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Foreword

When I was approached by my good friends, Drs. Muthu Wijesundara and Robert
Azevedo, to write a forward for their book, I was truly honored. Each had worked,
yes even truly struggled, with me to master some part of the technology of silicon
carbide in our group efforts to bring silicon carbide forward as a complete RF wire-
less sensor technology. From the prospective developed in my service as DARPA
program manager, Mechanical Engineering Department Chair, fellow researcher
and Dean of the College of Engineering, I do attest that this wonderful book will
be useful to the practitioner as well as to the researcher in the field of silicon car-
bide. Indeed, it is required reading now in my own research laboratory for all who
would work with me in the research of silicon carbide. I have worked hard for over
ten years in the struggle to master silicon carbide, and I am pleased to report to the
reader that this volume will certainly ease your way toward a true command of the
subject. I have reviewed the volume in great detail, and I affirm that it is useful both
to the neophytes, eager to enter the field, as well as to the experts, seeking to deepen
their knowledge. As a long-time member of the research community, with twenty-
eight years of service to the University of California, Berkeley, I affirm that there is
no equivalent book available today. And I offer my thanks and gratitude to my good
friends for making all the effort to compile this edition — they have more diligence
and fortitude than I, who have not yet compiled any book of my own.

With sincerity and admiration,
University of California, Berkeley, March 2011 Albert P. Pisano, Professor
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Preface

This book is intended for the practicing microelectromechanical sensor designer as
well as engineers and engineering managers in other fields. This book provides an
introduction to harsh environment sensor applications and silicon carbide micro-
electronics and microelectromechanical system technology for such applications.
Namely, this book reviews why silicon carbide is an excellent match for produc-
ing harsh environment microsystems, how silicon carbide substrates and films are
produced and patterned, review progress towards silicon carbide microelectronics
and microelectromechanical sensors, and how electronics and microsensors can be
integrated and packaged. Various approaches to communication and power are also
discussed. It is hoped that by providing a review of the pieces of silicon carbide
microsystem technology currently available and outlining additional innovations
needed to produce reliable harsh environment microsystems, new research will ad-
dress these challenges and the full benefit of silicon carbide microsystems will be
realized.

We came into silicon carbide technology through our research at the University
of California at Berkeley. We worked together on materials and electromechanical
design of harsh environment sensors made from silicon carbide for the DARPA
HERMIT project. We would like to thank Prof. Albert P. Pisano and Prof. Roya
Maboudian for introducing us to this research.

Others have contributed to this manuscript, so we would like to offer our sincere
thanks. Dr. David Myers, Dr. Anand Jog, and Raminderdeep Sidhu reviewed drafts
of the manuscript and provided valuable input into the structure and flow. Steven
Elliot facilitated various logistics and feedback throughout this process.

We would also like to give a special thank you to our families, who have been
understanding of nights or weekends spent working on this book and whose support
is, as always, what enables us to pursue our passions.

Arlington, Texas Muthu B. J. Wijesundara

Albany, California Robert G. Azevedo
March 2011
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Chapter 1
Introduction

Microsystems, or microelectromechanical systems (MEMS), technology continues
to grow rapidly by enabling ever emerging applications that demand diverse, versa-
tile functionality. Microsystems refers to a class of sub-millimeter scale sensors and
actuators coupled with signal processing capable of measuring physical and chem-
ical changes or performing desired physical and chemical functions. Microsystem
technology based on micro-scale mechanical transducers progressed because sil-
icon (Si) possesses both favorable electrical and mechanical properties to create
these micro-sensor elements. Although many types of materials, ranging from ce-
ramics to polymers, have been explored as platforms for microsystem technology,
Si is currently the dominant platform. Si microsystems leverage the highly-parallel
batch fabrication paradigm that has made microfabricated silicon-based semicon-
ductor electronics commercially viable. Furthermore, they have benefited from a
large body of knowledge around Si masking and etching techniques, which make
fabrication of complicated geometries possible. This has enabled the current perva-
siveness of silicon microsystems and components; they range from accelerometers
for automotive airbags and inertial sensing, gyroscopes in video game controllers,
micro-mirrors for projection displays, injector nozzles for inkjet printer cartridges,
and mechanical timing references and RF filters for communication systems.
Diverse functionality, enhanced performance, small form-factor, and batch fabri-
cation capability are the primary driving forces to using micro-scale systems tech-
nology. Smaller size makes it possible for noninvasive integration to existing sys-
tems. Batch fabrication promises more functionality at competitive price points
compared to more traditional manufacturing techniques. Enhanced performance
comes from two aspects of microsystems. A more direct integration of the sense
elements with their electronics reduces noise. Sensitivity is increased by being able
to make delicate structures that are inherently more sensitive or by utilizing physi-
cal phenomenon that dominate the response of these micro-structures but not their
macro-scale counterparts. Given the considerable success to date of silicon mi-
crosystems for improving performance of a variety of commercial sensors, research
has looked to expand the application space into harsh environments, such as com-
bustion control and chemical process monitoring [1]. This has elevated the need for

M.B.J. Wijesundara and R. Azevedo, Silicon Carbide Microsystems for Harsh 1
Environments, MEMS Reference Shelf 22, DOI 10.1007/978-1-4419-7121-0_1,
(© Springer Science+Business Media, LLC 2011



2 1 Introduction

being able to use material systems compatible with harsh enviroment conditions to
create sensors that can be used in an even wider range of applications than silicon.

Silicon carbide (SiC) is a leading alternative to Si in any application in which the
environmental temperatures or level of radiation would damage silicon electronics
or temperatures and corrosion would damage silicon or polymer sensor elements.
SiC, like silicon, is usable as a semiconductor electrical element. In addition, it
possesses mechanical behavior that is comparable to silicon. At high temperature,
silicon dramatically softens and dopants diffuse, changing electrical behavior. Con-
versely, SiC does not significantly soften even at 600 °C and has a very low diffu-
sivity. SiC is also highly resistive to a wide range of chemicals and can withstand
high-temperature oxidative environments. Despite the chemical resistance of SiC,
silicon-compatible etching and polishing processes have been developed for SiC.
This allows a similar degree of flexibility in layout as silicon or polymer MEMS.
Because of its overall stability of mechanical and electrical properties at high tem-
peratures along with a developed batch manufacturing infrastructure, SiC is poised
to open up a host of harsh environment applications to microsystem technology
[2, 3,4, 5]

This book aims to put into context how SiC technology can play a role in enabling
sensors for a wide range of harsh environment applications not currently served by
Si technology. It will also provide an updated view of SiC technology from deposi-
tion techniques, electronic device and microstructure fabrication, and packaging. It
will conclude with a discussion of challenges in putting these parts together into a
complete harsh environment microsystem, highlighting important research gaps in
order to help spur interest in these areas. It aims to provide a useful reference for
the MEMS practitioner yet remain accessible to those who are new to the field of
microsystem technology.

To set the context for the remainder of the book, the remainder of this chapter will
outline several harsh environment application spaces before outlining what makes
SiC the right material system for developing microsystem technology for these ap-
plications.

1.1 Harsh environment applications

Harsh environment conditions are identified as undergoing large temperature ex-
cursions or required to operate for extended time at high temperature, exposure to
highly corrosive and erosive conditions, intense radiation exposure, and high shock
or intense vibration. These conditions are common to combustion environments,
certain forms of energy and chemical production, space exploration, military-grade
vehicle control sensing, and munitions monitoring (Figure 1.1). Microsystems ca-
pable of operating in the above environments with a high degree of reliability, ef-
ficiency, and sustainability are categorized as harsh environment microsystems. To
extend the existing Si- or polymer-based commercial technology and techniques to
harsh environment applications, development of robust material systems and device
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< Combustion Monitoring >

< Process Monitoring >
< Navigation >
< Structrual Health Monitoring >
< Space Exploration >

Fig. 1.1 Harsh environment conditions relevant to various harsh environment applications.

technology is needed. Requirements and benefits for each harsh environment appli-
cation area are detailed next.

1.1.1 Combustion monitoring

Stringent environmental regulation and the demand for higher fuel economy require
ever-increasing advances in combustion controls for automotive engines and gas tur-
bines [6]. Combustion efficiency of automotive engines and gas turbines vary due to
manufacturing discrepancy, aging of engine components, fuel properties, and intake
air qualities (humidity and temperature) [7, 8]. For optimal efficiency and emission,
precise control of temperature, pressure, air-to-fuel ratio, and ignition timing is re-
quired [9]. Traditional sensing methods are generally indirect with respect to the
combustion event. Although they have been effective in further reducing emissions
and improving fuel economy, further design optimization of these systems is seen
to have limited additional improvements in emissions control and fuel efficiency.
Therefore, research has shifted focus to active sensing and control of the combus-
tion event in order to meet future regulation limits on emissions and higher fuel
efficiency standards [8, 12].

Figure 1.2 schematically represents the overall concept of direct combustion
monitoring. Increasing efficiency, lowering emission, and adapting fuel flexible
technologies are key benefits that can be achieved through real-time monitoring and
control of combustion events. Stoichiometric fuel burning and control of combus-
tion temperature are required for reduction of CO, NO,, and hydrocarbons. Figure
1.3 shows how precisely the air-to-fuel ratio has to be controlled to achieve maxi-
mum efficiency and low emissions. On-board real-time monitoring of the combus-
tion event allows optimization of combustion based on current fuel properties, air



4 1 Introduction
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Fig. 1.2 Schematic representation of active closed loop combustion control through real time mon-
itoring.
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Fig. 1.3 Emission and power output of typical gasoline automotive engine with respect to air to
fuel ratio. (Data from [9], [10], and [11] used to create the plot.)

quality, and engine conditions. Active control allows optimization of the combustion
process at all times and under differing load conditions so that the ideal range for
temperature, pressure, and fuel-to-air ratio can be maintained. This kind of system
will also enable fuel flexible operation as the engine can optimize the combustion
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Table 1.1 [1] Typical conditions and anticipated time of operation of combustion sensors for au-
tomotive and gas turbine applications ((©Elsevier 1999), reprinted with permission.

Application  Temperature [°C] Conditions Time of Operation [hrs]
Gasoline engine 200-450 pressure, oxidative 4000
Diesel engine 200-450 pressure, oxidative 6000
Gas turbine 400-650 pressure, vibration, oxidative 10000

parameters suited for the particular fuel type regardless of slight variations in the
fuel constituent.

In particular to automotive engines, combustion efficiency varies cylinder to
cylinder, compromising the overall efficiency of the engine and increasing emissions
[13]. This variation is attributed to factors such as injector and air intake variability
and temperature variation. Thus, individual cylinder control has become a topic of
major interest for engine development. One of the approaches widely discussed is
the use of in-cylinder combustion monitoring with closed-loop combustion control.
Because of the need to be as close to the combustion event as possible to achieve
the highest benefit from closed-loop control, harsh environment sensors will play a
critical role in achieving this task.

Gas turbine optimization for high efficiency and reduced emissions focuses on
combustion instability and burn pattern. Active control with embedded feedback
sensors that perform dynamic pressure and air-to-fuel mixture measurements as well
as temperature mapping are needed to directly dampen unwanted combustion insta-
bilities and optimize the burn pattern. Microsensors that can operate in combustion
conditions permit incorporating these systems into combustion chambers without
an adverse effect to turbine operation.

In order to achieve the forecasted need for improved efficiency and reduced emis-
sions, sensors that can measure combustion parameters such as temperature, pres-
sure, flame speed, and chemical species are needed. MEMS-based sensors are of
considerable interest because their small form factor potentially allows them to be
directly incorporated into the combustion environment with negligible perturbation
to the combustion event and to the chamber infrastructure. However, these sensors
must withstand combustion conditions such as temperature, mechanical loads (pres-
sure, vibration), and chemically aggressive media while still being able to perform
reliably for an extended period of time. Table 1.1 summarizes the typical conditions
and anticipated time of operation of combustion sensors for automotive and gas tur-
bine applications. As will be detailed later, these requirements exceed the limits of
silicon-based microsensors and microsystems. Thus, alternative, high temperature
materials are required.
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Fig. 1.4 Schematic flow of how sensor data can be used in industrial process control.

1.1.2 Process control

In any production environment, increasing production, maintaining quality, reduc-
ing operational cost, and minimizing waste are the common goals. Process quality
monitoring through periodic sampling and product quality assessment leads to a lag
before detecting out-of-tolerance conditions, which in turn results in increased costs
due to production of inferior product that typically must be disposed of as well as
wasted manufacturing resources. As with combustion monitoring, in-situ real-time
monitoring of process parameters, process conditions, and product quality will al-
low active control that achieves the highest efficiency and standards because it is the
most direct measurement of the system to be controlled [14, 15]. It also provides
data logging capability for long-term planning as well as process and equipment
improvements (Figure 1.4). Many industrial processes in energy and chemical pro-
duction are extremely harsh. Sensors must survive these conditions for a extended
period of time to be utilized in active control. If the sensors can also be made com-
pact enough, it would be possible for direct implementation inside critical reac-
tors and ancillary equipment. Microsystems can achieve the desired form factor. So
harsh environment microsystem research is targeting improved chemical robustness
to realize active control for these types of applications. Two major industries that can
vastly benefit from harsh environment microsystem technology are oil exploration
and extraction and chemical production.

1.1.2.1 Oil and Energy

Oil and gas extraction has changed tremendously as the demand for fossil fuels
increases. For instance, petroleum wells have changed from simple vertical wells
to more complex subsurface networks comprising of horizontal, multi-lateral, and
multi-branched wells (Figure 1.5). This complexity has introduced new challenges
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Fig. 1.5 Schematic representation of a multi-lateral, multi-branched oil well.

in reservoir management in order to increase oil and gas production, maximize re-
covery, and at the same time minimize operation cost.

The current practice of gathering down-hole information through periodic inter-
rogation and data logging is costly and has a risk of damaging the well. Addition-
ally, optimization of oil production is rather difficult. Down-hole sensors are still
typically in the proposal or research stage. However, there are some limited deploy-
ments, such as the use of fiber Bragg grating sensors, to acquire dynamic and static
conditions of the well [16]. Due to the complexity of these methods, there are on-
going efforts to develop better technology for distributed sensors throughout the well
to get real time data on temperature, pressure, flow rates, and water content as well
as distributed actuators to control fluid flow. The data from these sensors along with
flow control systems will allow real-time optimization and improve tactical reser-
voir management and strategic planning. But the down-hole environment requires
survival in liquid and often corrosive media as well as exposure to high pressures
and temperature [17]. Given recent concerns with deep water drilling, distributed
sensing may also provide another layer of safety to these types of installations. If
these sensor and actuator modules can be controlled wirelessly, wide spread usage
is expected; however, the distances and media involved are difficult challenges for
reliable wireless communication.
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1.1.2.2 Chemical Manufacturing

The traditional product control methodology often leads to sub-optimal equipment
utilization, long delay time when transitioning product grades, and changes in prod-
uct qualities at start-up and shutdown in many chemical industries. In part, the dif-
ficulty lies in indirect measurement techniques and associated lag time between the
chemical process and sensor location because of limitations in sensor survivability.

Similar to oil well applications, integrated reactor sensors and feedback con-
trol units can detect changes at the precise moment and allow more instantaneous
remedies, which will improve consistency of the product [18]. Real-time data is
the key. Typical sensors that are needed in most chemical industries include optical
properties, temperature, flow, pressure, chemical content, humidity, viscosity, and
particulate and slag detectors.

In most chemical industries, severe processing environments require sensors that
operate reliably at high temperature, high pressure and in corrosive conditions for
active control of the process. These conditions can rapidly breakdown polymer-
based sensors and can often corrode even silicon-based sensors as well, making
certain direct reactor measurements impractical with existing technology. Further-
more, the operating temperatures may lead to premature failure or outright exceed
the operating limits of silicon electronics, requiring remote sensor signal processing
with respect to the reactor environment.

1.1.3 Military and Space Navigation

High precision navigation is a prerequisite for most military and aerospace launch
vehicles. Real-time three-dimensional position data and precise time measurement
along with thrust and trajectory controls are essential for successful mission com-
pletion [19]. This is true for both manned and intelligent unmanned operations in-
cluding space shuttles, rockets, missiles, UAV, and even planetary probes like the
Mars rover. Current inertial measurement units (IMUs), which incorporate gyro-
scopes and accelerometers with sense electronics to provide information on up to
six degrees of freedom, work in conjunction with position control thrusters to pro-
vide the necessary functionality. The current units are large, heavy, and require a
significantly large power source as well as bulky cooling systems. This is primar-
ily due to high temperature and extreme shock and vibration environment typical
in military and space applications. In most military and space applications, launch
or landing impact can exceed 100,000 g; thus high g survivability is key [20, 21].
Space exploration missions additionally subject sensors to high levels of radiation
and in some cases corrosive gases.

Silicon-based MEMS position sensing systems are being fabricated in an inte-
grated fashion making these systems extremely small and low weight. Gyroscopes,
accelerometers, and control electronics integrated into small IMUs not only de-
crease size and weight but also tend to reduce power consumption. This allows
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these systems to be applied to new and existing systems with minimal intrusion to
the infrastructure. Low power, smaller size, and reduced weight also allow applica-
tions in lighter, faster, and smaller-sized launch vehicles or aircraft critical for future
combat and aerospace operations.

State-of-art silicon-based technology is not compatible with the operating condi-
tions encountered by most of these systems without supporting infrastructure such
as cooling, extensive packaging, and radiation shielding. These additional items
add more volume and weight, reducing the inherent size and weight advantage of
MEMS-based systems. Especially in the demanding field of space exploration, but
even for more traditional military applications, all of these weight and size factors
must be minimized in order to decrease the overall cost of the mission.

Hence, more robust systems that can also survive the application environment
with a dramatically reduced supporting infrastructure are needed to maximize the
benefit of payload reduction by adopting microsystem technology. If instead high
temperature and shock resistant inertial navigation microsystems are developed that
can in some cases be used directly, with no external cooling or sophisticated pack-
aging, that in turn reduces weight, decreases complexity, and enhances reliability.

1.1.4 Structural Health Monitoring

All engineered structures undergo material and geometrical changes over time due
to use, environmental effects, and manufacturing anomalies. The process of mea-
suring these structural changes is referred to as structural health monitoring (SHM)
[22]. The most common monitoring process involves periodic evaluation of struc-
tural properties; however, periodic evaluation provides limited knowledge. In the
worst case, this can lead to unsafe conditions and loss of life. It also leads to un-
scheduled downtime and often extensive labor costs due to the unscheduled nature
of the event. Most importantly, unanticipated failures can occur between inspection
intervals. The real-time monitoring of in-service structures with less human inter-
vention mitigates the shortcoming of periodic-inspection-based SHM [23].

A variety of sensors capable of continuous monitoring of structural response are
commercially available. These are commonly piezoresistive, piezoelectric, or fiber-
optic based. Real-time monitoring requires integrating these sensors and signal pro-
cessing units into critical areas of the structure. The integration and networking
complexity depends on sensor type, structure type, and its dynamic state. Addition-
ally, the physical complexity of a structure as well as periodic maintenance, which
may involve replacement of structural components, make wire based solutions less
attractive or prohibitively costly. Combining SHM sensor nodes wirelessly is an
important aspect of the system design.

The ideal wireless sensor network module for SHM should consume very lit-
tle power, be small, be reliable, and be stable over long intervals, require no real
maintenance, and be capable of operating in a wide array of environments. MEMS-
based systems are drawing considerable attention due to their versatile functionality,
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Fig. 1.6 Usage-based maintenance for failure prevention as well as for cost reduction. (Figure
created using the concept presented in [24].)

low power requirement, small form factor, and high sensitivity. A small form factor
sensor system with high sensitivity is very attractive since it can be installed onto
many complex structures without the need to compromise the design of the original
structure.

With continuous SHM, maintenance activities can be scheduled based upon ac-
tual conditions or usage of the system. This is called condition-based maintenance
(CBM). Manufacturer recommended maintenance intervals can be either too ag-
gressive based on actual use, leading to unnecessary costs, or too lenient in some
circumstances, which can result in preventable failures. This generally becomes an
issue because the manufacturer recommended intervals do not capture all the rele-
vant operating conditions. For instance, sometimes early maintenance is necessary
when heavy usage or environmental causes accelerate structural degradation. Or in-
service structures can experience premature failure due to manufacturing imperfec-
tions, either in design or materials. Figure 1.6 graphically represents the advantage
of usage-based maintenance for failure prevention as well as for cost reduction.

An extension of CBM is adaptive operation. The use of dynamic and static re-
sponses of in-service structures to optimize real-time operating conditions is called
condition based adaptive operations (CBAO). As structures age, the likelihood of
failure increases. Based on real-time structural health data, better operational con-
ditions can be found to ensure safety and performance before maintenance is done.
In this case, CBAO allows for safe extension of the maintenance interval when im-
mediate down-time for the structure would prevent critical operations or interrupt
sensitive missions. This can also extend to operating with known damage or under
unusual external disturbances, in which case regular operational parameters have to
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Fig. 1.7 Generalized architecture of a nuclear power plant.

be drastically adjusted to ensure safety until proper maintenance can be performed
or the disturbance passes. In some situations, such as high-value military missions,
it is desired to allow systems to push beyond their normal operating limits for lim-
ited intervals without sacrificing safety. For instance, monitoring structurally criti-
cal components for in-use deformation signatures can allow periodic relaxation of
standard speed limitations during critical missions since real-time monitoring can
facilitate development of less conservative safety factors. CBAO algorithms can use
this information to both allow for overload conditions and adjust subsequent main-
tenance schedules for these equipment accordingly.

