside the mock setup without changing any of 
the fluidic parameters or hydraulic resistances of the system. In order to prevent leakage from the 
hole it is filled and sealed with silicone.  

Table 5.3: Dimensions of the tested CRBH and SBH. 

 R0 R1 R2 w tp ts L 

CRBH 1250 1100 625 150 1 1 45 

SBH 1250 1100 - - 1 1 45 

As in the in-air measurements, both the CRBH and the SBH design harvesters were tested 
under similar conditions to compare their performance under water. For the sake of a fair 
comparison, again, harvesters with similar dimensions were tested. Table 5.3 shows critical 
dimensions of the tested harvesters. Figure 5.10a shows voltage readings from two electrode 
groups of the harvester with opposite stress behavior. As in the previous section, electrodes having 
similar stress patterns were connected and measured with respect to the grounded bottom electrode 
to test the polarity of the harvester. As it can be seen, oppositely stressed regions produce voltages 
that are opposite to each other. However, when observed closely, the voltage readings are not 
perfectly symmetric and the positive voltage outputs have higher magnitudes than the negative 
voltage outputs. It is believed this unsymmetrical behavior is due to fluid at the backside of the 
harvester prevents a full transverse motion of the diaphragm as depicted in Figure 5.10b, which in 
turn results in the mismatch of the voltage outputs in positive and negative regions. This effect can 
be potentially reduced by sealing the harvester’s backside to prevent any leakage through the 
backside of the diaphragm which can also enhance the voltage output because of reducing the 
damping effects of the water.  

 
Figure 5.10: Voltage readings from two oppositely stressed regions of the harvester to 
check the polarity of the piezoelectric material; b) illustration of the possible turbulent 
effects occurring at the backside of the harvester.  
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Figure 5.11a shows the measured voltage and power outputs of the CRBH and SBH under 
water when rms-pressure of 1 kPa was applied. Electrical routings were made such that bottom 
electrode was grounded and two groups of electrodes with opposite stress behaviors were 
connected to each ends of resistive loads as depicted in the Figure 5.11a. The maximum power 
outputs of 0.62 nW and 0.37 nW were obtained from the CRBH and the SBH designs, respectively. 
As mentioned earlier because of the oscilloscope’s 1 MΩ restriction higher resistive loads couldn’t 
be verified. In addition, it is known that resistivity of the piezoelectric material decreases with 
increasing frequency. Therefore, due to very low frequency of the operation the optimal resistance 
load, thus the maximum power output of the harvesters couldn’t be observed during the 
experiments. On the other hand, for all tested resistive loads higher power output of the CRBH 
compared to the SBH shows the higher conversion efficiency of the proposed design compared to 
the conventional SBH.  

 
Figure 5.11: Experimental results of the underwater characterization of the of harvesters 
a) rms-voltage vs resistive load, b) power vs resistive load. 

One of the major advantages of the MEMS devices is their small form-factor which allow them 
to be designed in arrays to amplify the signals and power. The tested harvesters had a footprint 
area of 2.7 x 2.7 mm2 where the diameters of the diaphragm were 2.5 mm. For an average adult, 
there is approximately 3 cm2 of area available on the septum pellucidum. Therefore, there is a 
room for about 41 energy harvesters considering each harvester with footprint area of 2.7 x 2.7 
mm2. This would allow to amplify the power output by connecting the harvesters in series to 
produce a total power of 26.4 nW. However, the major concern when an array of devices is 
considered as an implant is that the array should be easily deployed. In addition, the deployment 
time should not take long and should be easily mounted to the desired host site. Although, Si-based 
devices can be manufactured with high precision, due to its stiff and brittle nature, it is not trivial 
to implement an array of Si-based devices. During the deployment, considering the tools that needs 
to be used such as tubes that can bend, because of the rigid structure, it would be hard to operate 
and deploy a long and stiff structure. For this purpose, a flexible harvester is developed and its 
fabrication is detailed in the next section.  
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5.3  Fabrication of the PET/PVDF-based flexible energy harvester  
Fabrication of the flexible harvester was completed at the Biomolecular Nanotechnology 

Center (BNC) within the Biomedical Engineering Department building at UC Berkeley. In this 
process, basically two different flexible materials are bonded to each other. Figure 5.12 shows the 
developed fabrication process for integration of different layers of flexible films. The fabrication 
starts with patterning a dummy mask for the electrodes on the PVDF layer. Then another patterning 
process is required to form the holes within the substrates. Laser cutting was used for the patterning 
purposes since it can cut PET and acrylic materials easily.  

 
1- Laser cutting of PET film to define circular membrane boundary. 

 
2- Spin coating of UV-curable adhesive (UVA). 

 
3- Bonding of one side Au coated and pre-stressed PVDF film to the PET film. 
4- UV exposure from the PET side (because it is transparent) to cure the adhesive in 

between. 

 
5- Sputtering of metal on the PVDF. A laser-cut PMMA mask is used for patterning 

purposes. 
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Cross-sectional view of the final device. 

Figure 5.12: Fabrication process of the PVDF/PET-based flexible harvester. 

One of the challenges of the fabrication process comes from the PVDF film. The PVDF film 
was purchased from PolyK Technologies in already poled form. Therefore, during the process 
temperature of the PVDF films should not exceed the Curie temperature of the film which is 
reported as 100℃. Therefore, the process was designed to accommodate this constraint.  

The fabrication process starts with patterning the PET film which serves as a substrate layer. 
PET films are available in many different thicknesses and for the fabrication process in this work 
200 μm-thick PET films were used. The major reason for using the PET film as the substrate layer 
is because it is transparent. During the UV exposure of the adhesive, the PET film can be placed 
on top so that the adhesive can be cured. Another reason for using the PET film is the fact that it 
can be easily patterned using a laser cutter. For the laser cutting of the PET films, Universal 
Systems Laser cutters within Jacobs Institute was used. The minimum feature size that was 
achieved is ~30 μm. To achieve a good bonding between the PVDF and the PET film various 
methods had been tried. Some of the widely used but failed methods are, surface modification of 
various polymers including PDMS, PTFE, and PET using (3-aminopropyl)-triethoxysilane 
(APTES), (3-glycidyloxypropyl)-trimethoxysilane (GPTMS) or (3-Mercaptopropyl)-
trimethoxysilane (MPS) which are widely used for bonding thermoplastics [141]–[143], 
hydroxylation of gold surface via sulfuric acid and hydrogen peroxide with surface modification 
using APTES [144], and surface treatment of gold surfaces via MPS, APTES, and O2 plasma 
[145], [146]. However, either due to water soluble property of the PVDF film or highly inert 
behavior of gold metal film, these methods didn’t yield a good bonding strength. As a comparison, 
the metal layer was changed to silver, however, this time the PVDF film was dissolved in the 
solution. Therefore, spin coated UV-curable adhesive was chosen as the bonding method. This 
material is widely used in microfluidics to achieve a good bonding between PDMS layers. 

 
Figure 5.13: Attachment procedure to control the built-in stress of the PVDF film where a 
force gauge is fixed and hooked to a holder apparatus; force applied in a) x-, b) y- 
directions.  



72 
 

In order to coat the adhesive, a one side Au-coated PVDF film was placed on a glass slide in a way 
that the coated side is on the top. During the placement of the PVDF film, an apparatus was 
manufactured to control the tension force of the film. Figure 5.13 shows the custom tool that was 
built to apply and measure the tension force applied to the film during attachment to the slide. The 
apparatus was attached to a force gauge that is hooked via posts on the apparatus. Initially, only 
one side of the PVDF film was attached to a glass slide and the opposite side was attached by 
applying a tension force that can be controlled via the force gauge. Then, the free opposite side 
was attached to the glass slide with a desired tension force, the same procedure is applied to the 
other sides too. For the harvesters fabricated in this work, tension forces of 5N and 10N were 
applied to the PVDF. However, in most instances after the tension of 10N some rupture in the 
deposited gold film were present which resulted in the peeling off of the gold film. 

After the attachment procedure, the glass slide with the PVDF film was spin coated with the 
UV-curable adhesive (NOA-81, Norland Products) at 3000 rpm, and ~4 μm thickness was 
observed. Right after the spin coating process, the laser cut PET film was placed on top of the 
adhesive coated PVDF film. The glass slide that has both the PVDF and the PET film on top was 
then placed into Jelight- 42 UVO cleaner UV exposure tool for 15-20 mins. After this step, the 
PET film bonds well to the PVDF film as efforts to peel off the films results in rupturing of the 
films. Next, an acrylic film of 1mm-thick was laser cut. This film served as a hard-mask during 
the sputtering of the metal on the PVDF film. By using this laser-cut masking method during 
sputtering, it is possible to eliminate a lithography process to pattern the metal layer, which would 
require a heat treatment process. During the sputtering process, the cooled chuck of the sputtering 
tool can limite the maximum temperature of the PVDF film to ~60℃ which is lower than the Curie 
temperature of the material to prevent the degradation of the piezoelectric properties of the film. 
After the metal sputtering process, the fabrication process is completed.  

 
Figure 5.14: Fabricated PET and PDMS based harvesters, a) back- and front-side of the 
harvesters, b) PET based thin and arrayed harvesters, c) harvester under bending.  