If these MEMS-based sensor systems were additionally capable of working in
harsh environment conditions, these benefits could be extended from current work
on bridges and buildings to specific critical needs in energy, avionics and aerospace,
shipping, and chemical industries. Details of how harsh environment SHM would
benefit these areas are discussed next.

1.1.4.1 SHM for Nuclear Energy Production

Figure 1.7 represents a generalized nuclear power plant. Pressure vessel and steam
generator tubes are critical parts of a nuclear power reactor. Pressure vessels sur-
round the nuclear reactor core that produces super-heated water. The steam gen-
erator tube exchanges this heated water from the core reactor side to the steam
generation side for driving turbine generators. The structural integrity of both the
pressure vessel and steam generator tube is vital as they contain water with radioac-
tive fission products. Specifically, any leaks in the steam generator tubes could lead
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to the escape of nuclear fission materials directly into the atmosphere in the form of
steam. Pressure vessel and steam generator tubes degrade through many paths that
include tube damage related to manufacturing process, general corrosion, pitting,
stress corrosion cracking, or a combination of these mechanisms [26, 27]. Common
methods of inspecting the structural integrity of steam generator tubes and pressure
vessels include visual inspection, eddy current measurements, isotope analysis of
steam, and helium leak tests. However, continual monitoring of load conditions on
vulnerable areas, monitoring wall thickness changes, and tracking temperature pro-
files would increase the safely margin drastically and reduce downtime for inspec-
tions and repair. This is one area that can heavily benefit from harsh environment
microsystems, especially systems that are temperature-, corrosion-, and radiation-
hard.

1.1.4.2 SHM for Naval Vessels

Monitoring the hull structure is vital for any naval operation as most failures occur
due to compromised hull integrity. Detection of hull thickness reduction rates, iden-
tifying localized corrosion, and tracking fatigue accumulation are highly critical for
minimizing risk factors, optimizing operation, and improving ship fleet management
[28]. Aging of naval vessels highly depends on operating conditions. For instance,
vessels that operate in rough seas experience a higher degree of stress and fatigue
compared to those in calm waters. Thus, continuous monitoring and data logging is
important for maintenance scheduling. Real-time diagnosis of the ship hull response
to rolling motion, wave slamming, and acceleration caused by ship movements and
sea states allows adaptive control of vessel maintenance [29].

Sensors that are suited for naval structure monitoring include strain gauges for
measuring structural flexure, pressure transducers for measuring emergence and
slam, accelerometers for measuring vertical motion, and inclinometers to measure
pitch and roll [30, 31]. Wireless sensors systems are ideal for naval vessels as many
of the ship structures undergo frequently scheduled maintenance and parts replace-
ment. MEMS are particularly attractive due to their small size, high sensitivity, and
integration capability, which allows minimal effects on the structure and its func-
tionality. However, the micro sensor systems applied to naval systems need to also
withstand large temperature fluctuations and corrosive atmosphere present in naval
environments.

1.1.4.3 SHM for Aerospace

The fuselage of an aircraft or spacecraft must withstand the loads anticipated during
the service life of the aircraft regardless of the age [23]. Corrosion, erosion, stress-
induced fatigue, and accidental damage are common causes of structural failure in
airplane and space shuttle structures. Traditionally, inspections and maintenance are
done at regularly scheduled intervals or when a problem is identified. These ap-
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Fig. 1.8 [34] Loading points of aircraft structures ((©) ASME 2006), reprinted with permission.

proaches consume substantial resources and time. Furthermore, a catastrophic fail-
ure can occur, similar to that of Aloha 737, despite the above procedures, caused by
a particular set of operational conditions not adequately captured by standard main-
tenance scheduling [33]. Aging of an aircraft component cannot be determined only
by flying time or number of flights. It is also a function of operational conditions
such as hard landings, severe turbulence, rough runways, and short distance flying.
Real-time diagnostic and prognostic systems can vastly improve safety and relia-
bility. As depicted in Figure 1.8, jet engine turbine components, wing structures,
leading edges, landing gear, fuel tanks, and the fuselage are some of the critical
component that can benefit from continual structural monitoring [34].

Even though some accelerometer and strain sensor solutions are proposed or
currently being used, MEMS-based sensor platforms are desired due to small form-
factor and low weight. Adapting harsh environment compatible sensor modules can
further reduce weight by reducing cooling requirements or by allowing sensors to
be integrated into critical high-temperature components like the aircraft engine. To
measure the structural health of certain critical moving components such as turbine
blades and bearings in the aircraft engine, it is imperative that these sensor modules
be wireless [35].

Structural degradation of most space vehicles start from the moment of launch
[36, 37]. For example, thermal protection shield damage of the space shuttle can
occur during lift-off. Thus, space launch vehicles are prime candidates for SHM. As
is the case for naval structures, the following sensors would provide much needed
structural data on aerospace structures: strain, vibration (accelerometers), displace-
ment, and temperature. Outer space opens up another aspect of harsh environment
survivability because of the increased exposure to radiation and even larger tem-
perature excursions. At the extreme end, the gamut of conditions are encountered



14 1 Introduction

in NASA’s Venus mission, which requires devices to operate around 500 °C at
high-pressure conditions on the order of 90 atmospheres in the presence of carbon
dioxide, sulfuric fumes, as well as chlorine and fluorine compounds. Silicon-based
sensors and electronics are not expected to be suitable for such a mission without
considerable infrastructure in place to protect them from the environment.

1.1.5 Space Exploration

Every space agency in the world has emphasized the need to reduce mission cost for
future missions. The main way to accomplish this task is reduce the launch costs,
which can be achieved simply by reducing the launch mass. For instance, reducing
the launch mass of an interplanetary mission from 7800 kg to 750 kg will save nearly
half a billion dollars just in the reduced cost of the launch rocket [38].

MEMS-based ultra-miniaturized systems for space applications have drawn con-
siderable attention as a cost-saving measure by their considerable reduction in
weight while being able to add new capabilities [40, 41, 42]. Low power require-
ments of these miniature systems also indirectly reduces mission weight by reducing
the size of battery packs for instance. Currently, MEMS sensors are in early research
or limited-use trials for many space expeditions. MEMS-based devices used in space
missions include accelerometers, gyroscopes, pressure sensors, atomic force micro-
scopes, and low-noise timing references for communications systems.

Even though current microsystems technology possesses the required maturity
and reliability for many space applications, the limitations in intrinsic material prop-
erties hinder generalized application to many space environments. The systems ap-
plied into space applications should, as mentioned for SHM, have immunity to
environmental conditions such as high temperature, high levels of radiation, and
corrosive media [43, 44]. For current state-of-the-art microsystems technology, the
cooling and heavy shielding infrastructure that is needed for environmental protec-
tion compromises the weight and size advantage over more traditional technologies.
Thus, to fully tap into the weight and size advantages of microsystems, they should
withstand the demanding conditions of space with little to no additional shielding
or cooling components.

Some of the potential applications of harsh environment microsystems for space
exploration have been discussed in previous sections such as navigation and struc-
tural health monitoring. At a component level, MEMS-based on-chip IMUs, RF
switches and timing references, micro-valves, and micro-thrusters will enable new
space mission scenarios. Applications such as micro-probes, micro-rovers, and
aerobots will all benefit from the development of harsh environment microsys-
tems technology. Furthermore, in addition to the weight-saving advantage of future
manned and unmanned missions, new concepts like micro- and nano-satellite de-
ployments will most likely depend on developing robust, reliable harsh environment
microsystems that can meet the unique demands of space environments.
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Fig. 1.9 [45] Atomic structure of SiC: a) tetrahedrally bonded Si-C cluster b) Hexagonal bilayer
with Si and C in alternating tetrahedrally coordinated sites ((©Springer 2004), reprinted with per-
mission.

1.2 SiC properties

For the harsh environment applications outlined in the previous section, all the
components of the microsystem must withstand either high temperature, high ra-
diation, intense vibration, high G-shock, corrosive environments, or some combi-
nation. Thus, materials with robust chemical, electrical, and mechanical properties
are needed. Silicon carbide (SiC) has been identified as the best suited material be-
cause of its unique materials properties. It is mechanically robust, chemically inert,
and can be used as a semiconductor substrate for integrated circuits. Furthermore,
SiC can be used to fabricate each and every component of the microsystem, namely
electronics, sensors, and packaging.

1.2.1 SiC crystal structure

SiC can be found or produced in three forms: single crystalline, poly-crystalline,
and amorphous. Depending on the device type and the functionality, all these forms
can be useful in creating SiC microsystems. SiC substrates and electronics-grade
epitaxial SiC are single-crystalline while most MEMS structures are fabricated us-
ing poly-crystalline SiC (poly-SiC). Amorphous SiC is useful for MEMS structures
and isolation layers as well as device encapsulation.

Single-crystalline SiC exists in many different polytypes. However, most re-
search has focused on just three types: 6H-SiC, 4H-SiC, and 3C-SiC (also known
as 3-SiC). In all polytypes, each silicon atom is bonded to four neighboring carbon
atoms. Each carbon atom in turn bonds to four neighboring silicon atoms in a tetra-
hedral fashion (Figure 1.9a). These Si-C units are arranged in a hexagonal bilayer
with Si and C alternately occupying sub-layers (Figure 1.9b). The stacking sequence
of the Si-C bilayer with respect to the orientation of adjacent layer determines the
polytype. 3C-SiC (cubic) is formed with an identical orientation of each bilayer and
the atomic geometry is repeated every three layers along the c-axis of the crystal
(Figure 1.10a). 4H-SiC (hexagonal) is formed by stacking blocks of two identically
oriented bilayers to form the unit cell, but subsequent cells are rotated 60° with re-
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Fig. 1.10 [45] Crystal structure of different SiC polytypes displayed parallel to the (1120) plane:
(a) cubic 3C-SiC (B-SiC), (b) hexagonal 4H-SiC, and (c) hexagonal 6H-SiC ((©Springer 2004),
reprinted with permission.

spect to each other (Figure 1.10b). 6H-SiC (hexagonal) is formed with slabs of three
identically oriented bilayers to form the unit cell. Again, the unit cell is rotated 60°
with respect to the neighboring cell layers (Figure 1.10c).

Polycrystalline SiC, as the name implies, contains local regions of crystallinity;
however, the crystals are not continuous throughout the layer. Adjacent islands of
crystals may have different densities and crystal basal plane orientations. Poly-SiC is
mostly produced as a thin film for MEMS device fabrication because of the reduced
deposition temperatures required for poly-SiC fabrication over single-crystalline
SiC. 3C-SiC is the most common polycrystalline polytype produced and can be de-
posited on various substrates including silicon and silicon carbide [46, 47]. Colum-
nar or grain-type microstructure can be obtained by varying the deposition param-
eters. In addition to Si and C, poly-SiC may contain hydrogen or other residual
elements depending the deposition methods.

Amorphous SiC is mainly use as a structural material for MEMS and encapsu-
lation. The density and stoichiometry of the amorphous SiC are strongly dependent
on deposition method and deposition parameters. Again, due to the lower deposi-
tion temperatures, residual elements such hydrogen and argon remain trapped in the
film. Because of the lack of crystallinity, amorphous SiC acts as a dielectric.

1.2.2 Basic Chemical and Physical Properties

In this section, general physical and chemical properties are discussed. Electrical
and mechanical properties are presented in following sections. SiC is a high tem-
perature ceramic material. It sublimates at 2830 °C, which is very high compared
to the melting point of silicon (1420 °C). The high temperature stability in the solid
state is in part due to the extremely low diffusion rate in SiC. At high temperatures,
most semiconductors undergo changes due to diffusion; however, significant diffu-
sion does not occur until 1800 °C for SiC [48]. In addition to these properties, SiC is
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also very chemically stable making it resistant to erosion and corrosion. Altogether,
these properties make SiC a prime candidate for use in harsh environments.

SiC is inert to most chemicals at room temperature though some reactions can
happen at very high temperatures [49]. For example, SiC does not react with potas-
sium hydroxide (KOH) at room temperature but will readily react around 600 °C
with molten KOH. SiC is resilient to most chemical etchants used in the standard
microfabrication environment; however, amorphous SiC can be etched with 1:1
HF:HNO3. Because only amorphous SiC reacts with this acid mixture, not single
crystalline SiC, the HF:HNO3 mixture is used for selective etching of amorphous
SiC over single crystalline SiC. A recent report shows that this acid mixture can
slowly etch poly-SiC as well; the etch rate can vary from 0.01 to 5Snm/min. The etch
rate is inversely proportional to grain size [50].

For most application environments described in this chapter, a high oxidative
environment is common. SiC is highly resilient to atmospheric conditions and forms
a negligible amount of oxide on the surface. SiC undergoes oxidation with oxygen,
carbon dioxide, and steam at high temperature. The oxidation reactions are shown
in equation (1.1), (1.2) and (1.3) [69]:

SiC(s) +3/20,(g) — SiOz(s) +CO,(g) (1.1)
SiC(s) +3H20(g) — SiOx(s) +CO(g) + 3H(g) (1.2)
SiC(s) +3C0,(g) — SiO»(s) +4CO(g) (1.3)

Many qualitative and quantitative studies have been done to compare the oxidation
characteristics of SiC under atmospheric conditions and in hydrocarbon combustion
environments. It is found that SiC forms a silicon dioxide passivation layer and the
rate of oxidation formation is diffusion limited at temperatures below 1200 K. For
example, heating of poly 3C-SiC at 1025 K in atmospheric air resulted in a 5 nm
thick oxide layer during the first five hours [69]. Going to even higher temperatures
does eventually lead to an oxidation condition that results in significant material
loss in SiC. At temperatures above 1200 K (927 °C), which is beyond the harsh
environment application space discussed previously, competing redox reactions can
occur in the presence of hydrogen, CO, and vapor H,O forming volatile SiO [52]:

Si0,(s) + Ha(g) — SiO(s) + Hy0(g) (1.4)
Si0(s) +CO(g) — SiO(s) + CO(g) (1.5)
Si01(s) + H,0(g) — SiO(OH )1 (g) (1.6)
SiOx(s) + H0(g) — SiO(OH )4(g) (1.7)

This reduces the surface SiO, layer thickness resulting in a linear oxidation rate.
When comparing the oxidation behavior of common MEMS materials such as
single crystalline silicon, diamond-like carbon (DLC) film, and poly 3C-SiC film
under oxidation conditions relevant to the harsh environment applications of interest
(1025 K in atmospheric air), SiC films possess a relatively high oxidation resistance.
Under the above conditions, 500nm DLC was burned out during the first 24 hours
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Table 1.2 Electrical properties of Si, GaAs, 6H-SiC, 4H-SiC, and 3C-SiC [53, 68]. When values
depend on orientation to the c-axis (parallel, ||, or perpendicular, L), both are listed.

Property Si  GaAs  6H-SiC 4H-SiC  3C-SiC

Energy Bandgap [eV] 1.12 143 3.03 3.26 23
Thermal Conductivity [W/cm-K] 1.5 0.5 3.0-3.8 3.0-3.8 3-4
Intrinsic Carrier Concentration [cm ] 10'0 1.8x10° 103 1077 10
Saturated Electron Drift Velocity [107 cm/s] 1.0 1.2 2.0 2.0 2.5
Breakdown Field, 03 04 |3.0L25(|32L10 1.8

Doping Conc. of 10'7 ecm™3 [MV/cm]
Electron Mobility 1200 6500 || 60 L 400 800 750
Relative Dielectric Constant 11.9 131 9.7 10 9.6

while silicon and poly-SiC makes 290 and 48 nm of oxide after 100 hours, respec-
tively [69]. This clearly demonstrates the superiority SiC over these other MEMS
materials.

1.2.3 Electrical

In this section, two aspects of electrical properties are discussed. First, semicon-
ductor material properties are discussed in terms of electronics that can survive
high temperature, high power handling, and high radiation fields. Second, electri-
cal properties are discussed in terms of a transducer material for high temperature
environments. Mostly 4H-SiC and 6H-SiC are discussed in regards to electronics,
as they are the polytypes currently available in wafer form. Single-crystal SiC and
poly-SiC will be discussed as a piezoresistive sensing materials. Table 1.2 summa-
rizes the basic electronics properties of SiC in addition to other commonly used
semiconducting materials for comparison.

1.2.3.1 High temperature electrical behavior of SiC

High temperature electronics operation requires thermal stability of electrical pa-
rameters of the semiconductor itself as well as the semiconductor device. Thus,
both intrinsic properties of the semiconductor and the device architecture play a
critical role in temperature stability. This section focuses only on the intrinsic mate-
rial properties aspect.

In semiconducting materials, increased temperature leads to a decrease in the
energy band gap and an increase in carrier concentration, which in turn adversely
affects the device performance. Materials with high bandgap and low intrinsic car-
rier concentration are needed for high temperature electronics applications.

As shown in Table 1.2, SiC possesses a higher energy bandgap compared to the
more widely used Si and GaAs. Figure 1.11 graphically represents the estimated
energy bandgap of Si, GaAs, 4H-SiC, and 6H-SiC as a function of temperature. The
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Fig. 1.11 Calculated energy band gap of Si, GaAs, and SiC as a function of temperature [54].

data clearly show a decrease in bandgap with increasing temperature. This bandgap
reduction leads to larger intrinsic carrier densities, high leakage currents, poor junc-
tion rectification, and poor device isolation [54]. In comparison to Si and GaAs,
both 6H-SiC and 4H-SiC retain a high bandgap value at even 1000 K, confirming
SiC is better suited for high temperature operation.

Intrinsic carriers of semiconductors refers to thermal electrons and holes carriers
present in the material at a given temperature. For proper operation of a semiconduc-
tor device, the intrinsic carrier density should be well below the intentional dopant-
induced carrier density. For instance, the intrinsic carrier density of Si is 10’ cm~3
and well below the typical dopant-induced carrier densities for Si of 10'* to 107
cm™? at room temperature. For 6H-SiC, the intrinsic carrier density is 1076 cm™3
and the typical dopant induced carrier density ranges from 10'> to 10'7 cm™3 at
room temperature; however, carrier concentration is strongly dependent on bandgap
and temperature. The correlation of intrinsic concentration (r;) and temperature is
given by [54]:

—Eg(T)
2kT

where Nc and Ny are the number of carriers and vacancies respectively, Eq(T') is
the energy bandgap at a given temperature, and k is the Boltzmann constant.

As shown in Figure 1.12, the intrinsic carrier concentration of SiC stays well
below allowable limits even at 1000K, allowing operation of SiC electronic devices
at extremely high temperatures without suffering from intrinsic conduction effects.

n; = [NeNy|"2exp| ] (1.8)
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Fig. 1.12 Calculated intrinsic carrier concentration of Si, GaAs, and SiC as a function of temper-
ature.

1.2.3.2 Wide-bandgap SiC for high power electronics

Solid-state semiconductor devices are being used or considered for power distribu-
tion and conversion. To fully tap the capabilities of solid-state devices, both mate-
rials and component level issues must be addressed. In this section, materials ca-
pability of SiC for power handling devices with comparison to common semicon-
ducting materials will be discussed. More efficient high power electronics require
low on resistance, low switching loss, high blocking characteristics, increased oper-
ating frequency, and high operational temperature capability. The primary material
properties that improve these characteristics of high power solid state devices are
large bandgap, high breakdown field, high saturated electron drift velocity, and high
thermal conductivity.

SiC has a high breakdown field in comparison to silicon and gallium arsenide (Ta-
ble 1.1), thus, SiC based power devices have higher breakdown voltages. A higher
electric breakdown field also allows fabrication of device with thinner drift region.

The breakdown voltage (V) and the drift region width at a given breakdown
voltage of a p-n diode can be approximated by equations 1.9 and 1.10, respectively
[55]:

Vg ~ €E*/2gN, (1.9)
W (Vp) ~ 2Vp/E. (1.10)
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Table 1.3 Comparison of breakdown voltage and drift region width of Si, GaAs, 4H-SiC and 6H-
SiC.

Semiconductor Si GaAs 4H-SiC 6H-SiC

Breakdown voltage (V) for 2.96 X 10"/N, 5.76 X 10T7/N,; 249 X 10"7/N, 274 X 10"7/N,
doping concentration Ny
Drift region width (cm) for 6.67 X 107° V 5.00 X 107° V5 0.67 X 1076 V3 0.63 X 107° Vp
breakdown voltage Vp

where € is the permittivity (€ = €.&), where &, is the dielectric constant and & is
the vacuum permittivity) E. is the breakdown voltage, q is the charge of an electron,
Ny is the doping density. Using data from Table 1.2 and assuming the same doping
density and drift region width, the breakdown voltage (Vp) of Si, GaAs, 4H-SiC,
and 6H-SiC are shown in Table 1.3.

The data clearly shows that both 4H- and 6H-SiC devices have much higher
breakdown voltages for a given doping concentration, and their drift regions are
much thinner at a given breakdown voltage than their counterparts made from sili-
con and gallium arsenide. Thinner drift region yields lower resistance in the on state,
resulting in much lower conduction losses. Moreover, SiC can be highly doped ow-
ing to its high breakdown field and can be utilized to further reduce the on state
resistance. Reduction of on state resistance allows high power handling capability
with better efficiency. As the device gets thinner, the storage of the minority carrier
decreases, reducing the reverse recovery loss as well. That in turn enables high fre-
quency operation. Furthermore, the switching frequency of SiC is much higher due
to its high electron drift velocity.

High power handling and high switching frequencies of power devices increase
the junction temperature. In comparison to Si and GaAs, SiC can operate in high
temperature because of its wide bandgap as discussed earlier. Also, SiC has a much
higher thermal conductivity in comparison to silicon and gallium arsenide that al-
lows quick dissipation of generated heat to the environment, further lowering the
temperature effect on the device.