Figure 5.14 shows some of the fabricated harvesters with both PET and PDMS substrates. 
Initially, because of the better bonding achieved using the PDMS and the APTES chemical, PDMS 
was also used as the substrate with a 15 μm-thick PET film. Then, since a better bonding was 
achieved using the UV-curable adhesive, PET was used as a substrate instead of PDMS because 
of its ease of patterning using the laser cutting process. In addition to the advantages in patterning, 
the PET film can be bought in many different thicknesses varying from 10s-100s of micrometers. 
However, it is hard to control the thickness of the PDMS especially in the sub-mm range.   
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5.4  Characterizations of the flexible harvesters 
The fabricated flexible harvesters were characterized under water with a pressure excitation 

that is similar to the lateral ventricles’ CSF pressure fluctuations. As described in the earlier 
chapters a pressure-based flow generator system was used again for this study. However, this time 
because of the unreliable operation of the flow rate controller module of the device, instead of 
providing fluid to a closed fluid cavity, an open deionized water filled test setup was excited with 
air pressure. Initially, a calibration procedure was conducted to ensure the pressure patterns under 
water. Then, the harvester was placed under the water for characterization tests. Power output of 
the harvester was measured by connecting it to different resistive loads. Resistivity of the PVDF 
is higher than the AlN material, thus higher resistances were required to measure the optimal 
resistance. In order to measure MΩ range of resistive loads different measurement tools were 
utilized than the ones used in the characterization of the Si/AlN-based harvester. 

 
Figure 5.15: a) Optical photo of the experimental setup built to calibrate the pressure 
output of the pressure generator system, b) standard pressure pattern, c) adjusted pressure 
pattern that is similar to a sinusoidal pattern.  

The pressure patterns generated by the flow controller system is dependent on various factors 
such as pressure input to the system from the mainline, feedback coefficient that effects the 
response time, and elements that add to hydraulic resistance such as pipes, and connectors used. 
Since the flow rate controller couldn’t be utilized for this setup, the generated pressure pattern was 
calibrated manually. Figure 5.15a shows the setup to calibrate the pressure output of the flow 
controller system. A commercial pressure sensor breakout board was used (Sparkfun, Bosch 
BMP180) to measure the pressure patterns. A pipe was connected to the flow controller system 
and the other end was attached to a fixture on top of the pressure sensor. The fixture was controlled 
by a manual micromanipulator. The pressure sensor was connected to an Ardunio R3-Uno board 
which can send the recorded data to a laptop. Figures 5.15b, c show two different pressure patterns 
generated. The flow controller system has a software that is used to program the pressure patterns. 
By adjusting the feedback coefficient and delay time between each pressure peak and zero-pressure 
points, a standard pressure output as shown in Figure 5.15b was adjusted to the one shown in 
Figure 5.15c which is more similar to a sinusoidal pattern.  
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Figure 5.16a shows the schematic of the experimental setup. In order to test the harvester under 
water, a 3D-printed water container was designed. Before testing of the harvester another 
commercial pressure sensor that can measure under water pressure was utilized to adjust the z-
height of the pipe and calibrate the pressure applied on the harvester. After the pressure calibration 
process, the harvester was attached to the casing. For the attachment process, a double-sided tape 
was used. This prevented water leakage to the backside of the membrane. The deflections of the 
membrane resulted due to pressure difference between applied pressure and atmospheric pressure 
in which the harvester was sealed and attached. Electrical outputs of the harvester were connected 
to resistive loads for power measurements and measured by an electrometer (Keithley 6514). The 
electrometer was used because of its capabilities in measurement of low currents and its very high 
internal impedance (>200 TΩ) which is required to get voltage data using resistive loads in MΩ 
range. In order to monitor the data from a computer, the electrometer was connected to a data 
acquisition board (National Instruments, 6341). Voltage measurements under a constant pressure 
fluctuation was recorded when the harvester was connected to various resistive loads and the power 
output of the harvester was calculated. Figure 5.16b shows the experimental setup built.  

 
Figure 5.16: a) Schematic of the experimental setup, b) optical photo of the built under 
water characterization of the flexible harvester. 

Figure 5.17a shows the voltage output from the harvester when rms-pressure of 1.15 kPa with 
2.5 Hz was applied. The harvester had diameter of 3 mm and a PVDF layer thickness of 18 μm. 
Only two electrodes were utilized in this design where the bottom electrode was connected to the 
ground. Under the steady pressure pulse waveform, different resistive loads were connected to the 
harvester and voltage waveforms were recorded and electrical power output was calculated using 
rms-voltage outputs. Figure 5.17b shows the power and the rms-voltage outputs of the harvester 
where left and right axis corresponds to the power and voltage outputs, respectively. It is known 
that the resistivity of PVDF is an order of magnitude higher than that of the AlN (~1014 Ω.cm vs 
~1011-1012 Ω.cm). Therefore, the measurement system should be capable of measuring very low 
current and has very high impedance. The high impedance of the measurement system allowed to 
test the harvester in MΩ range. The resistive loads ranging from 1 MΩ to 8 MΩ with 0.2 MΩ step 
were connected to the harvester. The optimal resistive load for the harvester was 4.8 MΩ which 
resulted in 134 mVrms and 1.75nW of power. 
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Figure 5.17: a) Voltage readings from the harvester under 1.15 kPa rms-pressure, b) 
voltage and power output of the harvester showing optimal region for the harvester.  