1.2.3.3 Influence of radiation on SiC electrical properties

Semiconductors form acceptor or donor defects, also known as deep centers, upon
exposure to radiation. These radiation-induced defects change the carrier density in
the conduction band, which changes the conduction property of the material. For
instance, in the case of acceptor defects, electron transfer from the conduction band
to this defect results in a decrease in conductivity. Under extreme radiation doses,
this process continues until a semiconductor eventually converts into an insulator.
The process is commonly known as carrier (donor or acceptor) removal rate. The
carrier removal rate of a semiconductor strongly depends on the threshold energy
for defect formation under radiation. The threshold energy of a semiconductor can
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Table 1.4 Calculated threshold energies of defect formation for Si, GaAS, Diamond, 3C-SiC, 4H-
SiC and 6H-SiC.

Semiconductor Si  GaAs Diamond 3C-SiC 4H- and 6H-SiC

Lattice Constant, ag [A] 5.65 5.431 3.57 4.36 3.08
Threshold Energy [eV] 9 12.8 80 37 153

be approximated using equation 1.11 [56]:
1.117E; = (10/ag)*3% (1.11)

where E, is threshold energy of defect formation and ay is the lattice constant. The
calculated threshold energies of defect formation for some common semiconductors
are presented in Table 1.4.

Clearly from Table 1.4, 4H-SiC and 6H-SiC possess the highest radiation hard-
ness among standard semiconductor substrate materials besides diamond, another
contender for harsh environment electronics. Temperature also plays a vital role in
radiation hardness of SiC as defect density decreases with increased temperature
due to the high rate of recombination of primary defects at elevated temperatures.

1.2.3.4 Piezoresistance of SiC

Change in electrical resistance of a material when subjected to applied external
stress is known as the piezoresistive effect. The effect has been used as a transduc-
tion mechanism for strain, pressure, and acceleration sensors. Typically the change
in resistance is monitored by running a controlled current through the piezoresistor
and monitoring voltage across the resistor. The sensor resistance changes due to an
applied load, which causes a shift in voltage. The sensitivity of a piezoresistive sen-
sor is quantified as gauge factor (GF), the percentage change in resistance per unit
strain [57]. The relationship is given by equation 1.12:

AR

GF = —— 1.12
Ry £ (1.12)

where Ry is the nominal resistance of the network when no load is applied, AR is
the change in resistance, and € is the applied strain.

In addition, doping concentration, microstructure (single crystalline or poly-
crystalline), and operating temperature all have an effect on GF. At high temper-
ature operation, piezoresistive transduction is affected by thermal stability, piezore-
sisitve gauge factor variation with temperature, and thermal coefficient of resistance
of the material. Silicon is used in many piezoresistive transduction sensor applica-
tions owing to its high gauge factor [57, 58, 59]; however, poor thermal stability of
silicon prevents its application to high temperature environments. SiC, in contrast,
maintains a high gauge factor and is electrically and mechanically stable at high
temperature.
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Table 1.5 [60] Experimental room temperature gauge factor of n-type 3C-SiC at various resistivity
levels and n-type silicon ((©IEEE 1993), reprinted with permission.

Material ~ Resistivity GF - m;; GF - 7, GF - 1/2(7r11 + m12 + 7tas)*

n-type 3C-SiC 0.7 -31.8 19.2 -3.7
0.02 -26.6
0.002 -12.7
n-type silicon 11.0 133.0 68.3 -52
A B ¢
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Fig. 1.13 [60] Schematic representation of strain gauges used to measure the GF of n-type 3C-SiC
of different crystallographic orientations ((©IEEE 1993), reprinted with permission.

Like silicon, the piezoresistance coefficient, and hence gauge factor, of SiC de-
pends on the crystallographic orientation of the material. Table 1.5 lists the mea-
sured gauge factor of n-type 3C-SiC gauge factor at room temperature in compari-
son to n-type silicon. The GF corresponding to 7y has a larger value than the other
coefficients, which means gauge orientation is a critical factor for maximizing sen-
sitivity of 3C-SiC. On the other hand, the piezoresistance of 6H-SiC is isotropic
within the base plane. Hence, the rotation of the gauge normal to the c-axis will
not affect the gauge factor. Figure 1.13 shows schematically how metal foil strain
gauges are placed to characterize the GF of different crystallographic orientations
using a simple tension load test [60].

Although high gauge factor is important to improve strain sensitivity, thermal
stability is also important to minimize aliasing of the sensor output to variations
in temperature. For instance, Figure 1.14 shows the variation in GF for 3C-SiC
with different resistivity values [60]. Although the higher resistivity layer exhibits
a higher gauge factor, the lower resistivity layer maintains a decent GF yet exhibits
very little shift in GF at operating temperatures above 500 K. This minimizes or
eliminates the need for temperature compensation depending on the particular ap-
plication requirements. Hence, 3C-SiC piezoresistive sensing is a viable load mea-
surement technique in this temperature regime.
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Fig. 1.14 [60] The gauge factor for single crystalline 3C-SiC with resistivity 0.02 and 0.002 Q2-cm
as a function of temperature ((©IEEE 1993), reprinted with permission.

1.2.4 Thermo-mechanical

Understanding mechanical properties is critical for designing sensors, actuators, and
mechanical timing devices for applications in high temperature, high shock, and
intense vibration conditions. Thermo-mechanical changes and shock- and vibration-
induced stiction and fracture are considered the major failure mechanisms of micro-
devices in the aforementioned conditions [61, 62, 63]. Thus, the thermo-mechanical
stability, and the shock and vibration survivability are vital parameters in materials
selection for harsh environment MEMS. This section reviews the thermo-mechanical
properties of SiC.

The change in Young’s modulus with temperature directly affects the perfor-
mance of MEMS devices. This is true for static devices such as capacitive pressure
and acceleration sensors as well as dynamic devices such as resonators. Based on
recent studies of single crystalline 3C-SiC, the temperature coefficient of Young’s
modulus (TCYM) between room temperature and 800K is given by [66]:

E(T)=(—13%10"%T%? —4.1% 10T 4 1.0134)E, (1.13)



1.2 SiC properties 25

5.5

= e = /H-SiC, a-Xis
@ e = 6H-SiC, a-axis _|
e /\H-SiC, c-axis

e 6H-SiC, c-axis

Coefficient of Thermal Expansion X 106 (K1)

2-5 L) L] L] L] L] L] L]
100 300 500 700 900 1100 1300 1500

Temperature (K)

Fig. 1.15 CTE as a function of temperature of 3C-, 4H-, and 6H-SiC along their principle axis.

where Ej is the Youngs modulus at room temperature.

Plastic deformation and changes in Young’s modulus with temperature are the
major parameters to consider when selecting materials for high temperature. The
widely used MEMS material, Si, undergoes plastic deformation around 500 °C un-
der minimal mechanical loads [64]. Hence, if high temperature operation is a re-
quirement, silicon is not a viable option. Experimental data for 6H-SiC shows that
macroscopic dislocation motion and plastic deformation starts above 1200 °C [65].

Furthermore, it is important to consider thermal expansion of SiC with changes
in temperature (captured as a coefficient of thermal expansion, CTE). It is important
because this expansion with temperature alters geometries or leads to stress changes
in built-in beams when multiple material layers are used to form the device structure.
In turn, this tends to change the response characteristics of a microstructure, aliasing
the sensor response to the desired measurand. It is also important to note that often
table values list a single value when typically CTE is a function of temperature.
Figure 1.15 plots the CTE of 3C-, 4H-, and 6H-SiC along their principle crystal
axes as a function of temperature [75]. Note that the CTE of SiC is significantly
different whether the application is for room temperature or 600 °C, a shift in CTE
of over 50%. It is also interesting to note that near room temperature the CTE of the
various polytypes of SiC are actually close to the value for silicon.

Shock and vibration survivability is a fundamental requirement for most military
and aerospace applications. MEMS devices can fail during shock and vibration due
to two factors, stiction and fracture. Key material properties related to shock survival
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Table 1.6 Bulk mechanical properties of select MEMS materials at 300 K [2, 63]. Note that some
of the property values are from bulk material data. However, for feature size scales greater than
1 um, the bulk material properties will be reasonably representative of the thin-film.

Property Silicon Silicon Nitride Diamond SiC

Young’s modulus, E [GPa] 190 304 1035 448
Density, p [kg/cm?] 2330 3300 3510 3300
Fracture Strength, or [GPa] 2-4 5-8 8-10 4-10
E/p [GN/kg-m] 72 92 295 130

are listed in Table 1.6. Shock-induced stiction occurs when adjacent microstructures
come into mechanical contact during the loading event. In general, materials with
high E/p (stiffness-to-weight ratio) have reduced probability of stiction or fracture
during a shock event because the high stiffness minimizes the defection while the
low density decreases the magnitude of the inertial load. In terms of fracture fail-
ure, higher fracture strength is pivotal. SiC possesses higher fracture strength when
compared to silicon and silicon nitride, only second to diamond; however, diamond
is not as well suited for high temperature oxidative environments, as discuss previ-
ously.

1.3 System integration aspects of SiC materials

As discussed earlier in this chapter, SiC is an electronic semiconductor with a wide
bandgap and high thermal conductivity, making it suitable for high power and high
temperature operation. The wide band gap also reduces its sensitivity to radiation-
induced damage. As a mechanical material for harsh environment MEMS, SiC pos-
sesses outstanding material properties, including high elastic stiffness and fracture
toughness over silicon as well as stability of these properties beyond 500 °C. It also
is chemically inert and resistant to wear. As will be discussed throughout the re-
mainder of the book, SiC can be produced in various forms. They generally have
similar mechanical and chemical properties yet have a variety of electrical proper-
ties and deposition temperatures, which will enable fabricating a variety of circuit
elements and sensor structures.

Depending on the particular application and corresponding environmental con-
straints, integration complexity varies widely. Integration can be as simple as a mi-
cromachined device with an impedance matching buffer. It can be as complex as
a micromachined device with control, sense, data processing, and communications
electronics as well as on-board power supply. Integration of all major components
of a microsystem (i.e., electronics, sensors, and actuators) improves performance
by reducing parasitics, increasing measurement sensitivity, reducing overall system
size, and generally reduces power consumption. This high level of integration is also
beneficial in reducing interconnect components, which further increases the opera-
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Fig. 1.16 (a) [70] picture of a commercial SiC Schottky diode from Infineon Inc., (b) [71] SEM mi-
crograph of a 6H-SiC JFET based differential pair, (c) surface-micromachined 3C poly-SiC strain
sensor, and (d) [67] SEM micrograph of a PECVD SiC encapsulated pressure sensor ((©Elsevier
2003, Wiley-VCH Verlag GmbH & Co. KGaA 2009, and IOP 2004, respectively), reprinted with
permission.

tional survivability in harsh environments since traditional interconnect technology
is not typically suited for operation in corrosive or high temperature environments.

Figure 1.16 shows examples of discrete SiC devices fabricated using different
forms of SiC (single-crystalline, epitaxial, polycrystalline and amorphous). These
examples represent all major components of a microsystem: electronics, sensors,
actuators, and packaging. From the materials point of view, not only the component
but also the isolation and electrical routing layers must be fabricated using compati-
ble materials. Compatibility in this case takes on several forms. First, the deposition
methods must not damage previous layers, typically by not requiring excessively
high deposition temperatures. Second, the coefficient of thermal expansion (CTE)
differences between the various layers must be small because of the large operating
temperature range expected for many of these harsh environment applications. Fi-
nally, both electrically insulative and conductive layers are needed and must meet
the first two requirements in addition to withstanding the corrosive nature of the
application in question.
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Whether for high temperature operation or operation with frequent thermal cy-
cling, one of the key areas of concern is CTE matching of every layer both at the
discrete device level and system level. Thermal expansion differences between each
layer as well as the substrate result in stresses during both fabrication and operation.
In extreme cases, high thermal stress can lead to failure of the system due to delam-
ination and cracking of the device layers [72]. These thermal stresses can also result
in signal drift (unwanted thermal sensitivity). When the temperature-induced effects
are large, passive or even active thermal compensation methods may not be able to
successfully mitigate the problem [73, 74]. If the entire microsystem — substrate,
electronics (including dielectrics), sensor components, and encapsulation — is pro-
duced only in SiC that would substantially reduce thermal mismatch as most forms
of SiC have fairly similar CTE values. Thus, from the point of view of integrat-
ing a complete microsystem understanding CTE behavior of the complete material
set is needed. To date, information available on CTE of poly-SiC and amorphous
SiC is very limited. For both poly-SiC and amorphous SiC, deposition methods and
specific conditions determine the microstructure of the resulting material, and the
microstructure influences the CTE behavior. Thus, it is imperative to establish CTE
data for poly-SiC and amorphous SiC based on deposition method and condition.
This is one particular materials aspect that future research should focus on in order
to realize complete SiC microsystem technology.

SiC can be produced in both electrically conductive and insulative forms. The
conductivity of a SiC substrate can range from semi-insulating (10° £-cm) to highly
conductive (0.028 £2-cm) [68]. Doping concentration of the epitaxial SiC can be as
high as 10'°/cm?. Poly-SiC can be produced with resistivity down to 0.02 Q-cm
while highly insulative amorphous SiC can be obtained by PVD and CVD methods
[69]. Thus, it can be used as the primary platform for both mechanical device and
electrical routing layers.

Utilizing the various forms of SiC for all aspects of the system would provide
thermal, chemical, and mechanical stability for the entire system. Other materials
with closely matched properties can also be considered for electrical and isolation
layers. For example, silicon nitride and aluminum nitride are other possible isola-
tion layer options for harsh environment applications since they both have closely
matched CTE to SiC, can withstand high operating temperatures, and are fairly re-
sistant to corrosion, although less so for silicon nitride.

This outlines the semiconductor technology aspects to integration. Integration of
the many components goes well beyond the semiconductor properties alone. Issues
such as compatibility of deposition and etching processes and thermal cycle influ-
ences on the electrical behavior of previously fabricated layers will be discussed
along with fabrication techniques for SiC. Corrosion resistant metals that can make
ohmic contact with SiC will be reviewed along with SiC-based electronics. Compo-
nent interconnects will be explored when discussing SiC as a packaging material.
At the end of the book, an overall approach is proposed that will take these various
aspects of integration together as a whole to propose different integration schemes
including a highly monolithic integration approach that simplifies piecewise integra-
tion of components and reduces system vulnerabilities to corrosive environments.
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Chapter 2
SiC Materials and Processing Technology

This chapter contains a broad review of SiC materials and processing technology
necessary to create SiC electronics, micromechanical transducers, and packaging.
Details on deposition and etching methods are covered. The material properties of
various forms of SiC (single crystalline, polycrystalline, and amorphous) along with
their use for creating the various components of harsh environment microsystems
will also be discussed. Current status and future research are highlighted with re-
gards to both materials and processing technologies.

2.1 Material considerations for various applications

The creation of harsh environment microsystems using SiC is advantageous because
all of the system components can be made from SiC. Semiconductor grade SiC is
commercially available for electronic device fabrication. MEMS structures can be
fabricated using single-crystalline, poly-crystalline, or amorphous SiC. Likewise,
packaging of MEMS and electronics can be accomplished using any of these forms
of SiC. The following sections will briefly describe the materials consideration spe-
cific to each of these components of the microsystem.

2.1.1 Electronics (crystallinity, doping, defects, polytype)

As described in Chapter 1, over 200 SiC polytypes exist. Among all the polytypes,
3C-, 4H-, and 6H-SiC are the most commonly available today. Each SiC polytype
exhibits different electrical, optical, and thermal properties due to differences in
stacking sequence. Some of the key electrical parameters for 3C-, 4H-, and 6H-
SiC are listed in Table 2.1 (a more detailed list of properties of SiC polytypes
can be found in Table 1.2 in Chapter 1). The significant electrical disparity among
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Table 2.1 Key electrical parameters of SiC [1]

Property 4H-SiC 6H-SiC ~ 3C-SiC
Bandgap [eV)] 3.2 3.0 2.3
Intrinsic Carrier Concentration (cm ™) 1077 1073 10
Electron Mobility at Np = 10'¢ (cm?/V-s) || c-axis: 800 || c-axis: 60 750
1 c-axis: 800 L c-axis: 400
Hole Mobility at Np = 10'6 (cm?/V-s) 115 90 40
Donor (nitrogen) Dopant Ionization Energy (MeV) 45 85 40

these polytypes clearly shows that it is essential to use a single polytype (single-
crystalline) for electronics device fabrication.

4H- and 6H-SiC are the only choice for wafer substrates since 3C-SiC wafers are
not yet commercially available. Regardless of polytype, fabrication of devices di-
rectly on SiC wafers is hindered by lack of device quality wafers, inability to drive
in surface doping (Chapter 1.1.2), and poor electrical quality as a result of direct
ion implantation into the substrate [2]. Therefore, the SiC electronics fabrication is
mainly centered on epitaxial layers grown on these substrates. Currently, high qual-
ity homoepitaxial layers of 4H- and 6H-SiC with different thicknesses and doping
levels are routinely produced. 3C-SiC is also gaining attention as it can be grown
heteroepitaxially on various substrate materials. Furthermore, there has been signifi-
cant progress in producing device-grade 3C-SiC epilayers in recent years. However,
it is necessary to further reduce crystallographic structural defects in 3C-SiC epilay-
ers before this polytype becomes a viable alternative to 4H- and 6H-SiC [3].

Low defects, controlled doping, and dopant uniformity of both substrate and epi-
layers are crucial for device applications. In terms of the device type, low-resistivity
substrates are vital for power devices as they reduce power losses due to parasitic
substrate and contact resistances [1]. However, for devices and circuits operating at
microwave frequencies; it is necessary to have semi-insulating substrates to achieve
low dielectric losses and reduced device parasitics.

Most current SiC based electronics devices are fabricated using either 4H- or
6H-SiC due to the aforementioned short coming of 3C-SiC. Between 4H- and 6H-
SiC, 4H-SiC has substantially higher carrier mobility, shallower dopant ionization
energies, and low intrinsic carrier concentration (Table 2.1). Thus, it is the most fa-
vorable polytype for high-power, high-frequency, and high temperature device ap-
plications. In addition, 4H-SiC has an intrinsic advantage over 6H-SiC for vertical
power device configurations because it does not exhibit electron mobility anisotropy
while 6H-SiC does [1]. Therefore, many SiC device fabrication efforts have shifted
towards 4H-SiC as it has become more readily available.
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2.1.2 MEMS (Stress, strain gradient)

Silicon carbide MEMS are fabricated using both single-crystalline substrates and
thins films. When MEMS structures are created using single-crystalline substrates,
bulk micromachining (discussed in Chapter 4) is used. Fabrication of devices di-
rectly from the substrate material has the inherent advantage of having the same
mechanical and electrical properties of original substrate and material optimization
for MEMS can be avoided, particularly removing the need for stress and strain gra-
dient optimization. However, from the structural device standpoint, bulk microma-
chining is limited in terms of device architectures that can be realistically fabricated.
Thus, most SiC devices are fabricated using surface micromachining techniques.

In surface micromachining, the structural SiC layer is typically deposited on a
different material layer, such as a sacrificial or isolation layer, and this interlayer
involvement leads to deviations of both electrical and mechanical properties com-
pared to the substrate. At the current maturity of the technology, it is not possible
to achieve single-crystalline SiC with optimized electrical and mechanical proper-
ties for MEMS on widely-used sacrificial or isolation layers i.e. polysilicon, sili-
con dioxide, and silicon nitride. However, many MEMS devices do not require as
stringent electrical characteristics as are needed for electronics. This allows the use
of electronically inferior but mechanically sound alternatives. For instance, poly-
crystalline SiC (poly-SiC) can be produced with comparable elastic stiffness to
single-crystalline SiC and can have sufficient electrical characteristics for MEMS
applications. To date, most SiC MEMS devices are fabricated with poly-SiC. Amor-
phous SiC, though mostly electrically insulative, has also been used for MEMS
components such as diaphragms as well as for packaging structures.

The key concerns with amorphous SiC and poly-SiC thin films are the residual
stress and stress gradient of the deposited films. The residual stress in thin films
can be attributed to many different sources. The films are deposited at temperatures
significantly above ambient, and the difference in thermal expansion coefficients
between the film and the underlying layers leads to stress generation upon cool-
ing to room temperature. Crystal defects, impurity incorporation, and grain growth
and orientation are also sources of film stress. When the mechanical microstruc-
ture is released the residual stresses in the structural layers relieve by deforming the
structural layers. In extreme cases, the thin film may crack while attached to the
substrate or delaminate from the underlying layers. Furthermore, a stress gradient
exists when the residual strain in a film varies through its thickness. This is particu-
larly troublesome for MEMS applications because it can cause significant curvature
of free-standing microstructures even when the average residual stress of the film is
near zero.

MEMS typically demands significantly thicker films than is needed for electron-
ics fabrication. This further complicates the desire to produce low stress and low
stress gradient films. Changes in stress levels through the film thickness occur be-
cause of changes in grain size over the course of the deposition. Therefore, microme-
chanical sensor fabrication requires processes that can precisely control mechanical
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characteristics of deposited thin films. This will be described in more detail in Chap-
ter 4.

2.2 Substrate

Production of semiconductor grade SiC ingots is one of the most challenging tasks
faced by the SiC semiconductor and microsystems industry. Even though the first
reported growth of SiC crystals by the Acheson technique dates back to 1892 [4],
growth of single-crystalline SiC substrates with both size and quality equivalent to
most common semiconductors — silicon, gallium arsenide, and indium phosphide
— is yet to be realized. Difficulty growing single-crystalline SiC is attributed to the
physical-chemical nature of SiC. The SiC phase diagram reveals a peritectic decom-
position at 2830 °C and pressure around 10° Pa. Theoretical calculations indicate
that stoichiometric melting can be attained when temperatures and pressures exceed-
ing 3200 °C and 10° atm, respectively [56]. Therefore, growing single-crystalline
SiC boules from stoichiometric melt or from solution (similar to common semi-
conductor growth) is impractical. Furthermore, using these very high temperature
conditions makes producing single-crystalline materials rather demanding because
of the narrow differences in enthalpy of formation of the different polytypes of SiC
[6]. These reasons led SiC semiconductor developers to seek alternative methods
that include solution phase growth from non-stoichiometric solutions and vapor
phase growth. Solution phase routes exploit the solubility of SiC and carbon in sil-
icon melt to grow SiC from non-stoichiometric solutions while vapor phase growth
utilizes the sublimation products of SiC or CVD methods to produce SiC substrates.

The most common SiC substrate process is based on the vapor phase growth
using sublimation products of SiC. SiC sublimes at temperatures above 1800 °C,
forming various elemental and molecular species. The sublimation not only produce
SiC(gas) but also forms various elemental and molecular species due to dissociation
of SiC as shown in the chemical equations below [7]:

SiC(s) — Si(g) + C(s) 2.1)
28iC(s) — SiCy(g) + Si(g) (2.2)
28iC(s) — C(s) + SiC(g) (2.3)

The first successful growth of high purity SiC crystal using sublimation growth
was developed by Lely in 1955 [8]. Lely’s initial process used a dense graphite cru-
cible and a porous graphite thin-walled inner cylinder. The SiC powder is loaded
between the inner and outer cylinder and heated to temperatures of 2550-2600 °C in
an argon atmosphere. Spontaneous nucleation of SiC was observed at the inner sur-
face of the thin-walled cylinder. The Lely method had limited impact on SiC crystal
growth due to two main reasons. First, the control of platelet thickness, doping, and
polytype of the crystal is poor due to the inability of controlling initial nucleation,
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growth rate, and growth direction. Second, Lely method is capable of producing SiC
crystals only up to 10 mm in diameter due to self-termination of the growth process
as pores of the inner cylinder are blocked by growing crystals.

A major breakthrough came around 1980 with the introduction of SiC seed crys-
tal sublimation growth. This method uses a high quality seed crystal surface to be-
gin growth process in contrast to Lely’s method which begin growth on a graphite
membrane [9]. The seeded sublimation growth is often referred to as the physical
vapor transport method (PVT) or Modified Lely Method. Later, this method was
further refined for producing large diameter SiC boules [10, 11, 12]. Various im-
provements and modifications of PVT evolved from both commercial production
environments and research laboratories until today it has become the current stan-
dard industrial process. High quality SiC wafers are routinely produced with the
current PVT method (often referred to as the standard PVT method). Currently 100
mm 4H- and 6H-SiC wafers are commercially produced by standard PVT and 150
mm wafers are expected near future [14, 15].

The ever increasing demand for further improvement of quality and production
throughput of SiC wafers requires either additional improvement of standard PVT
or exploring other viable options. This has led to many successful attempts to fuse
CVD based methods or further modify PVT techniques for producing semiconduc-
tor grade SiC wafers. One such method gaining attention for industrial wafer pro-
duction applications is high temperature CVD (HT-CVD) [16].

Other recent efforts include continuous feed PVT (CF-PVT) [17], Halide CVD
(H-CVD) [18], and Modified PVT (M-PVT) [19]. While these techniques claim to
have some technological edge over their predecessors, they are still primarily at
the research stage. Solution phase growth has yet to prove it is capable of produc-
ing large area substrates. Nonetheless, promising initial results and the advantages
of this method will certainly draw more attention from the research and industrial
community. Figure 2.1 summarizes the current status of known SiC substrate tech-
nology. The following section will briefly describe the processes involved in each
of these techniques, and discuss their relative advantages over the well-established
standard PVT method.

2.2.1 Vapor Phase Growth

2.2.1.1 Standard Physical Vapor Transport (PVT) or Seeded Sublimation
Method

Standard PVT growth is carried out in a quasi-closed graphite crucible in an argon
environment. The reactor configuration is schematically shown in Figure 2.2. The
source material is held at the bottom of the crucible, and the seed is fixed onto the
top lid of the crucible. The distance between source and seed is typically around
20 mm [20]. The crucible is inductively heated and operating temperatures of the
system ranges from 1800 to 2600 °C. A linear temperature gradient is maintained
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Fig. 2.2 The schematic representation of the standard PVT reactor with representative axial tem-
perature profile.

between source and the seed causing vapor phase transport of Si and C containing
species from the source to the seed. The typical temperature gradient ranges from
1.0 to 2.5 °C per mm. In most cases, the temperature at the bottom of the crystal is
around 2300 °C while the seed temperature is around 2100 °C. The crystallization
process is facilitated by the supersaturation of a vapor phase species at the seed
surface [14, 15].

SiC boule growth via the sublimation process is complex and many growth pa-
rameters have to be controlled precisely for high quality crystal formation [14].
The suggested profile of two key parameters, temperature and pressure, during the
growth process is shown in Figure 2.3. Initially, the source material is preheated
up to 1800 °C. High argon pressure, typically around 600 Torr, is held during pre-
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Fig. 2.3 [20] Temperature and pressure profile of the PVT growth process (©Taylor & Francis
1997), reprinted with permission.

heating and until the growth temperature stabilizes over 2200 °C to eliminate low
temperature polytype growth, particularly 3C-SiC. Once at growth temperature, the
argon pressure is reduced below 50 Torr to initiate the growth process [20]. Back-
ground argon pressure is again increased above 600 Torr to stop the growth process
before decreasing the temperature. The typical growth rate of seeded sublimation
lies between 0.2 to 2 mm per hour [14].

The nucleation, growth, and defect formation are intertwined with the tempera-
ture profile of the reactor and boule. Slight variations in the temperature profile can
lead to defect formation via polytype formation and elastic deformation. Therefore,
temperature control is a key aspect of this process. Defects in the seed crystal sur-
face directly translate into defects in the bulk crystal. Hence, a high quality seed
crystal is also critical for creating a high quality SiC substrate.

Other factors that are highly critical for SiC boule growth is the control of poly-
type and doping concentrations. Recently, several methods have been developed for
controlling polytype and doping levels of SiC boules. Some of these technologies
will be detailed in the later section of this chapter. They include the use of the sur-
face polarity of the seed crystal and introduction of rare-earth elements to the source
material [21, 22].

To date, the standard PVT method has become the dominant SiC growth tech-
nique used in the SiC industry. There is vast knowledge base in both academia and
industry around standard PVT. This technique is capable of producing commercially-
viable, large dimension SiC boules, up to 100 mm, with high crystal quality.
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2.2.1.2 High Temperature CVD Method (HTCVD)

The High Temperature CVD Method (HTCVD) for SiC bulk crystal growth is rela-
tively young in comparison to PVT growth [23]. Nonetheless, tremendous progress
has been reported in this method since its inception in 1996 [24]. HTCVD has very
recently been used to produce commercial SiC wafers [15]. Figure 2.4 shows the
schematic representation of the vertical reactor used in this process. The gas de-
livery components and retractable rotating crystal mount are the major differences
between HTCVD and standard PVT reactors. Furthermore, the temperature profile
of the reactor as shown in Figure 2.4 is also different from standard PVT.

The growth is carried out using conventional silicon and carbon containing
precursors. Silane (SiHy) is used as the silicon source while methane, ethane, or
propane can be used as the carbon source. The growth precursors are introduced in
coaxial tubes with the inner-most tube used for the silicon precursor. High flow rate
and pressure conditions are maintained so that the dissociation of silane can lead to
the formation of Si clusters by homogeneous gas phase nucleation. These clusters
react with the hydrocarbon precursor as the temperature further increases down-
stream, forming Si,C, clusters. Upon entering to the high temperature heating zone,
these Si,C, clusters sublimate to form Si and C containing species before reach-
ing the seed crystal. Crystal growth occurs via supersaturation, similar to the PVT
technique. The typical growth rate associate with this process is 0.1 to 0.7 mm/h.

The technique offers some intrinsic advantages over the standard PVT method.
The continuous feed of the precursor allows direct control of the Si to C ratio as well
as the dopant concentration. The availability of high purity gas ensures the purity of
the crystals. Semi-insulating crystal growth using HTCVD has been demonstrated
[25]. The versatility of this method has been shown by growing p-type substrates
with precise dopant control [26]. Despite initial successes, further refinement is
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Fig. 2.5 [14] Typical reactor configuration of M-PVT method and the temperature profile of the
reactor ((©IOP 1997), reprinted with permission.

needed in order to obtain large diameter crystals, which would enable it to be a
commercially-viable competitor to standard PVT.

2.2.1.3 Modified PVT Method

The modified PVT (M-PVT) method is derived from both the standard PVT and
CVD methods. Figure 2.5 schematically illustrates the reactor architecture used in
M-PVT along with the axial temperature profile of the reactor. The configuration is
very similar to that of a conventional PVT reactor with the added capability of de-
livering small amounts of Si and C containing gaseous precursors, as well as dopant
precursors to the system [19]. This configuration enables a growth process carried
out in a very similar fashion to PVT but with more precise control of stoichiometry
and dopant uniformity of the SiC crystals.

In a conventional PVT reactor, the gas phase composition of various Si and C
containing gas species is determined by the temperature field that is set by the heat-
ing procedure and crucible design. However, the temperature field can change dur-
ing the growth process due to process instabilities induced by evolution of the crystal
as well as changes in gas phase composition arising from morphological changes in
the source materials. In M-PVT, the ability to feed Si and C containing gases at the
growth front allows minimizing the variations in gas phase composition, enabling
better controlling growth of SiC crystals.

The possibility of continuous feeding of dopant gases also improves the result-
ing doping level uniformity in both axial and radial directions. In PVT, nitrogen is
usually used for n-type doping. Nitrogen gas is incorporated into the wall of the
growth crucible, exploiting the porosity of the graphite. In the case of p-type dop-
ing, aluminum is directly mixed into the SiC source material. The much higher vapor
pressure of aluminum in comparison to Si and C containing gas species makes mass
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transport control rather difficult. M-PVT enables continuous feed of aluminum va-
por or aluminum containing precursor with fine control. This method may lead to
the fabrication of low resistance p-type SiC wafers that will open paths to fabricate
power SiC device on p-type wafers. Ion implantation experiments demonstrated that
phosphorus exhibit a ten-fold increase in solubility limit compared to nitrogen [27].
Thus, it can be argued that higher n-type doping can be achieved using M-PVT by
continuous feed of phosphine gas, a widely used n-type doping precursor in the
semiconductor industry.

2.2.1.4 Continuous Feed PVT (CF-PVT)

The continuous feed PVT is essentially a hybrid of both PVT and HT-CVD. This
method exploits the fundamental advantages of both PVT and HT-CVD techniques
for producing high quality SiC crystals [17, 15]. Figure 2.6 shows the typical config-
uration of the CF-PVT reactor. A Si and C containing single precursor tetramethylsi-
lane diluted in argon is typically used as the source material. At the low temperature
zone, tetramethylsilane forms high quality poly-crystalline SiC through a process
similar to HT-CVD. This poly-crystalline SiC source material is transferred to the
high temperature sublimation zone through a highly porous graphite foam layer.
The SiC growth occurs through supersaturation similar to that of classical PVT.
The growth rate obtained by this method is around 100 um/h at 1900 °C.

One of the inherent advantages to the CF-PVT is its ability to grow longer SiC
ingots because of the continuous supply of the source material. In classical PVT,
the supersaturation close to the seed surface is controlled by the pressure and tem-
perature distributions within the crucible. This method adds another parameter to
process control: precursor concentration. It has been shown that the feeding gas
flow rate that controls the source material formation can be used for precise control
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of the supersaturation close to the seed that, in turn, enables a means of polytype
control [28]. Although CF-PVT is at an early stage of development, it has success-
fully produced both high purity 4H-SiC and 3C-SiC [28§].

2.2.1.5 Halide CVD (HCVD)

Halide Chemical Vapor Deposition (HCVD) is a recently introduced and very
promising technique for the creation of high purity SiC crystals [18, 30]. The pro-
cess is done in an inductively heated chamber very similar to a HT-CVD reactor;
however, the growth mechanisms are fairly different. HCVD growth occurs through
surface reaction, and the growth rate is determined by desorption kinetics. The pro-
cess characteristics are the same as the conventional CVD. The earlier described HT-
CVD growth takes place by a sublimation process, and growth rate is determined
by supersaturation. Figure 2.7 schematically represents the reactor. A chlorinated Si
precursor (SiCly), a C precursor (CzHg or CHy), and hydrogen feed upward from
the bottom of the reactor via separate concentric graphite injectors. Chlorinated pre-
cursors are used to avoid homogeneous nucleation in the gas phase. Reactor tem-
perature is maintained around 2000 °C, and no temperature gradient exists between
seed and source in contrast to all other previously described method. The typical
growth rate of this method is 250-300 pm/h.

HCVD possesses all the intrinsic advantages that classical CVD offers. The stoi-
chiometry of SiC crystals can be easily controlled by using the flow rates of the pre-
cursors and keep constant throughout the growth process. The crystal grown with
HCYVD has very low impurity levels and high electrical resistivity mainly due to the
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use of high purity precursor gases. These features of HCVD are very attractive for
producing semi-insulating SiC wafers for high power devices.

2.2.2 Solution Phase Growth

The thermodynamic properties of SiC do not permit the solution phase bulk growth
of SiC from a stoichiometric melt (section 2.2). However, many studies have taken
advantage of the solubility of both SiC and C in Si melt as an alternative route to
grow SiC from a high temperature solution. The key to this method is that SiC can
be grown from the liquid phase using non-stoichiometric solutions containing Si
and C [31]. Early efforts on solution phase SiC crystal growth date back to 1961
[32]; however, there has not been much progress reported on this method until very
recently. The main reason is the remarkable success of PVT methods, which have
diverted attention away from the solution growth approach. The recent focus on lig-
uid phase bulk growth of SiC is mainly driven by its ability to grow crystals with
low dislocation densities and grow crystals at relatively low temperatures (1500-
1700 °C at the seed). Solution growth process occurs under the conditions close to
thermal equilibrium resulting in high quality crystals with better polytype controlla-
bility [33, 34]. The low growth temperature is also attractive for 3C-SiC growth as
this polytype forms at relatively low temperatures, and sublimation growth, which
requires relatively high growth temperatures, is not suitable for 3C-SiC growth.

The low solubility of C in Si melt, which is directly related to the growth rate, is
one of the limiting factors to this method. This problem can be mitigated by adding
transition metals into the Si melt, which increases the solubility of carbon for higher
growth rate. Besides the solubility aspect, there are other important issues that must
be considered when selecting the solvent (Si + metal) system. Those include no
metal incorporation into the solid, excellent wetting of the crystal by the solvent, low
vapor pressure, low melting point, and reduced degradation of the crucible due to
reaction mixture. Furthermore, the crystal should be the only stable solid phase [31].
A few solvent systems have been successfully employed, and reasonable progress
has been made in terms of increasing growth rate and the crystal diameter.

Several growth techniques have been considered for solution growth of SiC. The
commonly discussed techniques include traveling zone method, slow cooling tech-
nique, and top seed solution growth method (TSSG) [31, 35, 36]. To date, TSSG
is the most successful method of growing SiC crystals from solutions. Figure 2.8
shows a typical reactor configuration for TSSG growth. The seed crystal is mounted
on a graphite rod inserted into the growth crucible. The seed and crucible can ro-
tate with respect to each other. In typical process mode, only the seed is rotated at
10-20 rpm. In the accelerated crucible rotation technique, which is used for increas-
ing growth rate, both the crucible and the seed are rotated in opposite directions.
The maximum crucible and seed rotation rates are typically 20 and 10 rpm, respec-
tively. The seed is held as the low temperature point and a temperature gradient of
2.0 °C/mm is maintained between the seed and the bottom of the crucible.
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Fig. 2.8 [37] Schematic representation of the TSSG growth reactor ((©Elsevier 2008), reprinted
with permission.

Initial research done by Hoffmann er al. [31] using TSSG has demonstrated
growth of 1.4 inch 6H-SiC crystals with a high degree of crystallinity. The reported
growth rate ranges between 0.05-0.2 mm/h. Recent research reported from Japan
shows the growth of 6H-SiC single crystals from Si-Ti-C ternary solution using
TSSG. Two inch diameter SiC crystal with thickness of Smm (Figure 2.9) was grown
and the crystal exhibited a homogeneous green color without cracks and inclusions
of polytypes [36]. The capability of the solution growth process for growth of 3C-
SiC crystals, the forgotten polytype, has also been demonstrated recently by using a
slightly modified version of the TSSG reactor [37]. This method has produced crys-
tals with reduced stacking fault densities in comparison to 3C-SiC crystals produced
by chemical vapor deposition methods.

These studies have clearly positioned the liquid phase growth as a viable route for
bulk SiC crystal growth. Nonetheless, there exist many unanswered questions before
it becomes a competitor to the standard PVT method. Some of the fundamental
questions include the control of dopant concentration and uniformity as well as
the incorporation of solvent into the crystal. Finding a suitable crucible material,
though graphite shows promise, is a challenge as molten Si is highly corrosive to all
current crucible materials. Increased complexity of the growth equipment is also a
considerable factor.
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Fig. 2.9 [37] 6H-SiC bulk crystal grown by TSSG technique using Si-Ti-C solution (©Elsevier
2008), reprinted with permission.

2.2.3 Growth Related Issues

2.2.3.1 Polytype Control

A characteristic property of SiC is its ability to exist as over 200 polytypes. The
most common polytypes are 3C, 4H, 6H and 15R. As described in Chapter 1, SiC is
formed by covalently bonded silicon and carbon atoms in a tetrahedral fashion with
each C atom surrounded by four Si atoms and each Si atom is surrounded by four
neighboring carbon atoms. These Si-C units are arranged in a hexagonal bilayer with
Si and C alternately occupying sub-layers. The staking sequence of theses bilayers
along the C-axis determines the polytype. Depending on the terminating atom type,
the 0001 face of the SiC has either a C or Si terminating layer.

One of the major obstacles faced by the SiC substrate technology is the dif-
ferent polytype inclusion in crystals. Polytype inclusion during the growth lim-
its the larger diameter single-crystalline SiC substrates. Polytype inclusion also
creates nucleation sites for other defects leading to severe quality deterioration
[38, 39, 40, 41, 42]. The main reason behind the different polytype inclusion during
growth is very low stacking fault energy. This demands exceptional control over
thermodynamic and kinetics of the growth process, thus, precise control of ther-
mal conditions and growth pressures are needed [43, 44]. The growth cell must be
carefully designed and special attention must be given to the mounting of the seed
crystal [14]. In addition to thermal and pressure conditions, the other factors that
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influence the polytype inclusion include seed surface polarity [21, 11], supersatura-
tion [44, 6, 28, 45], vapor phase stoichiometry [45, 44, 6], impurity levels [46, 47],
seed off-cut angle [48, 49], and facet of the crystal [42].

Surface polarity of the seed crystal has a dominant influence of the polytype of
the growth crystal in PVT growth. As stated previously, SiC lattice consists of a
bilayer in which Si and C making alternating layers. This makes silicon carbide
polar in nature, thus, it has two chemically different [0001] crystal surfaces, i.e. the
[0001] Si-face and the [0001] C-face, which have different surface energies. It has
been shown that the [0001] Si-face has a higher surface energy than the [0001] C-
face [11]. The 4H polytype, which has a higher formation enthalpy, always grows
on the C-face with the lower surface energy regardless of the polytype of the seed
crystal used. Similarly, the 6H polytype, which has a lower formation enthalpy,
preferentially grows on the Si-face with the higher surface energy. Many studies
have revealed that the polytype of the grown crystal depends on surface polarity
rather than the polytype of the seed, thereby indicating the strong influence of the
surface energy or surface polarity on the resulting polytype inclusions [50, 11].

Analytical modeling shows a strong correlation between growth temperature and
nucleationof different SiC polytypes [51]. For instance, 3C-SiC grows at low tem-
perature while hexagonal polytypes needs high growth temperature due to differ-
ences in the energy of formation. 4H-SiC requires growth temperatures lower than
that for 6H-SiC growth [43, 44] but 4H and 15R polytypes occur at similar tempera-
ture conditions [52]. It is rather difficult to control polytype transition by merely
controlling temperature conditions however, as the stacking fault energy is very
small. There exists a complex interplay between formation energy and growth con-
dition on polytype inclusion in both the initial stage as well as during the growth.
Two parameters that have significant impact on polytype transition are supersat-
uration and the Si:C ratio in the vapor phase. These parameters are directly con-
trolled by the crucible temperature, temperature gradient, and pressure of the reac-
tor. High supersaturation and low Si:C vapor ratio are crucial to form 4H polytype
when grown on the C-face of 6H-SiC. A high axial temperature gradient is needed
to meet both these conditions as it allows the use of a high source temperature,
thereby producing carbon rich vapor, and low seed temperature, which facilitates
supersaturation [6, 45]. When the 4H polytype is grown on the C-face of a 4H-SiC
seed, high reproducibility is achieved if growth starts at low supersaturation levels
(growth rates of 100 um/h). However, once the proper growth front has developed,
supersaturation level can be increased in order to obtain high growth rate [44]. This
is typically achieved by reducing the inert gas pressure while keeping the high tem-
perature gradient to achieve the desired Si:C ratio.