Compared to the piezoelectric coefficient of the AlN (~2 pC/N), PVDF has relatively high d31 
piezoelectric coefficient (20 pC/N). Because of the higher d31 coefficient, PVDF films has 
relatively higher voltage output. However, as mentioned earlier compared to AlN, PVDF has 
relatively higher internal impedance which reduces its power output. On the other hand, PVDF 
films can be manufactured in relatively thicker forms (up to 100s of micrometers) compared to 
AlN layers deposited using sputtering method (several micrometers). During the experiments, the 
small size of the pipe head corresponding to the arrayed devices results in difficulty to excite all 
the harvesters simultaneously. Considering the power output of the single harvester, its diameter, 
and the available area in the septum pellucidum, it is expected that ~70 nW of power can be 
harvested using the array design.  
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CONCLUSIONS and FUTURE WORK 
 

6.1  Conclusions 
In this dissertation, sensing and harvesting technologies for different types of harsh 

environments was described. In Chapter 2 and Chapter 3, a high temperature pressure sensor was 
developed for geothermal applications. The proposed concentrically matched capacitance design 
can be easily implemented to conventional pressure sensors by changing their layouts only.  The 
proposed design was fabricated using SiC as the structural material and it was experimentally 
shown that the proposed design is able to generate differential capacitance output at temperatures 
varying from 20℃-180℃. The tests results showed a decrease in the sensitivity of the sensor when 
temperature increased. This is related to the temperature coefficient mismatch of the SiC structural 
layer and Si substrate of the fabricated sensor which results in stress in the sensing diaphragm. It 
is believed that by utilizing the same material as both structural and substrate layers, this effect 
can be minimized. However, even though same material is used, it is known that increase in 
temperature results in a change in Young’s modulus of the material and the expansion of the 
structures which would eventually affect the response of the sensor under different temperatures. 
Therefore, a temperature sensor can be placed next to the pressure sensor for compensation 
purposes. By characterizing and calibrating the sensor at different temperatures before 
deployment, the effects mentioned can be considered and more accurate results can be obtained. 
A simple SiC diode design can be used as a temperature sensor and can be fabricated 
simultaneously on the same wafer. However, in this case the substrate layer and the thicknesses of 
the conductive and insulation layers should be optimized to provide reliable outputs. During this 
work, the diode-based temperature sensor and diode-quad bridge structures coupled with 
differential capacitance output sensors were also fabricated on the same wafer. However, due to 
poor performance of the diodes, their operation could not be verified. On the other hand, as a result 
of utilizing the diode-quad bridge design, the output voltage of the pressure sensor is proportional 
to the difference between the fixed and varying capacitances and a higher capacitance difference 
is desired. A way to achieve this is to use the array design of sensors instead of individual sensor 
units. An example of the array design with single capacitance output sensors and the increased 
capacitance effect was experimentally shown. A similar trend such as decreasing sensitivity with 
increasing temperature was also observed during the experiments. The concentrically matched 
capacitance design can also be utilized in arrays to increase the voltage output of the sensor. As a 
result, considering the small size of the sensors, the arrayed differential capacitance output sensors 
can be utilized in many different applications that require remote sensing and provide reliable 
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outputs. Another issue that should be emphasized is the packaging and electrical connections. 
During the characterization tests as temperature was increased, packaging and detachment 
problems were encountered on the bonding wires which prevented testing at elevated temperatures. 
Although, an aluminum nitride PCB was used during the tests, detachment of the sensor was 
observed in some instances with tiny cracks in the tested die. A different type of adhesive can be 
used to prevent this problem and the bonded area can be minimized. For instance, a flip-chip 
bonding process could be developed and front side of the sensor can be bonded to a patterned PCB 
with a hole in the middle for the sensor diaphragm. This would help to achieve more reliable 
bonding and at the same time the metal layer on the sensor can be connected to electrical routings 
on the PCB and wire bonding can be eliminated.  

In Chapter 4 and Chapter 5, a pressure harvester was developed for powering neural implants. 
For the first time, a method to convert cerebrospinal fluid pressure fluctuations to electrical energy 
is proposed. Considering the challenging operation conditions such as low frequency, a novel 
design was proposed to enhance the output efficiency of the harvester. Initially, an analytical and 
FE models were developed to optimize the proposed concentric ring-circular boss energy harvester 
design. Strain energy equations were coupled to piezoelectric constitutive equations to design and 
evaluate the performance of the harvester. Although there was a slight difference between the 
analytical and FE model results, a similar trend showing the effectiveness of the proposed design 
was observed in both models. The difference is believed to arise from the assumptions made for 
the deflection mode shapes and the d33 effect of the piezoelectric material that is not considered in 
the analytical method. The harvester was first fabricated using AlN as the piezoelectric as wells as 
structural layer, and compared with the conventional SBHs with similar dimensions that were 
fabricated on the same wafer. It was shown that the proposed design is able to achieve higher 
conversion efficiency compared to the conventional SBH. Alternatively, a flexible harvester is 
developed by considering potential issues during the deployment and mounting process for the 
systems. Although the commercial PVDF material was used, it is believed that fabricating PVDF 
using co-polymers can help to achieve better results. Because one of the failure mechanisms during 
the fabrication was the peeling off of the gold layer on the PVDF when a tension force is applied 
during the attachment process. The gold layer can be sputtered after the attachment to prevent the 
peeling off of the gold layer. In addition, the development of the material from co-polymers might 
also give the chance to adjust the material properties to yield a biodegradable material. 
Furthermore, the output power generated from a single harvester was not enough to run a neural 
implant in a continuous manner. Therefore, it is believed this kind of harvesting method should be 
implemented by an array of harvesters and for applications that does not require continuous power. 
For instance, telemetry applications such as ICP monitoring can be done by taking a measurement 
once in every minute would help to reduce the required power and make energy harvesters a viable 
option. Considering the trends in low power electronics and advances in materials science to 
develop higher conversion efficiency piezoelectric materials, the proposed method can be used in 
various applications in the near future.  

6.2  Future work 
Although, the initial results from the devices are shown here, there are some improvements 

that can be done both for the pressure sensor and harvester devices. Instead of Si as the substrate, 
SiC can be used to decrease the thermal expansion mismatch. This would also help to fabricate 
higher performance diodes on the same wafer. However, the fabrication process and thicknesses 
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of the layers should be optimized to yield a good sensor and diode performance simultaneously. 
During the deposition steps, some additional lithography steps can be added to have films with 
different thickness profiles. Furthermore, the process flow developed can be optimized to get a 
higher yield. For instance, one of the challenges encountered was the etching of the insulation 
layer on the bottom electrode during sacrificial layer etching process via the XeF2 vapor. The 
thickness and material of this layer can be optimized such that it does not etch away while keeping 
the capacitance between the bottom and top electrode high. Another step that could be beneficial 
is to use PECVD SiC deposition process because the LPCVD process used here was not very 
repeatable in terms of the conductivity of the film. On the other hand, the custom-built pressure 
chamber test setup and wire bonding process needs improvements for tests >200℃. The ceramic 
heating element can go up to 250℃, however, for higher temperatures different methods should 
be utilized. One possible option could be outsourcing a temperature controlled pressure chambers 
that some companies manufacture. The other option might be using an electrical resistive heating 
element. The companies now provide necessary controlling equipment to control the temperature 
precisely in smaller time scales. In addition, applied pressure during the tests were limited with 
the university mainline pressure. Therefore, the test needs to be done in another facility that can 
provide higher pressures. Lastly, although wire bonding is a standard procedure, it might be 
eliminated by considering a different bonding approach. For instance, a patterned PCB with a hole 
in the middle can be used and the metals on the front side of the sensor can be bonded to electrical 
routings on the PCB such that the diaphragm aligns to the hole. As such, the wire bonding process 
can be eliminated and a more reliable electrical connection can be achieved.  

On the energy harvester side, potential improvements can be made on the modeling and 
fabrication. To develop a more accurate model, FE-coupled analytical models can be used. For 
instance, the assumed modes of the deflections can be derived from the FE models which are better 
representations of the deflection and can be used as an input to the analytical calculations. On the 
other hand, because of the fabrication limitations, not all different designs were fabricated. The 
main limitation was from the fact that the harvesters were on the same wafer batch with other 
ultrasound sensors. Therefore, in order not to affect those devices during the DRIE process, 
opening dimensions were kept at minimum. A new wafer layout can be designed that has only 
harvester devices and other design factors can be investigated. On the other hand, the flexible 
harvester is a promising technology for implantable harvesting devices because of its ease of 
deployment. The main challenge during the fabrication was due to the Curie temperature of the 
PVDF film. Another way of fabricating the same device could be by developing a new PVDF film 
from co-polymers and attaching it before the polarization and metallization process. By doing this, 
different kind of co-polymers such as PVDF-TrFE which has relatively higher piezoelectric 
coefficient than PVDF or cellulose based biodegradable materials can be utilized. Furthermore, a 
lithography process can be done for metallization and devices can be fabricated in batches. Another 
direction is animal tests. Recently, animal tests of different harvester devices are shown in 
literature. However, the major problem in this case is electrical wires. It is hard to measure the 
electrical output during an animal test via electrical wires. Therefore, a wireless solution should 
be developed to send the voltage output information of the harvester or a microcontroller with 
logging capabilities should be developed that can record the voltage output from the harvester on 
site to be read afterwards. As an application, the voltage output of the harvester can be related to 
pressure, such that a self-powered wireless ICP sensing system can be realized.  
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Appendix A 
 