Impurities in source materials also found to affect SiC polytype stabilization.
Rare-earth elements such as Sc and Ce tend to stabilize the 4H polytype [47, 22].
The exact role of these elements is still unknown; however, some speculative as-
sumptions have been made. One assumption suggests that these metals may enrich
the vapor with C via carbides [14] and others think impurities work as a surfactant
which changes the surface energy of the nuclei [50]. Nitrogen, which incorporates
into the lattice, also has a significant impact on the polytype stability of 4H-SiC.
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Fig. 2.10 [14] SEM image of growth surface with several growth centers assumed to be formed
through spiral growth mechanism around screw dislocations ((©Wiley 1997), reprinted with per-
mission.

This effect is attributed to the influence on the Si:C concentration ratio and to the
relative enrichment of the growing surface with carbon [47, 50, 46].

2.2.3.2 Substrate Defects Control

Substrate defects are detrimental to the SiC device technology because these defects
typically propagate to the subsequent epilayers. The reduction of the substrate de-
fects is perhaps the most critical challenge faced by SiC wafer technology. As most
studies centered on reducing defects in wafers grown using standard PVT method,
most of the discussion here related to the standard PVT growth of 4H- and 6H-SiC
with growth direction parallel to the c-axis, unless otherwise stated.

A distinct feature to PVT growth is the existence of growth spirals (Figure 2.10).
Many growth factors such as instabilities in growth parameters and the quality of
the seed crystal can lead to secondary and three-dimensional nucleation causing the
spiral growth [14]. These spirals have a strong relation to the formation of crys-
tal defects. For instance, these spirals can move across one another as the growth
progress resulting in low-angle grain boundaries due to mis-orientation of one spi-
ral with respect to the other. Other major defects due to spiral growth include dis-
locations, crystal mosaicity (domain structure), and micropipes (open core screw-
dislocations).
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Among all defects, micropipes are seen as the major threat that can potentially
limit the viability of SiC as a commercial semiconducting material. Micropipes,
the hollow core of a large screw dislocation, penetrate the entire crystal along the
growth direction (when growth is parallel to c-axis) and are replicated to the device
epitaxial layer [53]. Therefore, they become detrimental to the device performance.
The causes and the formation of micropipes have been widely discussed and there
exist many contradicting views and opinions on the mechanisms involved in mi-
cropipe formation. Most opinions revolve around Frank’s Theory [54] that predicts
micropipes are formed on a screw dislocation that possesses a large Burgers vector.
Recent studies using synchrotron white-beam x-ray topography (SWBXT) further
confirm that micropipes are large Burgers vector screw dislocations and the mag-
nitude of the Burgers vector of a micropipe can range from 2 to 7 times the unit ¢
lattice parameter [55]. Size of the micropipe has a direct relationship to the magni-
tude of the Burgers vector.

Several possible growth-related sources of micropipe formation have been iden-
tified [56, 57]. They can be categorized into three groups: thermodynamics, kinet-
ics, and technological related. The thermodynamic sources can be thermal field
uniformity, vapor phase composition, vacancy supersaturation, dislocation forma-
tion, and solid-state transformation. The kinetic sources include nucleation pro-
cesses, growth phase morphology, inhomogeneous supersaturation, and capture of
gas bubbles [14]. The technological aspects include process instabilities, seed sur-
face preparation, and contamination of the growth system. Better understanding of
these sources along with experimental investigations and accurate modeling of the
growth process have resulted in a vast improvement of growth technology and suc-
cessful control over micropipe formation. Particularly in recent years, there has been
a steady progress in reducing of micropipe densities. Currently, four inch n-type 4H-
SiC wafer with zero micropipes are commercially available [13].

Micropipe defects are seen in crystals grown by the seeded sublimation growth
(standard PVT) with the growth direction parallel to c-axis. Even though the mi-
cropipe defects are inherent to seeded sublimation growth, crystals grown using its
ancestry methods, namely Acheson and Lely, rarely exhibits any micropipes. The
phenomenon is credited to the growth direction as Acheson and Lely crystal growth
occurs in the directions perpendicular to the c-axis, that is [1100] and [1120] (a-
axis). The micropipe suppression for these off-axis growth methods is attributed to
strain relaxation. Strain relaxation largely depends on growth axis and differs sig-
nificantly between the crystal grown parallel to the c- axis and perpendicular to
the c-axis [58]. These finding led to new research directions and many research
have been focused on growing SiC perpendicular to c-axis. Results confirm that mi-
cropipes can be the eliminated when crystals are grown in the [1100] and [1120]
direction using seeded sublimation growth [59, 60]. Although this approach has
shown merit in reducing micropipes, at its current stage, the commercial feasibility
of this method is rather remote because this method tend to yield a large number
of basal plane stacking faults in the grown SiC crystal [58, 61]. Recently, a method
called inverted “repeated a-face” growth was introduced as a modification of the
perpendicular to c-axis growth process [62]. This method is far superior in terms
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of its ability to reduce the micropipe density along with the density of dislocations.
However, the complexity of this method has prevented its wide spread commercial
implementation.

2.2.3.3 Electrical Property Control

Resistivity is one of the most important factors for any semiconductor material. The
challenge is to control the residual and intentional doping levels for desired device
applications. High power devices, one of the major application areas of SiC, require
low resistance substrates in order to reduce power losses caused by parasitics and
contact resistances. In contrast, semi-insulating substrates are essential to achieve
low dielectric losses and reduced device parasitics for devices and circuits operating
at microwave frequencies.

Nitrogen is commonly used as the n-type doping impurity and aluminum is the
main p-type dopant for SiC. They create relatively shallow donor and acceptor levels
in the SiC bandgap. Recently, phosphorus has been proposed as a replacement for
nitrogen as the n-type donor, because the solubility of phosphorus in SiC is higher
than that of nitrogen [27]. However, the standard PVT method used for commercial
production of SiC substrates uses nitrogen. Nitrogen doping is carried out by incor-
porating nitrogen gas into the wall of the growth crucible by exploiting the porosity
of the graphite. Aluminum, on the other hand, is directly mixed into the SiC source
material though aluminum depletion during the process is a key drawback to this
approach. This source depletion during the growth has negatively impacted the pro-
duction of p-type substrates by standard PVT.

The characteristics of dopant incorporation to 6H and 4H polytypes are generally
similar. In the case of seed polarity, the doping incorporation varies substantially be-
tween the [0001] C-face and [0001] Si-face. Nitrogen incorporation in crystal grown
on the [0001] C-face of 6H- or 4H-SiC exhibits higher carrier concentration than
crystal grown on the [0001] Si-face under identical growth conditions by a factor
of 3 to 5 times [21]. Figure 2.11 shows the dependency of dopant incorporation on
nitrogen flow for the n-type doped 6H-SiC grown on the [0001] C-face and [0001]
Si-face [21]. A reverse effect has been seen with regards to aluminum incorporation
as it prefers the [0001] Si-face. In the case of undoped SiC crystals, the crystals
grown on the [0001] C-face show n-type conductivity while the crystals grown on
the [0001] Si-face exhibit p-type conductivity. The preferential doping incorporation
is attributed to surface kinetic effect as N incorporate to C sites and Al incorporate
to Si sties on the crystal.

The surface polarity effect along with precise control of growth parameters has
been used for effective control of the impurity levels. Currently, highly doped (10%°
cm3) n-type 4H- and 6H-SiC and semi-insulating (10'* cm~3) 4H-SiC substrates
are commercially available. The lowest reported resistivity values for 4H and 6H-
SiC are 0.0028 and 0.0016 Q-cm, respectively [14], while the highest resistivity
value reported is for 4H-SiC: greater than 10° Q-cm [13]. Owing to its intrinsic
crystal properties, 4H-SiC has higher carrier mobility with smaller anisotropy com-
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Fig. 2.11 [21] The dependence of the dopant incorporation on nitrogen flow for the n-type doped
6H-SiC grown on [0001] C-face and [0001] Si-face ((©Japan Society of Applied Physics 1995),
reprinted with permission.

pared to 6H-SiC. These key properties are highly beneficial for high power and high
frequency device applications, and due to this particular benefit, the current market
trend is leaning towards 4H-SiC substrates.

2.2.4 Current Status

Larger diameter SiC substrates with low defect densities, high crystalline quality,
and controlled impurity levels are critical for realizing the full potential of SiC as
a mainstay material for electronics, photonics, and microsystems. Continuous re-
lentless research and development efforts from both academia and industry have
guided SiC substrate technology to new heights in terms of quality and the size.
Figure 2.12 shows the progress of increasing the substrate diameter during the last
two decades [63]. Currently 100 mm diameter 4H- and 6H-SiC substrates are com-
mercially available, and it is expected that 150 mm diameter substrates will soon
become available.

In addition to increasing the wafer diameter, reduction in defect densities, espe-
cially micropipes, took precedence over the last ten years because both performance
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and yield largely depend on these defects. Figure 2.13 shows the recent progress in
micropipe reduction of PVT grown SiC substrates [64]. It should be noted that this
data is related to SiC growth along the c-axis as this is the current method of com-
mercial production of SiC substrates.

It is clear that SiC substrate technology has made a tremendous progress during
the last two decades. These advances indisputably provide a solid foundation for
the realization of the full SiC microsystems. Further reduction of substrate defects,
increase of wafer diameter, and decrease of production cost will lead to the full
potential of SiC as the materials for harsh environment microsystems.
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2.3 Epitaxial Thin Films

The realization of SiC based harsh environment microsystems is in part determined
by the ability to produce SiC electronic devices. For all SiC electronics, epitaxial
film growth is a necessity as diffusion doping of substrate is not feasible, and direct
ion implantation into the substrate, as is typical for Si, produces inferior electrical
quality in SiC [2]. Therefore, the progress and performance of SiC electronics de-
vices to a large extent depends upon the quality, reproducibility, and high volume
production capability of epitaxial SiC layers. This includes reducing of defect den-
sities, eliminating polytype inclusions, and controlled doping of n-type and p-type
with doping profiles ranging from extremely low (10'* atom/cm?) to very high (102
atom/cm?). Epitaxial growth of SiC on a variety of substrates has been reported that
include homoepitaxial growth on SiC substrate and heteroepitaxial growth on sili-
con substrate [65, 107, 67]. The discussion here simply focuses on homoepitaxial
growth on SiC substrates because it is a prerequisite that devices have to be on SiC
substrates for harsh environment compatibility. Furthermore, nearly all SiC high
performance devices are currently fabricated using homoepitaxial films as they pro-
vide superior electrical characteristics.

Homoepitaxial growth of SiC films can be achieved by various means, each with
its own advantages and disadvantages. Selection of a growth technique is in part de-
termined by the application requirements and the technological maturity of the tech-
nique. The reported homoepitaxial techniques for SiC can be categorized into vapor
phase epitaxy (VPE), liquid phase epitaxy (LPE), and vapor-liquid-solid (VLS) epi-
taxy. The latter is a recently introduced, novel epitaxial approach which shares the
common fundamentals of VLS nanowire and nanotube growth [68, 69]. The fol-
lowing section will briefly discuss SiC epitaxial growth techniques in terms of their
maturity and impact as well as advantages and disadvantages.

2.3.1 Vapor Phase Epitaxy (VPE)

Three main techniques are applied in Vapor Phase Epitaxy (VPE), namely chemical
vapor deposition (CVD), sublimation epitaxy, and high temperature CVD. Among
these, CVD is the most matured and researched technique for epitaxial growth of
SiC. It is the core technique adapted by the industry for commercial production of
epitaxial SiC (epitaxial thin film on SiC substrate) wafers. Epitaxial SiC wafers are
generally referred to as SiC epi wafers.

2.3.1.1 Chemical Vapor Deposition (CVD)

In CVD growth of SiC, carbon- and silicon-containing gaseous compounds are
transported to a heated single-crystalline SiC substrate where the homoepitaxial
growth occurs through a surface-induced chemical reaction. Depending on the poly-
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Fig. 2.14 [20] Typical temperature profile vs gas flow conditions for CVD homoepitaxial growth
of SiC (©Taylor and Francis 1997), reprinted with permission.

type and the reactor configuration (hot wall or cold wall), the growth temperature
can be considerably different, but typically, is above 1200° C. Based on the depo-
sition pressure, CVD can be categorized into atmospheric pressure CVD (APCVD)
and low pressure CVD (LPCVD). APCVD was a dominant technique for SiC
epi growth throughout the 1980s and early 1990s, mainly due the availability of
the APCVD reactors. With advancement in LPCVD, researchers shifted focus to
LPCVD as it offers better control of the growth process in terms of gas phase nu-
cleation and impurity levels. Most current industrial processes are now based on
LPCVD, yet APCVD is still being used in some research laboratories throughout
the world.

There are many different gases used as Si and C precursors. For Si sources, SiHy,
SiH,Cl,, SiCly, and Si;Hg are the most popular choices. C3Hg is the most common
C source. CH4, C,H», and CCly have also been explored as C precursors. In almost
every case, hydrogen is used as a carrier or growth-facilitating gas. Process con-
ditions for a particular gas combination may need to be tuned due to differences
in dissociation and nucleation kinetics of the precursors. A typical process for ho-
moepitaxial growth of SiC using SiHs and C3Hg are shown Figure 2.14 [20].

The process starts with etching the substrate with HCI gas around 1200-1300°C.
This helps to atomically clean the surface, which in turn reduces the defects in the
epilayer. After etching is stopped, the temperature is reduced and the H; flow rate is
increased. High hydrogen flow ensures the flushing of residual HCI from the reac-
tion tube. Then reactor temperature is increased again to the appropriate epi growth
temperature while keeping the hydrogen flow constant. Once the temperature unifor-
mity is achieved, the precursor gases are introduced into the reaction tube. At the end
of crystal growth, the precursor gases are shutoff, the reactor temperature is main-
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Fig. 2.15 The reactor geometry of the cold-wall SiC epitaxial CVD reactor used in early stage of
SiC technology.

tained at the same level for few minutes while hydrogen is flushing out the residual
precursor gases before the temperature is decreased. This prevents the inclusion of
low temperature polytypes. CVD growth reactors for SiC epi can be categorized into
two major groups, cold wall and hot wall. Prior to the mid 1990s, cold-wall reac-
tors were primarily used for SiC epitaxy. Cold-wall reactors were common in III-IV
semiconductor processing and adapting that technology for initial SiC development
was relatively easy. However, the trend has changed toward hot-wall reactor because
of the intrinsic advantages of hot-wall reactor based processes. Currently, hot-wall
rectors are the dominant configuration in commercial SiC epi wafer production.

Many reactor configurations have been exploited in both cold-wall and hot-wall
CVD. Each of these reactors has its own advantages and limitation in terms of con-
trol growth and throughput. Some are highly suited for industrial level production
while some offer more flexibility for research and development. Most common reac-
tor types will be discussed below. This will be followed with process related issues
and advances in CVD epitaxial growth of SiC.

Early research into SiC epi growth was performed using converted gallium-
arsenide rectors similar to one shown in Figure 2.15. The cold-wall configuration
is achieved by using a double-walled quartz tube with water circulated between the
walls. The wafer is placed on an inductively heated graphite susceptor. To ensure
the cold-wall conditions, the susceptor is placed on thermal insulation. The suscep-
tor is slightly tilted with respect to the gas flow to minimize the gas depletion effect
for uniform growth. The capabilities of reactor configuration were limited in terms
substrate size, temperature uniformity, and growth rate, yet it can be valuable tool
for understanding aspects of epitaxial growth.

Later, many cold-wall reactors with slightly different configurations were intro-
duced. Figure 2.16 shows two of the notable reactor configurations used in SiC epi-
taxy. Figure 2.16(a) a represent the multi-wafer barrel reactor developed by Kong
and co-workers [70]. The multiple wafer capability and reduction in particle accu-
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Fig. 2.16 Schematic drawings of cold-wall multi-wafer barrel reactor and rapid rotating reactor.

mulation on the substrate surface is a key advantage to this geometry. This is one
of the early era reactor design which still being used in both epitaxial and poly-
crystalline SiC growth. The rapid rotating vertical reactor (Figure 2.16(b)) was de-
veloped in the late 1990s and has shown promises. This reactor would be very good
choice for research scale applications; however, further scaling of this reactor to
facilitate large area wafers for industrial scale production is challenging. The de-
pletion of source gas and dopant precursor along with temperature nonuniformity
causes variations in thickness and dopant profiles [71, 72].

Despite heavily used in early stage SiC development some inherent disadvan-
tages of the cold-wall reactor configuration limits its viability as an industrial tool
for SiC epi. Most of the shortcomings are related to the thermal uniformity of the
reactor because the area above the substrate is not actively heated. The hot wall
reactors enjoy better thermal uniformity in both lateral and vertical directions. In
comparison, the temperature gradient in the vertical direction over the substrate sur-
face can be as large as 220K/mm in a cold-wall reactor and that is nearly ten times
higher than what is achievable in a hot wall reactor [73].

One of the key disadvantages that relates to the temperature profile of the cold-
wall reactor is poor precursor dissociation efficiency, which directly translates into
the growth rate. The maximum growth rate of cold-wall reactors is around 5 um/h
[74] while the growth rate of a hot-wall reactor can be as high as 100 pm/h [75].
However, most hot-wall reactors operate with growth rates below 25 um/h to con-
trol the quality of the epitaxial layer [76]. In addition to the growth rate related
issues, the vertical temperature gradient over the substrate leads to excessive Si su-
persaturation in the gas phase, causing nonuniformity in the epilayer [77]. In the
hot-wall configuration, gas phase Si aggregation is minimized due to high temper-
ature surroundings [78]. Furthermore, hot-wall reactors provide long-term stability
of the growth environment, and continuous growth over 30 hours is possible with-
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out significant degradation of the SiC growth front [79]. These decisive advantages
attracted many users to adapt to hot-wall reactor technology. Some of the widely
used hot-wall reactors are discussed blow.

The hot-wall reactor concept was first introduced by Kordina et al. in 1994 [80].
This was a horizontal geometry reactor module. Later, the reactor was further im-
proved for highly uniform epitaxial layer growth [81]. Figure 2.17 conceptually
represents the horizontal hot-wall CVD reactor. The graphite susceptor used here
is a rectangular-shaped hole which runs along the entire length of the reactor with
inclined ceiling. This geometry of the susceptor increases the gas velocity and re-
duces the depletion effect in order to grow a uniform epitaxial layer. The susceptor
is encircled by thermal insulator which is placed inside an air cooled quartz tube.
The thermal insulator reduces the heat loss due to radiation and consequently, hot-
wall reactors consume less power (20-40 kW) than cold-wall reactors. The thermal
insulator also helps maintain thermal uniformity. To date, this reactor geometry is
one of the most widely used hot-wall reactor configurations.

Another hot-wall configuration called a chimney reactor has received consid-
erable interest due its ability to achieve high growth rates [76]. This is a vertical
reactor similar to one shown schematically in Figure 2.18. It likewise has a hollow
susceptor with an internal rectangular cross-section. The symmetrical nature of the
susceptor provides symmetric temperature and gas flow distributions allowing the
substrates to be mounted on opposing sides of the inner walls. Typically, the gas
flow is upward through the reactor. The flow is facilitated by free convection due to
the high temperature process. The growth rate of this reactor can be as high as 50
um/ hour. Since the high growth rate introduces more defects in the deposited film,
the reactor is generally operated below 30 um/h to produce high quality epilayers.

The introduction of the multi wafer hot-wall planetary reactor concept can be
considered a significant step towards high throughput production of SiC epitaxial
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wafers. The planetary reactor concept was originally developed by Frijlink et al. in
the late 1980s for the growth of III-V compound semiconductors [82]. This design
went through a few iterations [71, 83] before becoming current high throughput
industrial scale SiC epi hot-wall reactor. The schematic illustration of the reactor
concept is displayed in Figure 2.19. The precursors enter from the top at the center
of the reactor and flow outward radially. The gas transport properties of this con-
figuration result in a decrease in growth rate as the susceptor radius increases. The
growth rate decreases because of precursor depletion as well as an increase in the
boundary layer thickness due a rapid drop in gas velocity as the area increases. In
this reactor configuration, this effect is successfully eliminated by the rotation of
the individual wafers about their individual axes. Experimental evidence confirms
achieving extremely good thickness uniformity (1.5%) and dopant uniformity (6%)
over 100 mm substrates [84]. Extremely high wafer to wafer uniformity is also re-
ported. The growth rate is typically around 10 gum/h.

A very promising hot-wall reactor concept was introduced recently for high
growth rate and uniformity [85]. The highest growth rate reported in this method
is 250 um/h. Optimal epilayer conditions are achieved at lower growth rates, typi-
cally around 80 pum/h. Thickness uniformity of 1.1% and dopant uniformity of 6.7%
over 100 mm substrate have been reported for this method. The reactor is essentially
an improved version of the cold-wall rapid-rotation reactor. The reactor concept is
schematically shown in Figure 2.20. The uniform growth is achieved by controlling
the gas flow and the temperature distribution in the reactor. First, precursor gases are
introduced from an off-centered inlet and the susceptor moves up and down during
the growth, resulting in changes in gas flow distribution. The vertical position RF
coil can also change independent of the susceptor position to control the vertical
thermal distribution. Despite a promising start, the complex nature of the reactor
hardware and operation has hindered the wide spread usage of this method.
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In addition to quality and throughput improvements by novel CVD reactor de-
signs and process optimization, the growth aspect of CVD has also been heavily
studied. Two major breakthroughs in growth of SiC CVD epilayers occurred in late
1980s and early 1990s, namely step-controlled epitaxy and site competition epitaxy.
These advances have had a tremendous impact on the SiC electronics industry.
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Step-controlled Epitaxy: In general, growth of homoepitaxial 6H-SiC layers per-
formed on well-oriented [0001] faces requires temperatures of 1700-1800 °C. Un-
fortunately, this very high temperature growth environment causes: unwanted impu-
rity contamination from the growth system itself, redistribution of dopants through
diffusion, and thermal-induced damage to the epilayer. These problems can be mit-
igate by lowering the growth temperature but low temperature growth conditions
results in inclusion of 3C-SiC, the low temperature polytype. This polytype mix-
ing due to 3C-SiC inclusion is a serious issue in CVD epitaxial growth of 4H- and
6H-SiC polytypes. The 3C-SiC inclusion in hexagonal epilayers is known as trian-
gular defects as they can be distinctly identify by the triangular shape of 3C-SiC
crystals. In the late 1980s, several research groups successfully grew high-quality
homoepitaxial 6H-SiC with a smooth morphology without 3C-SiC incorporation at
1400-1500 °C using vicinal, or off-axis (off-oriented), substrates [86, 87, 88]. Sur-
face steps existing on the off-oriented substrates serve as a template for replication of
the underlying polytype. This technique of growing epilayers on off-axis substrates
is known as step-controlled epitaxy. This technique was a significant breakthrough
in homoepitaxial growth of SiC as it enabled production of device-quality epilayers
with replication of substrate polytype at reduced growth temperature (>300 °C).
This is beneficial in reducing contamination from the reactor wall and minimizing
unwanted dopant diffusion.

Figure 2.21 schematically illustrates the epitaxial growth process on (a) a well-
oriented and (b) an off-oriented 6H-SiC substrate [89]. The well oriented [0001]
face consists of vast terraces and has very low step density. The growth process
proceeds through two-dimensional nucleation on the terraces due to high supersatu-
ration on the surface. The growth process is controlled by surface reactions such as
adsorption and desorption. Therefore, the primary factor that determines the poly-
type is the growth temperature. According to ABC notation, the stacking order of
6H-SiC is ABCACB while 3C-SiC can be either ABCABC or ACBACB. When
3C-SiC grow on well-oriented face, two adjacent nucleation sites may also leads to
double positioned twins as shown in Figure 2.21(a).

The off-oriented substrates possess high step density with narrow terrace width.
The smaller terrace width allows the adatoms to reach the step through surface dif-
fusion and the incorporation of the adatoms to the lattice at the step. The growth
process is governed by bonds from the step resulting replication of the substrate
polytype.

The initial studies on step-controlled epitaxial were performed on 6H-SiC poly-
type; however, later studies shows its viability to homoepitaxial growth of other
polytypes including 4H-SiC [22]. The remarkable success in step control growth led
to a burst in research to understand the growth mechanism and the factors affecting
step-controlled growth. The growth process of step-controlled growth is found to
be mass transport limited, not surface reaction limited. Therefore, supersaturation
conditions should be controlled to promote mass transport limited growth and to
prevent two-dimensional nucleation. Growth rate, growth temperature, and terrace
width all influence the growth mechanism [89].
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Fig. 2.21 [89] Schematic representation of the growth mechanism on (a) well-oriented and (b)
off-oriented of 6H-SiC [0001] faces ((©AIP 1994), reprinted with permission.

As the off-angle of the substrate increases, the terrace width decreases. Figure
2.22 gives the experimental data of the growth rates for various off-angles of the
[0001] face of 6H-SiC substrate at 1500 °C [90]. It clearly shows 3C-SiC growth on
both the Si-face and C-face of well oriented substrates at 1500 °C while homoepi-
taxial growth is observed on off-oriented substrates under the same experimental
conditions. It is also clear that off-angle orientation as small as 1 degree can in-
duce the step flow growth conditions. The data further reveals that surface polarity
does not affect growth on off-oriented substrates. As stated in Section 2.2.3.1, 4H
polytype, preferentially grow on C-face whereas 6H polytype preferentially grows
on the Si-face. The nonexistence of the polarity effect on step controlled growth
is attributed to the relatively low activation energy for the step controlled growth
(3 kcal/mol) in comparison to that of well-oriented substrate (C-face 20 kcal/mol,
Si-face 22 kcal/mol).

Site Competition Epitaxy: The precise control of dopant incorporation is essen-
tial to fully realize the intrinsic advantages of SiC for high power, high temperature,
and high frequency electronics. This was a difficult task, especially in obtaining
lightly-doped material because of unintentional doping that was difficult to prevent
at the high deposition temperatures. The introduction of site competition epitaxy
by Larkin et al. in early 1990s [91] provided a solution. In this method, the con-
trolled doping is based on adjusting the C:Si ratio within the growth reactor. Ear-
lier research pointed out that dopant atoms occupy specific sites of the SiC lattice,
specifically nitrogen occupies the carbon site while aluminum occupies the silicon
site [92, 93]. High C:Si ratio results in an increase in carbon concentration in the
growth environment forcing a competition between nitrogen and carbon for the C-
sites on active growing surface of SiC lattice. A similar situation occurs when the
C:Si ratio decreases, which results in the relative increase in silicon concentration
in the growth environment forcing a competition between Al and Si for Si sites on
the active growing surface of the SiC lattice. Therefore, controlling C:Si ratio of the
feeding gasses can be used for controlling dopant atom incorporation. This is the
basis for “site-competition epitaxy.”
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Site competition epitaxy is used not only for N and Al incorporation, but also
has been worked for common impurities such as boron and phosphorus [94]. This
technique has been heavily implemented to control impurity levels for both inten-
tional and unintentional dopant incorporation during the epitaxial CVD growth of
6H-, 3C-, 15R-, and 4H-SiC. For instance, when the C:Si ratio was increased from
2.3 to 10 for undoped epitaxial growth on the Si face of 6H-SiC, the layers changed
from n-type to p-type due to suppression of N incorporation. This technique enables
production of both p-type and n-type epilayers with carrier concentration down to
10'* cm 3. These types of semi-insulting substrates with low carrier concentrations
are desirable for high power SiC devices. Highly doped (up to 10%° cm~3) epilayers
have also been achieved by site competition epitaxy, benefitting device technologies
that require low parasitic resistances.
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Fig. 2.23 [95] Schematic diagram of the reactor used in close space technique for epitaxial SiC
growth (©Elsevier 1999), reprinted with permission.

2.3.1.2 Sublimation Epitaxy (SE)

Sublimation epitaxy (SE), sometimes referred as close space technique, involves a
very similar process to the standard PVT method (modified Lely method) described
previously. The SiC substrate is placed very close to the source material; the typical
distance between source and substrate is around 1 mm, compared to 20 mm for stan-
dard PVT. The reactor is schematically depicted in Figure 2.23 [95]. The process is
carried out at slightly lower temperatures (1800-2200 °C) and higher pressure (up to
1 atm) than standard PVT. The biggest advantage of SE over previously described
CVD techniques is the capability of growing epitaxial films at very high rates — as
much as 1000 um/h has been demonstrated [95]. One drawback to this method is
that changing dopant levels or dopant type during the growth is not possible.

2.3.1.3 High-Temperature Chemical Vapor Deposition (HTCVD)

This method was initially introduced by Kordina et al. It shows greater promises in
terms of growth rate, purity, and dopant control [23, 81]. High-Temperature Chemi-
cal Vapor Deposition (HTCVD) is suitable for both SiC epitaxy and bulk growth. A
brief description on the HTCVD apparatus and the process can be found in section
2.2.1. As stated earlier, the growth process in HTCVD occurs through sublimation
of gas phase nucleated Si,C, clusters; it greatly differs from the conventional CVD
processes. The process temperature is extremely high (1800-2300 °C) and helium is
used as the carrier gas to prevent etching of the susceptor by hydrogen. Growth rates
as high as 800 um/h have been reported, and it is comparable to that of boule growth
by the standard PVT method. Along with HTCVD crystal growth, this method for
producing epilayer has been adapted in industrial environment [16].
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Fig. 2.24 Conceptual drawing of the sandwich configuration used for liquid phase epitaxial growth
of SiC.

2.3.2 Liquid-Phase Epitaxy (LPE)

LPE was one of the widely used techniques for SiC epitaxial layer growth for de-
vice applications during the 1990s [96]. Although CVD is currently the preferred
method for SiC epitaxial layer growth, recently there has been a renewed interest in
LPE due to its ability to reduce the micropipe defect density. As mentioned in sec-
tion 2.2.2, the growth process occurs at low temperature in equilibrium conditions
and micropipe generation is not energetically favorable under these conditions. The
epitaxial growth process is mainly carried out using the traveling solvent method
[97, 98], in contrast to liquid phase bulk growth that primarily utilizes the top seed
solution growth method. Figure 2.24 schematically represents the reactor geometry.
A temperature gradient is maintained between the source and substrate to facilitate
the growth process. The growth rate of LPE can be as high as 300 um/h. Both n-
and p-type doping can be achieved by selecting proper source materials. A key lim-
itation to this method is the inability to switch doping level and conductivity type
during the growth [79].

2.3.3 Vapor-Liquid-Solid Epitaxy (VLS)

VLS is comparatively a new technique for growth of epitaxial SiC [99]. The growth
mechanism is based on the well known VLS process of SiC nanowire or whisker
growth [69]. The reactor configuration for VLS SiC epitaxial growth is depicted
in Figure 2.25. A silicon melt is formed in a crucible by a combination of metal
and silicon powders. There are few steps involves in the growth process, which
starts with transporting of the carbon precursor (C3Hg) to the surface of the liquid
where precursor dissociation and dissolution of carbon in the silicon melt take place.
Then, carbon transport from the vapor-liquid interface to the liquid-solid interface
occurs where crystallization of SiC happens. The wetting properties of the substrate
surface by Si melt and the height liquid droplet on the substrate is crucial for uniform
growth rate. The crucible was designed in such a way that uniform droplet height is
maintained to mitigate growth rate variations as shown in Figure 2.25.
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Fig. 2.25 [99] Schematic illustration of VLS growth reactor for epitaxial SiC growth (©RSC
2004), reprinted with permission.

The maximum growth rate obtained with this method is around 35 pm/h. The
VLS concept is still at the research stage. The commercial implementation of this
method is yet to be seen.

2.3.4 Current Status of SiC Epitaxial Wafers

Table 2.2 summarizes the key features of the SiC epitaxial growth techniques dis-
cussed above. Some of the techniques are already being used in the commercial
production environments while others are still at the research stage. Most industrial
production of SiC epitaxial films produces 4H- and 6H-SiC polytypes. Both n- and
p-type doping are available with a wide range of carrier concentrations (9 x 10
to 1 x 10'%cm?) and doping uniformity better than 10% over a 4 inch substrate.
Thicknesses up to 50 microns are routinely produced with thickness uniformity bet-
ter that 2% [13, 100, 101]. Despite commercial availability and wide spread usage
of epitaxial SiC layers, there still remain many challenges to eliminate defects in
epilayers. For example, micropipe formation due to substrate imperfections is yet
to be solved. Even though 3C-SiC inclusion is suppressed to an acceptable limit by
step controlled growth, further improvement in this area is desirable.
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Table 2.2 Key features of the current SiC epitaxial growth techniques

Technique Growth Temp. Growth rate Comments Ref.
§e) (1m/h)
CVD 1400-1500 25 Adopted in commercial environments, [76]
Growth rate can be as high as 100um/h

SE 1800-2000 1000 Changing doping level and switching [95]
conductivity type during growth not possible

HTCVD  1800-2300 800 Adopted in commercial environments [16]

LPE 1700-1800 300 Changing doping level and switching [97]
conductivity type during growth not possible

VLS 1500-1600 35 At initial research stage [99]

2.4 Polycrystalline SiC and Amorphous SiC Films

SiC MEMS technology is today dominated by poly-crystalline 3C-SiC (Poly-SiC).
Poly-SiC growth does not require an epitaxial alignment and consequently the high
temperature pre-carbonization can be avoided. This allows the growth of poly-
SiC on variety of substrate materials. Common substrate materials include single-
crystalline silicon and single-crystalline SiC as well as silicon dioxide, silicon ni-
tride, and polysilicon thin films [102, 103]. The ability to grow on substrates other
than SiC offers great flexibility in device fabrication using poly-SiC. The ability
to deposit at lower temperatures minimizes the temperature mismatch between SiC
structural layers and the underlying sacrificial or isolation layers. From a fabrication
flexibility perspective, it enhances the ability of achieving complex MEMS struc-
tures through surface-micromachining as poly-SiC can deposit on a wide range of
sacrificial and isolation materials [106]. The low temperature deposition also per-
mits the use of the poly-SiC layer as a protective coating for MEMS devices fabri-
cated using other materials such as polysilicon [104, 105].

Initially, APCVD reactors used for epitaxial SiC growth were adapted for poly-
SiC deposition [107, 108]. Later, as the process matured, various reactor configura-
tions as well as wide range of deposition techniques were introduced for poly-SiC.
LPCVD is currently the leading deposition technology for poly-SiC. However, other
techniques are also used to produce poly-SiC including PECVD, magnetron sput-
tering, ion-beam sputtering, and ion implantation. Each of these techniques has its
own advantages and disadvantages with regards to control of electrical and mechan-
ical properties and deposition characteristics. Later in this chapter, each of these
techniques will be detailed briefly.

Amorphous SiC (a-SiC) retains most of the chemical and mechanical properties
of poly-SiC and has been used for many MEMS structures. In particular, the ability
to deposit at very low temperatures is attractive from an integration point of view.
All the techniques used for poly-SiC deposition can also be used to deposit a-SiC,
and depending on the technique, the deposition temperature can be as low as 25 °C.
This even allows use of polymeric layers or heat sensitive materials as sacrificial or
isolation layers. Furthermore, it can also be used as a coating material to enhance
the chemical resistance of MEMS made using other materials. Currently, PECVD is
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the dominant technique for producing a-SiC; however, newly emerging techniques
such as ion-beam assisted deposition show promise with regards to deposition char-
acteristics such as line-of-sight deposition and no hydrogen in the deposited film.

The remainder of this section will detail various deposition techniques mentioned
above and outline advantages and disadvantages of each.

2.4.1 APCVD

APCVD was the primary technique used for deposition of poly-SiC during the early
phase of SiC MEMS technology. APCVD was the natural choice at that time be-
cause it was widely used in epitaxial growth of SiC films for electronics. So ex-
tending that knowledge to poly-SiC deposition was relatively easy. Most APCVD
poly growth is carried out using reactors that were originally used for 3C-SiC het-
eroepitaxial growth on Si [107, 108, 109]. Both vertical and horizontal reactors are
used. The growth can be accomplished either by dual precursors such as silane and
propane as the Si- and C-containing precursor gases [108] or by using a single pre-
cursor such as hexamethyldisilane (HMDS) [109, 110]. In both cases H, is used
as the carrier gas, and stoichiometric poly-SiC films on Si wafers are achieved at
temperatures above 1050 °C.

At the initial phase of SiC MEMS, APCVD played a critical role in demonstrat-
ing the suitability of poly-SiC thin film technology for harsh environment MEMS
applications. It was successfully used to produce MEMS-grade poly-SiC films.
Nonetheless, commercial implementation of APCVD for SiC MEMS is hindered
by some inherent disadvantages with regards to scaling up the process volume and
lowering growth temperature. APCVD SiC reactors use inductively heated graphite
susceptors similar to those shown in section 2.3.1.1. This restricts the substrate size
and reactor load, limiting throughput. The deposition temperature is over 1050 °C,
which is not suitable for depositing poly-SiC on wide range of materials. Further-
more, the high deposition temperature is also a concern for monolithic integration
with ICs. In order to address these issues, LPCVD and PECVD methods were pro-
posed.

2.4.2 LPCVD

LPCVD is a well established technique in silicon semiconductor and MEMS pro-
cessing. This technique offers precise control of gas transport properties compared
to APCVD, permitting deposition of thin films with excellent uniformity and ex-
tremely good step coverage. These characteristics are highly critical factors for
MEMS fabrication. Moreover, excellent purity, large-size wafer capability, and
multi-wafer capacity of LPCVD reactors are attractive for high throughput produc-
tion of high quality films.
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Fig. 2.26 Schematic diagram of a high throughput large diameter hot-wall LPCVD reactor.

Over many years, a large number of feasibility studies, done in small scale re-
actors, have proven the usefulness of LPCVD as a method for poly-SiC thin film
growth [112, 113, 114, 115, 116, 117]. Those studies have shown that LPCVD of-
fers the flexibility to grow poly-SiC films that have a wide range of electrical, me-
chanical, and chemical characteristics. Encouraged by these initial results, recent
efforts have been focused on developing process for poly-SiC deposition in large
area multi-wafer reactors. Zorman et al. were the first to report depositing poly-
SiC films on 100 mm diameter silicon substrates in a reactor capable of handling
100 wafers at a time [118]. From then on, a tremendous amount of research has
been performed to optimize deposition parameters and increase throughput. Today,
LPCVD processes are available for substrates as large as 150 mm in diameter. The
optimization of LPCVD processes to improve film properties for specialized appli-
cations continues to be an active area of research.

Figure 2.26 is a schematic illustration of a hot-wall LPCVD reactor used in poly-
SiC growth. The reactor is resistively heated as opposed to inductive heating in
APCVD. Nitrogen and hydrogen are commonly used as carrier gases. The reactors
are very similar to the reactors used in poly-Si processes, except that the temperature
of poly-SiC reactors can go as high as 1200 °C. The deposition temperature varies
with process conditions and precursor type.

A wide array of single and dual precursors has been exploited for poly-SiC.
Single precursor includes disilabutane (DSB), trimethylsilane, and hexamethyldisi-
lazane (HMDS). As for the dual precursor, silane and dichlorosilane are commonly
used as the silicon precursor while methane, butane, and acetylene are used as car-
bon precursor. As the process optimization is based on precursor type, the following
discussion is mostly limited to precursors that have reasonably well developed pro-
cesses for poly-SiC based MEMS production.

For single precursor poly-SiC growth, 1,3 disilabutane (DSB) is the most ex-
plored to date. It is capable of producing high quality poly-SiC around 800 °C and
can be used to deposit a-SiC at temperatures as low as 650 °C [116, 117]. One
of the notable distinctions for DSB is the high growth rate, which can be as high
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as 55nm/min at 800 °C [116]. There is an extensive set of data available with re-
gards to process conditions as well as the electrical and mechanical properties of
the poly-SiC films deposited using DSB [119, 120, 121, 122]. For instance, in-situ
nitrogen doped films show resistivity as low as 0.02 €2-cm [120] and carrier con-
centrations up to 6.8 x 10!7 cm™3 [123]. One of the key deposition characteristics of
DSB-based LPCVD is the highly conformal nature. The low temperature deposition
along with highly conformal deposition characteristics is highly desirable for wear
and chemical resistive coatings for released MEMS structures. Some examples in-
clude wear resistive coating on microscale engine components fabricated using sil-
icon [124] and a chemically resistive coating of a silicon double ended tuning fork
resonator[125] and capacitive strain gauge [126]. As for a structural material for
MEMS, poly-SiC deposited using DSB has been used for many functional MEMS
structures such as Lamé mode filters [127].

Single source precursors such as methylsilane [103], trimethylsilane, and HMDS
[109] have similar potential as a source material for LPCVD poly-SiC. Methylsilane
has been recently used in a large diameter multi-wafer format LPCVD rector [128].
Key advantages of using methylsilane as a single precursor over DSB are that it is
readily available and is substantially less expensive. In terms of deposition temper-
ature, methylsilane can also produce poly-SiC at 800 °C. Initial results show great
promise with regards to electrical and mechanical property control. Nitrogen doped
films made using methylsilane exhibit resistivities comparable to DSB deposited
films [129]. Based on current status, methylsilane is a sound single precursor that
needs attention from poly-SiC developers.

The combination of dichlorosilane (SiH,Cly) and acetylene (C,H>) dominates
dual precursor based LPCVD poly-SiC deposition because of its early start and
well characterized processes for MEMS grade films. The deposition temperature for
MEMS grade poly-SiC using this gas chemistry is 900 °C. Starting with a feasibility
study by Wang et. al, this gas combination was quickly adapted to poly-SiC depo-
sition on large area (100-150 mm) wafers in multi-wafer LPCVD reactors [118].
From then on, LPCVD deposition with SiH,Cl, and C,H; has played a crucial role
in SiC MEMS development. Extensive research has been performed on this precur-
sor combination for many years, so there exists a vast knowledge base on process
conditions and corresponding material properties. Outstanding stress control over a
wide range from high tensile to medium compressive, including crossing zero stress,
has been achieved. In terms of n type doping, the nitrogen atomic concentration up
to of 2.6 x 10?%/cm? and resistivity down to 0.02 -cm have been reported [130].
In terms of technological maturity, the process using this dual precursor system is
ready for wide spread use. Most of the MEMS devices discussed in Chapter 4 have
been fabricated using thin films deposited with this technique. High-temperature,
shock-resistance strain gauge [131], harsh environment accelerometer [132], and
pressure sensor for in-cylinder pressure measurements [ 133] are but a few.

Despite new PECVD and other physical vapor deposition methods emerging for
creating poly-SiC films, to date LPCVD has become the gold standard technique
for poly-SiC MEMS mainly because of the relentless push towards achieving high
quality films with reproducible electrical and mechanical properties. In the next sec-
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tion, process parameters that are used for controlling highly critical factors such as
doping, residual stress, and strain gradient of LPCVD poly-SiC films will be dis-
cussed.