Fabrication Process for SiC Concentrically 
Matched Capacitive Pressure Sensors 

 
Step Equipment Process Time/Parameter 
A- Oxide deposition for insulation 
A.1 msink8-6 Piranha dip 10 min. 
A.2 tystar2 Wet oxidation Recipe: WETOXA, 15 mins, 

1050℃, 100 nm, 
B- SiC deposition and patterning (bottom electrode) 
B.1 msink8-6 Piranha dip 10 min. 
B.2 tystar15 Doped SiC deposition Recipe: 15CH6SIA, NH3:3.1, 

800℃, 30 min, 130 nm 
B.3 primeoven HDMS Recipe: 2, 10 min 
B.4 svgcoat Spin PR Recipe: 4 & 2, 1.3 μm, i-line 
B.5 ksaligner Expose PR Mask -1, 11 sec 
B.6 svgdev Develop PR - 
B.7 oven Hardbake 3 hours, 120℃ 
B.8 lam8 Dry SiC etch Recipe: SiC_3Step, ~2:20 min 
B.9 msink3 Remove PR, PRS3000 30 min, 110℃ 
B.9 matrix O2 plasma, clean PR 10 min 
C- Oxide deposition & patterning (bottom electrode isolation) 
C.1 msink8-6 Piranha dip 10 min. 
C.2 tystar12 Oxide deposition Recipe: 12SULTOA, 20 min 
C.3 primeoven HDMS Recipe: 2, 10 min 
C.4 svgcoat Spin PR Recipe: 4 & 2, 1.3 μm, i-line 
C.5 ksaligner Expose PR Mask -2, 11 sec 
C.6 svgdev Develop PR 30 min, PRS3000 
C.7 oven Hardbake 3 hours, 120℃ 
C.9 lam6 Dry oxide etch Recipe: lbeker_6001_oxide, 

~45 sec 
C.10 msink3 Remove PR, PRS3000 30 min, 110℃ 
C.11 matrix O2 plasma, clean PR 10 min 
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D- Sacrificial a-Si deposition 
D.1 msink8 Piranha dip 10 min. 
D.2 oxford2 a-Si deposition Recipe: lbasi1, 1-2 μm 
D.3 primeoven HDMS Recipe: 2, 10 min 
D.4 svgcoat Spin PR Recipe: 4 & 2, 1.3 μm, i-line 
D.5 ksaligner Expose PR Mask -3 
D.6 svgdev Develop PR 30 min, PRS3000 
D.7 oven Hardbake 3 hours, 120℃ 
D.8 lam8 Dry a-Si etch Recipe: lbeker_polySi, 3-4 min 
D.9 msink3 Remove PR, PRS3000 30 min, 110℃ 
D.10 matrix O2 plasma, clean PR 10 min 
E- SiC deposition and patterning (Top electrode) 
E.1 msink8-6 Piranha dip 10 min. 
E.2 tystar15 Doped SiC deposition Recipe: 15CH6SIA, NH3:3.1, 

800℃, 4-9 hrs (1-2 μm) 
E.3 primeoven HDMS Recipe: 2, 10 min 
E.4 svgcoat Spin PR, double Recipe: 4 & 2, 2.5 μm, i-line 
E.5 ksaligner Expose PR Mask -4 
E.6 svgdev Develop PR - 
E.7 oven Hardbake 3 hours, 120℃ 
E.8 lam8 Dry SiC etch Recipe: lbeker_SiC_1, >4min 
E.9 msink3 Remove PR, PRS3000 30 min, 110℃ 
E.10 matrix O2 plasma, clean PR 10 min 
F- Sacrificial layer etching 
F.1 xetch XeF2 etching Recipe: levent, 2/0, cycle: 45 
F.2 matrix O2 plasma, cleaning 10 min 
G- Oxide deposition & patterning (cavity sealing) 
G.1 msink8-6 Piranha dip 10 min. 
G.2 tystar12 Oxide deposition Recipe: 12SULTOA, 1.2μm 
G.3 primeoven HDMS 10 min 
G.4 svgcoat Spin PR Recipe: 4 & 2, 1.3 μm, i-line 
G.5 ksaligner Expose PR Mask -5 
G.6 svgdev Develop PR 30 min, PRS3000 
G.7 oven Hardbake 3 hours, 120℃ 
G.8 lam6 Dry oxide etch Recipe: lbeker_oxi2, ~45 sec 
G.9 msink3 Remove PR, PRS3000 30 min, 110℃ 
G.10 matrix O2 plasma, clean PR 10 min 
H- Metal deposition & patterning 
H.1 msink8-6 Piranha dip 10 min. 
H.2 primeoven HDMS Recipe: 2, 10 min 
H.3 svgcoat Spin PR Recipe: 4 & 2, 1.3 μm, i-line 
H.4 ksaligner Expose PR Mask -5 
H.5 svgdev Develop PR 30 min, PRS3000 
H.6 randex Aluminum, Pt/Ti 100 nm 
H.7 msink16 Lift-off, ultrasound on 2 hrs 
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Appendix B 
 