2.4.2.1 Doping of LPCVD Poly-SiC Films

For many MEMS applications, poly-SiC with tunable levels of conductivity are ei-
ther highly desired or required. As mentioned in Chapter 1, diffusion doping is not
an option for SiC, and the controlled inclusion of impurity atoms is accomplished
through the addition of a dopant precursor to the reactor during the growth. With
regards to MEMS applications, the conductivity takes precedence over the impurity
type (n or p). Therefore, in most cases, n-type doping with nitrogen is preferred for
poly-SiC due to processing ease. Furthermore, nitrogen has the shallowest ioniza-
tion energy in SiC comparison to other dopant atoms such as phosphorus, aluminum,
and boron [1].

Doping of epitaxial as well as bulk growth of SiC are routinely done us-
ing gaseous nitrogen and ammonia [134, 135]. However, dopant incorporation in
MEMS-grade poly-SiC is relatively difficult due to low temperature deposition re-
quirements along with the required material characteristics of the poly-SiC. First,
the doping precursor must decompose at low temperatures. The existence of grain
boundaries in poly-SiC also complicates dopant incorporation and carrier transport
at low temperature. The trapping of dopant atoms in grain boundaries and reduction
of adatom mobility directly affects the growth process, resulting in changes in the
film properties [119, 136, 137].

There were many concurrent studies on doping low-temperature-deposited poly-
SiC using ammonia. The first successful attempt was reported by Wijesundara et al.
for doping of poly-SiC grown by DSB at 850 °C [119]. Resistivity down to 0.02
€Q-cm was achieved. Later, doping of poly-SiC at growth temperature as low as 800
°C was demonstrated confirming the of practicality of NH3 as a doping precursor
for low temperature deposition of poly-SiC [124]. Figure 2.27 shows the resistivity
changes due to increase in ammonia in the feed gas. Currently, NHj3 is being used
as the dopant precursor for poly-SiC deposited from both single and dual precursor
deposition systems [130, 129].

The key challenge in doping poly-SiC is to optimize electrical properties while
keeping the desired mechanical properties for MEMS applications. It is shown that
doping can lead to changes in the growth characteristics such as growth rate, degree
of crystallinity, grain size, and residual stress as well as influences the Young’s Mod-
ulus of poly-SiC. Changes in the degree of crystalline quality due to doping varia-
tions was initially observed by Wijesundara et al. [119]. This was further confirmed
by Zhang et al. showing a decrease in the lattice constant as doping concentration
increases [123]. Furthermore, recent studies show that changes in grain size due to
doping influences the quality factor of flexural-mode poly-crystalline silicon carbide
(SiC) lateral resonators [136]. These results shows that mechanical properties and
the doping level of poly-SiC are intertwined, and it is important to optimize both
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Fig. 2.27 [124] The resistivity variation of poly-SiC films deposited at 800 °C as a function of the
NH; (dopant precursor) flow rate ((©Elsevier 2003), reprinted with permission.

electrical and mechanical properties together for the realization of poly-SiC MEMS
devices. These studies also suggest that doping can be used as a tool for tailoring
device characteristics.

2.4.2.2 Residual Stress and Stress Gradient Control on LPCVD poly-SiC

As mentioned at the beginning of the chapter, the residual stress and stress gradient
are two highly critical factors that have to be addressed at the materials level in order
to realize MEMS devices. Processes have to be developed to reduce both the average
stress and stress gradient such that they are sufficiently small to be useful in creating
free-standing microstructures that do not break, buckle, or curve out of plane. The
control of these two parameters in poly-SiC thin films is very challenging due to sev-
eral reasons. First, deposition is done on top of different materials with varying ther-
mal properties. The thermal mismatch and elevated deposition temperatures cause
thermal induced stress at room temperature. Lowering the deposition temperature
and selecting substrates and interlayer materials with similar thermal expansion can
be helpful. However, for LPCVD deposition, the temperature is primarily dictated
by the precursor used. The material selection is governed by the poly-SiC surface
micromachining technology. Currently, polysilicon, silicon dioxide, and silicon ni-
tride are the primary set of materials used in poly-SiC micromachining. Therefore,
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Fig. 2.28 [113, 121] Influence of deposition temperature on the average stress of LPCVD poly-SiC
thin films deposited using (left) Tetramethylsilane (TMS) (©AIP 2000) and (right) 1-3 disilabu-
tane (DSB) showing zero-crossing ((©SPIE 2003), reprinted with permission.

the material choice is rather limited. The other factor which highly influences the
stress and stress gradient of deposited film is the microstructure of the film. Typi-
cally, poly-SiC growth occurs with a columnar or grain structure. The size of grains
or columns has a strong correlation to residual stress. Furthermore, the grain or col-
umn size vary as the growth progresses, resulting in variation in stress through the
film thickness, causing strain gradient.

The deposition temperature has been one parameter explored for controlling both
residual stress and stress gradient as it has a direct relation to the microstructural
properties of the films including grain, column, and crystallinity. Figure 2.28 dis-
plays the temperature dependence of poly-SiC films deposited by (a) tetramethyl-
silane and (b) DSB [113, 121]. Temperature can be used to change thin film stress
from highly compressive to medium compressive to tensile, including crossing the
zero stress point. However, temperature alone cannot be used to optimize MEMS
films as it also changes other parameters such as resistivity and crystallinity.

One notable development in controlling the film stress is reported for dual precur-
sor poly-SiC deposition is to control deposition pressure [138]. Pressure influences
the gas transport property of the reactor thereby causing microstructural changes,
specifically grain or column size. In this case, low stress poly-SiC films were ob-
tained while keeping the stoichiometry, crystallinity, and resistivity at optimal con-
ditions. Figure 2.29 shows the residual stress versus pressure for films deposited at
900 °C using SiH2C12 and C2H2.

Other aspects of changing deposition parameters have also been investigated.
Roper et al. reports that changes in the C:Si ratio has an effect on the stress levels of
poly-SiC deposited using DSB [139]. Adding small amounts of SiH,Cl; to a reactor
during deposition changes the elemental composition and grain size of the resulting
film, thereby changing the stress level.

The cause for a variation in stress through the thickness of a material is mainly
attributed to changes in the stress level of the films as a function of microstruc-
ture variation along the thickness. Structural changes have been observed for both
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Fig. 2.29 [138] Residual stress as a function of deposition pressure for poly-SiC films deposited
at 900 °C using SiH,Cl, and C,H, (5% in Hy) ((©Trans Tech Publications 2004), reprinted with
permission.

columnar and grain growth of poly-SiC as the thickness increases. Figure 2.30 is a
TEM image of poly-SiC interface grown on a SiO, substrate [110]. It clearly indi-
cates the column size varies as the thickness increases. For grain growth, a similar
behavior was observed by Fu et al. for poly-SiC grown on a SiC substrate [140].
One successful approach to suppress this structural variation is by disrupting the
growth process. Deposition can be done in few successive runs in order to stop the
continuation of underline grains or columns. Another way of addressing this issue
is layer by layer deposition with each different layer having different doping levels
to further modulate the stress. More detail on this process can be found elsewhere
[141].

Even though there is room for further optimization and development, LPCVD
poly-SiC has matured to a level that makes it useful for many MEMS applications.
At this stage, the majority of poly-SiC MEMS are still limited to academic research
institutions (Figure 2.31). The transition of academic poly-SiC processes for MEMS
to commercial production of SiC microsystems is gated by unavailability of support-
ing SiC electronics.
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Fig. 2.30 [110] TEM image of poly-SiC grown on SiO; showing the variation of the size with film
thickness ((©FElsevier 2009), reprinted with permission.

2.4.3 PECVD

As a structural material for harsh environment MEMS, PECVD deposited amor-
phous SiC (a-SiC) exhibits the desired chemical and mechanical properties [143].
PECVD deposition of a-SiC has drawn significant interest because of its very low
deposition temperatures (<600 °C). This enables integration of a-SiC into a wide
range of substrates, making PECVD an important technique for SiC microsystem
fabrication.

The main areas that may heavily benefit from the use of PECVD a-SiC include
device encapsulation, protective coatings, and forming dielectric layers. As with the
deposition techniques described earlier, the film properties largely depend on the
deposition conditions. Depending on the specific application and maximum thermal
budget allowed, deposition parameters can be used to tailor film properties.

In general, SiC PECVD is performed in conventional PECVD reactors with
heated substrate holders [144]. Methane and silane are commonly used precursors
[144, 145, 146]. It is also possible to use a single precursor such as DSB or methylsi-
lane. The film properties strongly depend on the process parameters including depo-
sition temperature, pressure, plasma power, and gas phase composition. In general,
PECVD films exhibits compressive stress but process conditions can be optimized
to tailor the stress levels to desired values. Typically, low plasma power and high
temperature conditions yield low stress films. Sometimes post-deposition annealing
at temperatures between 450 and 600 °C may still be required to reduce stress levels
[143].

PECVD deposition of a-SiC can be used as a scaffolding layer as well as the
final sealing layer for MEMS devices (see Chapter 5). Early studies demonstrated
PECVD a-SiC for encapsulation of membranes. Figure 2.32 shows a SEM image
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Fig. 2.31 Some of the notable poly-SiC MEMS devices fabricated at various research institutes:
(a) a checkerboard filter fabricated using a array of Lamé mode resonators with center frequency
of 175 MHz [127], (b) double-ended tuning fork resonant strain gauge that works at 500 °C and
survive at 64,000 g shock load [131], capacitive accelerometer for range of 5,000 g [132], and
pressure sensor that operates at 575 °C [133]. (©IEEE 2005, SPIE 2009, Trans Tech Publications
2009, Elsevier 2008), reprinted with permission.

of the top-view of a cleaved circular membrane created by PECVD a-SiC encap-
sulation [147]. These examples demonstrated the potential of PECVD deposited a-
SiC. However, as deposited, a-SiC is not conductive enough to become a standalone
MEMS material.

2.4.4 Ion Beam Assisted Deposition

Ion beam assisted deposition (IBAD) utilizes physical wafer deposition combined
with concurrent ion bombardment to create thin films. The physical wafer deposition
technique can be either sputtering or evaporation. Figure 2.33 shows a schematic di-
agram of an IBAD system equipped with a sputtering ion source (deposition source)
and an assist source (ion bombardment source). The role of the assist source can vary
depending on the application needs. In some instances, it can be used to densify the
deposited film or to create a modified interface between substrate and deposited
film. In both cases, ions from a noble gas such as argon are used. This mode of
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Fig. 4. Top-view of a cleaved circular PECVD a-SiC encapsulation

Fig. 2.32 [147] Top view of cleaved encapsulation membrane fabricated using PECVD a-SiC
(©IEEE 2009), reprinted with permission.

operation is suited for depositing single element layers, such as metals. However, if
the assist source provide reactive ions to the growing surface, it creates compound
materials. In this case, typically, a metal is evaporated or sputtered while the growth
surface is continuously bombarded with reactive ions, such as oxygen or nitrogen
ions to create metal oxides and nitrides. Currently, IBAD thin films are widely used
as magnetic thin films, protective coatings, and hard coatings [148].

To form compound films such as SiC using ion beam sputtering, typically dual
ion beam systems are used with separate targets for each type of element [149].
Multiple targets are used because ion beam sputtering is not well suited for sput-
tering compound material targets such as SiC due to preferential sputtering of one
element over the other [150]. That leads to the formation of nonstoichiometric films.
However, it has been shown that if a SiC target is sputtered with ion energy around
1200 eV, the sputtering yields 1:1 ratio of silicon to carbon [151]. Encouraged by
this observation, an IBAD system was developed for low temperature deposition of
a-SiC [152]. This system (Figure 2.33) consists of two ion guns, a target holder, and
a substrate holder. The ion energy range of the sputter gun is between 500 and 1500
eV and argon is used as the sputtering gas. The assist ion gun ranges from 50-500
eV. The role of the assist gun in SiC MEMS thin film deposition is for stoichiomet-
ric fine tuning of the films as well as strain gradient control of the deposited film
[153]. The typical deposition rate of this type of system varies from 5 to 15 nm/min
and is a function of the ion fluence of the sputtering source.



2.4 Polycrystalline SiC and Amorphous SiC Films 77

Sputtering lon Source
lon Energy: 500-1500eV £
£

g o — &
o . X
’ IncommgPartches %

form Target

Substrate

Assisting lon Source
lon Energy: 50-500eV

Surface Normal :

©=Deposition Angle Substrate Holder with heating

and rotation capability

Fig. 2.33 Schematic representation of ion assisted SiC deposition system with definition of the
deposition angle.

Films can be created at room temperature or at high temperature with a heated
substrate holder. The film stress is compressive in nature and the stress levels de-
creases as the temperature increases. The deposition pressure also has an effect on
stress levels. Typically, higher deposition pressure reduces compressive stress. De-
position angle, 0, also has a huge impact on the stress levels. As 6 increases, the
compressive stress decreases due to changes in packing density. Assisting ions also
increases the compressive stress due to film densification. Therefore, it is desired to
do deposition without assisting ions, unless demanded for stoichiometric fine tuning
or strain gradient control.

A unique characteristic to ion beam sputter deposition is the high directionality
of sputtered particles coming out of the target. This is due to the use of collimated
ion beam for sputtering. Therefore, the IBAD technique allows line-of sight depo-
sition, which is highly advantageous for etch hole sealing during encapsulation in
comparison to other physical and chemical vapor deposition techniques.

Typical zero level encapsulation schemes deposit a sealing layer on a porous scaf-
fold film after releasing the underlying MEMS device (see Chapter 5) [154]. Cur-
rently, CVD is the main technique employed for sealing the scaffolding layer [154].
In some instances, PECVD and material reflow methods have also been investigated
[132, 155]. Despite being a widely used technique, CVD tends to mass load the re-
leased MEMS devices due to the conformal nature of the deposition [156]. IBAD
enables etch hole sealing without unwanted mass loading of released MEMS struc-
tures because of its inherent line-of-sight deposition capability. The preliminary re-
sults of IBAD for etch hole sealing highlights its potential. Figure 2.34 represent the
deposition characteristics of IBAD based etch hole sealing. Results clearly indicate
no visible slide-wall or down-hole deposition of SiC.

IBAD for a-SiC is still at an early stage of development. As shown in Figure 2.34,
it has a tremendous potential for wafer level encapsulation [152]. Since the deposi-
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Fig. 2.34 [152] Cross-sectional SEM image of a sealed etch hole with deposition angle of 50
degrees showing no visible deposition on sidewalls and the bottom of the substrate (©IEEE 2007),
reprinted with permission.

tion is typically carried out at pressures on the order of 10~ Torr, this method would
be highly attractive for vacuum encapsulation as the low cavity pressure drastically
reduces air damping of vibrating MEMS devices. Furthermore, line-of-sight depo-
sition can be used for creating unique MEMS devices such as 3D microstructures
by using shadow mask techniques. Despite the lower deposition temperature of an
IBAD a-SiC film, it does not contain hydrogen as opposed to PECVD. Hydrogen-
free films are highly attractive for high temperature applications due to its high
thermal stability.

2.4.5 Other Deposition Methods

Poly-SiC and a-SiC can be deposited using wide variety of techniques. Magnetron
sputtering is an attractive technique for SiC since it is a low temperature deposition
method very similar to PECVD. However, studies have yet to be focused on utilizing
this technique for MEMS grade poly- or amorphous-SiC. Some limited studies on
the deposition of a-SiC demonstrates that it is possible to achieve stoichiometric SiC
by magnetron sputtering [157]. Exploring this technique as an alternative to PECVD
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Fig. 2.35 [158] SEM topograph of a released MEMS test structure fabricated using C ion implan-
tation of polysilicon (©IOP 2000), reprinted with permission.

would be beneficial because it enables producing hydrogen free a-SiC films at lower
temperature. Further studies need to be focused on controlling of mechanical and
electrical properties of the SiC films.

Serre et al. reported direct synthesis of SiC microstructures by implanting carbon
ions through a shadow mask into a SiC substrate [158]. This is a very attractive
process as it allows creation of MEMS devices without etching SiC films. When
SOI wafers are used, the top Si layer is converted to SiC by ion implantation, and the
underlying oxide layer can be used as sacrificial layer. Figure 2.35 displays a SEM
image of a fabricated microstructure using this method. As evident by the SEM
images, stress and stress gradient control of the films is an issue. The implantation
leads to dislocating atoms in close proximity and densification of the film leading to
increased film stress. Further research in this area is needed to mitigate stress factors
and understand thickness limitations of this method.

At the current stage of SiC MEMS technology, CVD SiC deposition techniques
are mature enough to supports fabrication of complex microstructures that are simi-
lar to silicon MEMS. However, the advancement of SiC MEMS demands new depo-
sition techniques that will enhance the prospect of achieving an all SiC microsystem.
More specifically, it is highly critical to examine low temperature deposition pro-
cesses because it allows fabrication of MEMS devices on top of electronics without
violating the overall thermal budget of the electronic circuitry.
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2.5 Patterning of SiC

The creation of microstructural features by selectively removing SiC films or bulk
materials is essential for each device layer of the microsystem. However, high chem-
ical inertness, owing to high bond strength between the silicon and carbon, makes
sculpting of SiC quite difficult. This imposes and extra burden on selecting a pat-
terning method, masking materials, and sacrificial layers in order to create microde-
vices.

Etching, molding, milling, and ablation can be used for micropatterning of SiC
materials. As for etching, both dry and wet chemical etch processes have been ex-
ploited. Molding of microstructural elements is seen as a way to overcome the pat-
terning difficulties that arise from the high chemical inertness of SiC. Ion milling
techniques, such as FIB (focused ion beam), provide opportunities for creating high
precision submicron features; however, the serial nature of the process limits the
throughput and complexity of structures. Laser ablation of SiC is faster in compari-
son to FIB but its ability of making microstructures with fine geometric control has
yet to be demonstrated. The following section will review the most commonly used
methods for selective pattering of SiC thin films and bulk materials.

2.5.1 Dry Etching of SiC

Dry etching of SiC is mainly achieved through plasma-based reactive ion etching
(RIE). This method is the primary method used to selectively etch SiC for device
fabrication today. RIE dry etching provides precise control of linewidth, sidewall,
and surface profile. The removal of SiC in RIE occurs through a combination of
physical and chemical processes. Physical sputtering occurs through bombardment
of the surface with energetic particles ejected from the plasma. Chemical etching
occurs through reaction of active chemical species present in the plasma with sur-
face species. Controlling of these two competing processes are essential for creating
an etch profile with the desired side-wall angle and surface finish. Therefore, the se-
lection of reactor type, the process conditions, and gas chemistries are extremely
critical.

Various etch chemistries have been developed for plasma-based SiC etching.
Most processes have been centered on fluorine based chemistries. Fluorinated com-
pounds such as CHF3, CBrF3, CF4, SFg, and NF3; mixed with O have been success-
fully implemented [159, 160, 161]. However, SF¢ and O, is the most researched gas
combination for Si etching, widely deployed in both research and industrial envi-
ronments [159]. Hence, it is an obvious choice to explore for SiC etching. Some of
the probable chemical reactions associated with SiC etching in a plasma containing
fluorine and oxygen is given in equation (2.4), (2.5) and (2.6) [159].
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Si+xF — SiF, 2.4)
C+yF —CF, (2.5)
C+z0 — COq (2.6)

The presence of oxygen in a fluorinated plasma facilitate the SiC etch process
in several ways. From Eq. (2.6), it is apparent that it is directly involved in the
removal of C from SiC. Furthermore, the atomic oxygen in the plasma reacts with
unsaturated fluoride species to generate reactive F atoms. Therefore, the oxygen
presence in the plasma provides more reactive species for removing C and Si while
simultaneously consuming the polymer-forming fluorocarbon species [159, 162].

Plasma etching of SiC with SF¢ and O, typically uses metal masks to achieve
a high selectivity; however, metal masks are known to create micromasking prob-
lem. Micromasking occurs when metal atoms of the mask material are sputtered
by the plasma and redeposited in the etch field and act as local mask for the etch
process. This results in grass-like structures on the etch surface. In addition, using
a metal mask material typically requires a dedicated metal-contaminated tool or ex-
tensive cleaning between process changes as metal particles tend to be contaminants
for many other processes including CMOS. To eliminate metals and to use widely
accepted CMOS compatible masking materials such as SiO,, and Si3N4, chlorine-
and bromine-based chemistries have been investigated [163, 164]. Despite achiev-
ing reasonable selectivity for SiO», and Si3Ny4, chlorine- and bromine-based etching
has significantly slower etch rates.

The selection of proper reactor type and operating conditions are also critical
for realizing higher etch rate, etch selectivity, vertical sidewalls, and smooth sur-
faces. For example, conventional reactive ion etching (RIE) systems that use two
parallel plates and a RF plasma generator have low plasma densities and high en-
ergy species. Therefore, etching of SiC in these type of reactors are dominated by
physical sputtering, causing rough etch surfaces and low selectivity towards com-
monly used masking materials [159]. To overcome these shortcomings, most SiC
etching is done using high-density, low-pressure plasma etchers, such as electron
cyclotron resonance (ECR), transformer couple plasma (TCP), helicon plasma, and
inductively coupled plasma (ICP) reactors [159, 164, 165, 166]. Among these, ICP
is the most widely used technique. It offers many advantages over other methods in-
cluding scalability and low operating cost. The capability of producing high plasma
density at lower pressures is highly attractive because it reduces ion scattering, re-
sulting in a significant reduction in lateral etch rate for high anisotropy [159, 166].