MATLAB Code for Energy Harvester 
Optimization 

The code given can be run using MuPAD toolbox of the MATLAB for optimization purposes 
using corresponding structure features (rings, electrodes) and deflection mode shapes.  

 

assume(v < 0.5) 
 
M(r): MOMENT EQUATION  (a: radius of the diaphragm) 
M_r := (P/16)*(a^2-3*r^2+v*a^2-v*r^2) 
M_t := (P/16)*(a^2-r^2+v*a^2-3*v*r^2) 
 
Neutral plane definition (z_c) 
z_c := ((h_p)^2*s_s-(h_s)^2*(s_p))/(2*(h_s*s_p+h_p*s_s)) 
 
STRAIN - CURVATURE RELATIONS 
eps_r_1 := -H_R_1*(z-z_c) 
eps_t_1 := -H_T_1*(z-z_c) 
eps_r_2 := -H_R_2*(z-z_c) 
eps_t_2 := -H_T_2*(z-z_c) 
STRESS for piezo and structural layers 
inner region (1) 
s_r_p_1 := (eps_r_1+v*eps_t_1+(1+v)*d_3_1*E_3)/(s_p*(1-v^2)) 
s_t_p_1 := (eps_t_1+v*eps_r_1+(1+v)*d_3_1*E_3)/(s_p*(1-v^2)) 
s_r_s_1 := (eps_r_1+v*eps_t_1)/(s_s*(1-v^2)) 
s_t_s_1 := (eps_t_1+v*eps_r_1)/(s_s*(1-v^2)) 
outer region (2) 
s_r_p_2 := (eps_r_2+v*eps_t_2)/(s_p*(1-v^2)) 
s_t_p_2 := (eps_t_2+v*eps_r_2)/(s_p*(1-v^2)) 
s_r_s_2 := (eps_r_2+v*eps_t_2)/(s_s*(1-v^2)) 
s_t_s_2 := (eps_t_2+v*eps_r_2)/(s_s*(1-v^2)) 
MOMENT (M_r_1, M_t_1, M_r_2, M_t_2) 
inner region (1) 
M_r_1 := int(s_r_p_1*(z-z_c), z=0..h_p)+int(s_r_s_1*(z-z_c), z=-h_s..0) 
M_t_1 := int(s_t_p_1*(z-z_c), z=0..h_p)+int(s_t_s_1*(z-z_c), z=-h_s..0) 
Find coefficients H_R_1 and H_T_1 
AllCoeffs1 :=coeff(M_r_1, [H_R_1, H_T_1]) 
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C_a :=AllCoeffs1[1] 
C_b :=AllCoeffs1[2] 
C_c :=AllCoeffs1[3] 
AllCoeffs2 :=coeff(M_t_1, [H_R_1, H_T_1]) 
C_d :=AllCoeffs2[1] 
C_e :=AllCoeffs2[2] 
C_f :=AllCoeffs2[3] 
 
outer region (2) 
M_r_2 := int(s_r_p_2*(z-z_c), z=0..h_p)+int(s_r_s_2*(z-z_c), z=-h_s..0) 
M_t_2 := int(s_t_p_2*(z-z_c), z=0..h_p)+int(s_t_s_2*(z-z_c), z=-h_s..0) 
Find coefficients H_R_2 and H_T_2 
AllCoeffs3 :=coeff(M_r_2, [H_R_2, H_T_2]) 
C_g :=AllCoeffs3[1] 
C_h :=AllCoeffs3[2] 
%% C_i :=AllCoeffs3[3] 
C_i :=0 
AllCoeffs4 :=coeff(M_t_2, [H_R_2, H_T_2]) 
C_j :=AllCoeffs4[1] 
C_k :=AllCoeffs4[2] 
%% C_l :=AllCoeffs4[3] 
C_l :=0 
 
CURVATURES (J_r_1, J_t_1, J_r_2, J_t_2) 
CALCULATE INNER (1) CURVATURES USING MOMENT(R) -- J_R_1 & J_T_1 
J_r_1 := (C_e/(C_a*C_e-C_d*C_b))*((M_r-C_c)-(C_b/C_e)*(M_t-C_f)) 
J_t_1 :=(C_d/(C_d*C_b-C_a*C_e))*((M_r-C_c)-(C_a/C_d)*(M_t-C_f)) 
CALCULATE OUTER (2) CURVATURES USING MOMENT(R) -- J_R_2 & J_T_2 
J_r_2 := (C_k/(C_g*C_k-C_j*C_h))*((M_r-C_i)-(C_h/C_k)*(M_t-C_l)) 
J_t_2 :=(C_j/(C_j*C_h-C_g*C_k))*((M_r-C_i)-(C_g/C_j)*(M_t-C_l)) 
 
STRAIN (B_r_1, B_t_1, B_r_2, B_t_2) 
B_r_1 := -J_r_1*(z-z_c) 
B_t_1 := -J_t_1*(z-z_c) 
B_r_2 := -J_r_2*(z-z_c) 
B_t_2 := -J_t_2*(z-z_c) 
 
STRESS (S_r_p_1, S_t_p_1, S_r_s_1, S_t_s_1, S_r_p_2, S_t_p_2, S_r_s_2, 
S_t_s_2) 
inner region (1)  [S_r_p_1, S_t_p_1, S_r_s_1, S_t_s_1] 
S_r_p_1 := (B_r_1+v*B_t_1+(1+v)*d_3_1*E_3)/(s_p*(1-v^2)) 
S_t_p_1 := (B_t_1+v*B_r_1+(1+v)*d_3_1*E_3)/(s_p*(1-v^2)) 
S_r_s_1 := (B_r_1+v*B_t_1)/(s_s*(1-v^2)) 
S_t_s_1 := (B_t_1+v*B_r_1)/(s_s*(1-v^2)) 
 
outer region (2)  [S_r_p_2, S_t_p_2, S_r_s_2, S_t_s_2] 
S_r_p_2 := (B_r_2+v*B_t_2)/(s_p*(1-v^2)) 
S_t_p_2 := (B_t_2+v*B_r_2)/(s_p*(1-v^2)) 
S_r_s_2 := (B_r_2+v*B_t_2)/(s_s*(1-v^2)) 
S_t_s_2 := (B_t_2+v*B_r_2)/(s_s*(1-v^2)) 
 
Unit ENERGY(R) - (u_p_1, u_s_1, u_p_2, u_s_2)  (X:permittivity) 
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u_p_1 := 1/2*B_r_1*S_r_p_1 + 1/2*B_t_1*S_t_p_1 - 
1/2*d_3_1*(S_r_p_1+S_t_p_1)*E_3 + 1/2*X*(E_3)^2 
u_s_1 := 1/2*B_r_1*S_r_s_1 + 1/2*B_t_1*S_t_s_1 
u_p_2 := 1/2*B_r_2*S_r_p_2 + 1/2*B_t_2*S_t_p_2 - 
1/2*d_3_1*(S_r_p_2+S_t_p_2)*E_3 + 1/2*P*(E_3)^2 
u_s_2 := 1/2*B_r_2*S_r_s_2 + 1/2*B_t_2*S_t_s_2 
 
Individual ENERGY (U_p_1, U_s_1, U_p_2, U_s_2)  (m: radius of the 
electrode) 
U_p_1 := int(r*2*pi*( int(u_p_1, z=0..h_p) ), r=0..m) 
U_s_1 := int(r*2*pi*( int(u_s_1, z=-h_s..0)), r=0..m) 
U_p_2 := int(r*2*pi*( int(u_p_2, z=0..h_p) ), r=0..m) 
U_s_2 := int(r*2*pi*( int(u_s_2, z=-h_s..0)), r=0..m) 
 
TOTAL ENERGY (U) 
U := U_p_1 + U_p_2 + U_s_1 + U_s_2 
 
Electric field definition (E_3)  (V: voltage) 
E_3 := V/h_p 
Total Charge (Q_T) 
U 
Q_T := diff(U,V) 
Capacitance (z_f) 
z_d := coeff(Q_T, V) 
z_f := z_d[1] 
Generated Charge (Q_G) 
V := 0 
Q_G := Q_T 
Generated Voltage (V_G) 
V_G := Q_G/z_f 
 
GENERATED ENERGY (U_G) 
U_G := 1/2*z_f*(V_G)^2 
 
RESULTS 
simplify(V_G) 
simplify(U_G) 
simplify(z_f) 
simplify(Q_G) 
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