From the microsystem perspective, the required etch depth varies with the device
type. For example, the etch depth is typically submicron for most SiC electronics
applications, whereas it is often one to tens of microns for MEMS, and hundreds
of microns for through-wafer holes for some high frequency SiC electronics [165].
To address these varying needs, different masking materials and process conditions
have been developed. Photoresist, metal, SiO, Si;Ny are the typical masking ma-
terials for selective etching of SiC. To date, the highest etch selectivity of 100:1 is
reported for a Ni mask used with a SFg and O, gas chemistry in an ICP plasma
etcher [167]. The reported etch rate is 1.5-1.6 pm/min. This would be an ideal pro-
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cess for many SiC MEMS processes with regards to both etch rate and selectivity.
The etch rate can be further increased up to 2.6 um/min for bulk etching of SiC;
however, the etch selectivity decreased to 45:1. The highest etch selectivity for a
non-metal masking material, such as SiO; and Si;Ny, is reported by Gao et al. us-
ing a HBr based gas chemistry in a TCP system [164]. The reported value for etch
rate ratio for SiC:SiO, and SiC:SiyNy is up to 20:1 and 22:1, respectively. While
the etch selectivity is reasonable, one of the drawbacks to this etch chemistry is the
extremely low etch rate: <150 nm/min. Although etch rate can be slightly increase
with plasma conditions, the etch selectivity of non-metal mask become poor, lead-
ing to fast mask erosion. This results in undesired side-wall angles and rougher etch
surfaces [164].

2.5.2 Wet Etching of SiC

Despite the fact that SiC is very difficult to be etched by wet chemical etching, many
wet chemical etch processes have been investigated. Some attractive features of wet
etching include selective etching of amorphous SiC over single crystalline SiC and
dopant selective etching. In addition, wet etching does not require very expensive
apparatus.

Wet etching processes for SiC fall into two general categories, namely chemical
etching and electrochemical etching. Regardless of the category, the wet etching of
SiC involves oxidation of the SiC surface and subsequent dissolution of the result-
ing oxides. Since the etch process occurs though surface oxidation, many parameters
including surface defects, microstructure, dopant type, and seed polarity all can af-
fect the etch characteristics. This section provides a brief overview of wet etching
techniques used in SiC. An excellent review of SiC wet etching was conducted by
Zhuang et al. [170].

Various etch chemistries ranging from highly basic to highly acidic have been in-
vestigated for chemical etching of SiC. Molten potassium hydroxide (KOH) etches
SiC and the high etch rate is highly desirable for bulk-micromachining of substrates.
However, the usefulness of this technique is limited by the lack of control over
etching in the lateral direction. Furthermore, the high reactivity of molten KOH
towards many other materials presents process compatibility issues. As a low tem-
perature wet etch chemistry, a hydrofluoric (HF) and nitric acid (HNO3) mixture
has been shown to etch a-SiC and poly-SiC [171, 172]. The etch process can be
done at room temperature, which is highly desirable. The inherent disadvantage
to this method includes poor control over lateral dimensions. Similar to molten
KOH, the etch solution is highly reactive to almost every standard masking, sac-
rificial, and isolation layer material (Si, SiO,, Si;N,, Al, Ti, Ni, Ta, Cr, Mo, W,
and Cu) used in traditional microfabrication. Single-crystalline SiC and diamond
are highly resistant to HF+HNO3, so they can be used as etch masks. The etch
resistance to single-crystalline SiC over amorphous SiC can be employed to pat-
tern single-crystalline SiC by amorphization of of selective regions. The amorphiza-
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tion of single-crystalline SiC is typically done by ion implantation. Alok ef al. has
demonstrated a highly anisotropic etch by producing a trench with a depth of 0.3-0.8
um on a 6H-SiC by ion implantation and HF+HNO3 etching [171].

The electrochemical etch process of SiC occurs via oxidation reactions that forms
volatile and dissolvable compounds. Diluted HF is commonly used as the electrolyte
in which water serves as the oxidant and HF reacts with SiO; formed by the oxida-
tion. The SiC surface act as the anode and generally Pt is used as the cathode. The
widely accepted anodic reactions are shown in Eq. 2.7 and 2.8 [170]:

SiC+2H,0+4ht — SiO+CO+4H™" (2.7)
SiC+4H,0 +8h" — SiO>+CO,+8H ™" (2.8)

where h™ represents holes.

According to the above reactions, the oxidation reaction is facilitated by hole
generation. Ultraviolet (UV) illumination during the electrochemical etch process
increases hole generation resulting in an increase in etch rate. This is known as
photoelectrochemical etching (PEC) [170]. The feasibility of employing of PEC
etching for SiC has been demonstrated by fabricating a pressure sensor using bulk
micromachining of 6H-SiC [173]. Similar to other wet etching techniques, poor di-
rectionality control is a disadvantage. Furthermore, uneven etching is observed due
to shadowing of UV light by evolving microstructures as the etch progresses. The
prerequisite of having electrical contact to the regions being etched limits the use-
fulness of electrochemical etching and PEC for surface micromachining technology
because some part of the microstructure can lose electrical contact as the etching
process progresses.

2.5.3 Molding

The micromolding process for SiC was developed to obtain thicker 3D microstruc-
tures of SiC. This method was very attractive during the initial development phase
of SiC MEMS because no viable DRIE process was available for SiC. The mi-
cromolding process resembles macro scale SiC molding using an investment cast
technique. It starts with micromold fabrication, generally using silicon DRIE. The
mold is subsequently filled by depositing SiC, typically using CVD, followed by
chemical-mechanical polishing to remove excess material. Finally, the mold is re-
moved by dissolving the mold materials to release the microstructure. The process
steps are schematically depicted in Figure 2.36.

The first reported SiC microstructure created using the micromolding process
was for the fabrication of SiC fuel atomizers for gas turbine engines [174]. In this
case, a Si mold was fabricated using a Si DRIE process and SiC was deposited us-
ing APCVD. Excess SiC was removed by mechanical lapping before releasing the
structure by dissolving the Si mold with heated KOH. Figure 2.37 shows the Si mold
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Fig. 2.36 [174] (a) micromold, (b) SiC deposited micromold, (c) micromold with SiC after remov-
ing excess SiC, and (d) released SiC microstructure ((©Elsevier 1999), reprinted with permission.
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Fig. 2.37 [174] SEM image of (a) Si mold before deposition of SiC and (b) remolded SiC fuel
atomizer using the Si mold ((©Elsevier 1999), reprinted with permission.

and SiC fuel atomizer fabricated using the micromolding process. The performance
of the micromolded SiC atomizer was compared with a Ni atomizer at similar con-
ditions. Both atomizers performed equally well with the SiC device exhibiting a
higher erosion resistance than the Ni atomizer. Some other examples of using mi-
cromolding for SiC microstructures include micromotors and micro-turbine engine
parts [175, 176].

Today SiC DRIE is reasonably developed and can be successfully used to create
a wide array of high aspect ratio SiC microstructures, yet there are areas of SiC
microtechnology that still can benefit from the micromolding process. For instance,
the maximum thickness of a bulk-micromachined SiC microstructure is predeter-
mined by the wafer thickness. But in the molding process, thickness is determined
by the mold. Furthermore, the ability to use well-established Si microfabrication
techniques and no SiC etching requirement ease the fabrication constraints.

2.5.4 Other Patterning Methods for SiC

Direct writing methods such as focused ion beam (FIB) and laser micromachining
have found applications in SiC microtechnology. Bhave et al., for example, reports
the use of FIB for creating microstructures with 195 nm electrostatic gaps for elec-
tromechanical transduction in a poly-SiC Lamé-mode resonator [127]. In terms of
achievable feature size and maskless patterning ability, FIB is very desirable as a
prototyping tool to validate design concepts at a low cost. The major drawback to
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this method is the serial nature of the process, which limits its usefulness for com-
mercial SiC microsystem fabrication.

Laser micromachining is already widely used for cutting and drilling holes in
many materials including SiC. Faster removal rate of laser micromachining is very
attractive in comparison to FIB. One application is creating SiC vias of 10 to 20
um in diameter using a femtosecond laser to bore through a 400 micron thick SiC
substrate [177]. However, the holes seem to be significantly tapered and visible
melting and resolidification can be observed. In theory, the use of nano- and pico-
second pulse lasers will mitigate these problems, however, to date it has not yet
been demonstrated for SiC patterning. Therefore, laser patterning is seen as still too
immature of a process for SiC patterning to displace reactive ion etching for all but
very specialized applications.

2.6 Planarization and Surface Preparation

Planarization and surface preparation of SiC are required at various stages of SiC
microsystem fabrication. With regards to SiC electronics, defect-free, atomically-
clean surfaces are a prerequisite for obtaining high-quality SiC epilayers because
the surface defects in the substrate are replicated into the epilayer. Typically, a va-
riety of sequential planarization and surface preparation steps are involved in SiC
electronics fabrication. Although the criticality of defects and surface cleanness for
MEMS is below IC standards, planarization and surface preparation steps are help-
ful for MEMS fabrication as well. Planarization is needed for high fidelity pattern
transfer when multi-step fabrication is used. Planarization is also a necessity for
the previously discussed SiC molding process. From the perspective of integrated
microsystem fabrication, planarization and surface preparation will play a critical
role, regardless of whether the integration scheme involves MEMS first IC second,
MEMS above IC, or MEMS next to IC (see chapter 6).

Steps for atomically-cleaned planar substrate surface preparation involve lapping
and mechanical polishing followed by chemical mechanical polishing and etching.
Each of these steps is briefly detailed below.

2.6.1 Lapping and Mechanical Polishing

Lapping and mechanical polishing is the first step performed on as-cut wafers from
the SiC boule. This step is aimed at producing wafers with minimum bow, warp, and
thickness variation. Diamond or boron carbide is used as polishing material because
their hardness exceeds the hardness of SiC. The mechanism of material removal
from SiC by finer grit, harder abrasives occurs though mechanical microfracture be-
cause of the higher hardness of the abrasive and inherent hardness of the work mate-
rial (the material that is being polished) [178]. Polishing with harder abrasive is very
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effective for producing wafers with minimum bow, warp, and thickness variation. It
should be that polishing with hard abrasives inherently leaves scratches and resid-
ual subsurface damage that is detrimental to the subsequent SiC epitaxial process.
By using abrasive slurries with decreasing grit size together with optimized rotation
speed, pressure, temperature, and slurry feed, it is possible to improve the surface
finish. Nonetheless, it is impossible to achieve scratch- and subsurface-defect-free
results solely by using abrasive polishing [179].

2.6.2 Chemomechanical Polishing

Chemomechanical Polishing (CMP) is a two step process that starts with chemi-
cal surface modification and finishes with mechanical removal of the modified sur-
face. Surface modification generally leads to formation of a softer passivation layer,
which is subsequently removed by a softer abrasive material. As mechanical abra-
sion proceeds, the unreacted surface is exposed to the chemistry of the slurry and
allows the chemical modification and abrasion process to repeat. As softer abrasive
slurry only attacks the chemically modified surface, further scratching of hard work
material, in this case SiC, is prevented.

A few different CMP processes have been reported for SiC. Generally, CMP oc-
curs through formation of a SiO; passivation layer. The first CMP process, reported
by Kikuchi et al., uses Cr,O3 particles. The particles are responsible for both oxi-
dizing the surface and mechanical abrasion [180]. A widely used SiC CMP process
is based on a slurry of colloidal silica in high alkaline solution (pH > 10) at elevated
temperatures (~55 °C) [181, 179, 101]. Availability of polishing materials and sim-
ilarity to silicon processes made this combination very attractive. A polishing rate
of 0.1-0.2 ,umh’1 [181] and minimum roughness of 0.5 nm [179] were reported for
this process.

Electro-chemical-mechanical means have also been exploited for improving pol-
ishing characteristics of SiC with silica slurry. A small current (1-20mA/cm?) passes
though the substrate while HyO, and KNOj3 are used as the electrolytes for anodic
oxidation of the SiC surface. The reported best surface roughness using this method
is 0.27 nm. Although passing current through the wafer adds another parameter for
processing, this method is worth consideration when superior planarity is desired.

Although further improvements in SiC CMP are desired, the current stage of SiC
CMP is mature enough for surface preparation of SiC electronics and MEMS. Many
industrial SiC crystal and epilayer manufacturers routinely produce defect-free SiC
surfaces using CMP for epilayer growth. The current CMP processes provide needed
surface finish for high quality epitaxial growth [183, 184].
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2.6.3 Surface Preparation

In-situ etching with gaseous precursors is the last step of the surface preparation (see
Figure 2.14) for SiC epitaxial film growth. This etching step is highly critical for
epitaxial layer growth as it further reduces defects in epilayer by reducing unwanted
defect-induced nucleation sites [78]. A recent report by Horita et al. shows clear
step-and-terrace structures after the etch process that were marginally visible after
the CMP process [187]. However, it is important to note that etching neither reduces
the surface roughness nor scratches since etching is mostly uniform throughout the
surface [188]. Therefore, the initial surface quality coming from the CMP step is
critically important. Many etch chemistries have been investigated and H,, HCI,
or Hy+HCI are the most widely used etching sources, mainly due to superior etch
characteristics as well as hydrogen is a common carrier gas for epilayer deposition
[20, 187].
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Chapter 3
Silicon Carbide Electronics

One of the major benefits of silicon carbide for harsh environment microsystems is
the ability to create high temperature electronics from a corrosion resistance base
material. Because silicon carbide is a wide band semiconductor, it is more robust to
high temperature excursions. But silicon carbide electronics requires the ability to
create a substrate and thin-film layers that are high purity and can be doped in a con-
trolled manner. The materials developments outlined in Chapter 2 lay the foundation
for developing silicon carbide electronics. Besides being able to create doped, high-
purity films, silicon carbide electronics requires a way to create localized doped
regions in order to create specific transistor topologies as well as a metallization
scheme for routing signals. This chapter will begin with a generalized process flow
for creating silicon carbide electronics, followed by discussions on ion implantation
doping and electrical contacts for silicon carbide. Then different electrical device
topologies explored in silicon carbide will be described in the context of high power
switching, high temperature amplifiers, and wireless communication.

3.1 General semiconductor process flow

A semiconductor process flow for SiC electronics fabrication is very similar to that
of silicon and similar techniques are used. A run-down of the major process steps
to create a SiC Junction gate Field-Effect Transistor (JFET) follows. Figure 3.1
schematically illustrates the process layers in a representative n-channel JFET fab-
rication process flow. But the processes are similar for other types of electronics
devices or circuits. The n-channel JFET process begins with an n"-doped substrate
upon which epitaxial layers of p, n, and p* SiC are grown. If so desired, these
epi-layers can be specified when ordering the SiC substrate. This defines the base
doping levels used to create different features of the JFET. Next, a photolithographic
process is used to first etch back the p* layer except to define the gate. This can be
accomplished directly with photoresist as the etch mask or the pattern is first trans-
ferred from the photoresist pattern to a “hard mask” material such as nickel. The
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latter is typical for SiC. Using a “hard mask” allows finer feature resolution and
minimizes shape changes due to mask erosion during the SiC etch. The mask mate-
rial is cleaned from the wafer after the etch so as to not trap the mask material under
subsequent depositions.

Another hard mask material, for instance silicon dioxide, is deposited and pat-
terned to define the regions of doping using ion implantation. Ion implant will be
discussed in more detail in the subsequent section. After the ion implant, the hard
mask material is removed from the surface. This completes defining the doped re-
gions of the device. Drawing parallels from silicon processing, it may be beneficial
to follow this with a light nitrogen doping to reduce the series resistance at the gate-
to- drain or gate-to-source, although this is omitted from the basic process flow in
Figure 3.1. A thermal cycle to 1200 °C is used to activate the implanted dopant.

Next, another dielectric film is grown or deposited and again patterned to provide
contact vias. Vias are needed to complete the routing of the interconnect layer to
the source, gate, and drain of the JFET. Current device research may sometimes
grow silicon dioxide on the SiC surface using a high temperature furnace; however,
silicon dioxide films grown from SiC substrates tend to be of poor quality. This
will be more fully explored in Section 3.2. As will be pointed out in more detail,
alternate dielectrics are strong contenders for use with SiC. In particular sputtered
a-AlN and LPCVD silicon nitride are both good insulators and have CTE relatively
close to SiC, which is beneficial from a thermal stress perspective. In a research
environment, the dielectric may simply be deposited, but no further processing to
planarize the resulting surface is pursued (see Section 2.6, Planarization). This step
is not technically necessary for research because lithographic resolution to increase
device intensity is not critical when trying to make just a handful of functioning
devices. As density and cost become important, planarization becomes crucial in
order to optimize lithographic pattern size of subsequent steps. The dielectric is
patterned to allow electrical access to the underlying transistor features.

The electrical contact metal is deposited and lithographically patterned. A range
of metals are used, ranging from aluminum to nickel to platinum. After the photode-
fined mask material is removed, the most basic version of a SiC electrical device is
defined and can be tested. If additional routing is not needed, another dielectric is
deposited over the substrate and again patterned to provide electrical contact to the
circuit. However, as devices begin to be connected, the process can be extended to
provide a second metal routing layer following the same sequence of metal deposi-
tion, inter-metal dielectric deposition, and final dielectric passivation and patterning
to provide bond wire access. As circuitry repeats, additional metal routing layers
can be added. For example, commercial silicon semiconductor processes may have
3 to 7 metal routing layers. Making good electrical contact to SiC, especially for
high temperature applications, has been a challenging area of research and will be
discussed in Section 3.3.

Some special features may be added to this generic process flow depending on the
particular device being created. For instance, to make an insulated gate transistor,
a trench needs to be formed between the n™ regions to form a physical way of
separating source nodes. Also, most power devices operate using a substrate contact
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Fig. 3.1 Generic cross-section schematic process flow for a n-channel junction gate field-effect
transistor with two metal layers.

as the cathode or collector node of the device, which requires an additional metal
deposition and patterning on the backside of the wafer.
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Table 3.1 Penetration depth of common donor and acceptor ions with respect to ion-energies [4]

Ion Type Penetration Depth (ttm) Ion energy (MeV)

nT (donor) 2.3 4
p" (donor) 2.0 4
B+ (donor) 1.3 1
Al+ (donor) 0.9 1

Although etching and epitaxial film growth have been well covered in Chapter 2,
ion implantation doping and electrical contacts are special issues in SiC and require
additional detail. After these aspects of SiC electronics are discussed, the chapter
will explore various transistor topologies in the context of three specific application
areas.

3.2 Ion implantation doping

SiC device fabrication requires creation of laterally patterned p* and n™ doping
regions. In silicon technology, p* (acceptor) and n' (donor) regions are created
using diffusion or ion implantation doping. In the case of SiC, the diffusion coef-
ficients of most impurities are negligible below 1800 °C making the conventional
diffusion techniques using standard masking materials impractical. Thus, the ion-
implantation technique is generally implemented for selective doping SiC.

Selective ion implantation is a three step process that starts with patterning of a
masking layer to define the doping region followed by ion implantation to incorpo-
rate donor or acceptor ions into the SiC lattice. Finally, the masking layer is stripped
and the ion implanted sample is annealed at a high temperature in order to activate
the dopant and heal lattice damage caused by the ion bombardment. When com-
pared to ion-implantation of silicon, SiC requires high ion-energy, robust masking
materials, and higher temperature post-implantation annealing.

The density of SiC is relatively high in comparison to silicon; therefore, it re-
quires higher ion-energies compared to silicon in order to create an equivalent dop-
ing profile [1]. The energy range starts from a few tens of keV for shallow doping
to as high as a few MeV for deep implant [2]. Figure 3.2 shows how ion energy
affects the dopant distribution at various depth profiles for phosphorus ion implan-
tation into 6H-SiC [3]. Typically, a few ion implantation cycles with varying energy
are employed to obtain a uniform vertical doping profile. The specific energy profile
used for fabricating a particular device can be based on many factors. They include
device-architecture-imposed doping profile constraints as well as the type of the ion.
With regards to the type of the ions, penetration depth is higher for the smaller ions
than that of larger ions at the same ion energy. The predicted penetration depth of
common donor and acceptor ions are presented in Table 3.1.

Generally, nitrogen and phosphorus ions are used in ion implantation of SiC to
form the n-type region while aluminum and boron are used as the p-type dopant. The
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Fig. 3.2 [3] Experimental depth profile for phosphorus ion implantation into 6H-SiC at various
energy ((©Springer 1999), reprinted with permission.

shallowest ionization energy for these dopants for 4H-SiC and 6H-SiC are listed in
Table 3.2 [5, 13]. The high ionization energy of these donors and acceptors in SiC
limits the achievable carrier concentration in devices operating at room temperature.
This also demands a higher concentration of dopant atoms to be implanted, caus-
ing greater lattice damage. Phosphorus has an advantage over nitrogen when high
donor concentration is required because of its high solubility in SiC. Aluminum
ion implantation is preferred for forming a low-resistance p-type region because the
ionization energy of aluminum is shallower than that of boron; however, boron ion
implantation is effective for ion implantation in deeper regions because of its higher
penetration depth due to its low atomic mass. Efficient activation of p-type dopant
in a wide bandgap semiconductor is relatively difficult. Nonetheless, p-type doping
is routinely done because it is extremely important for many device applications.
As previously discussed, the higher ion energy and larger implantation dose re-
quired for SiC ion implantation causes increased lattice damage compared to sili-
con. To repair this ion-induced lattice damage and electrically activate the dopant
by migrating implanted ions from interstitial to lattice sites, a post-implantation an-
neal is required. The annealing temperature varies with ion dose and ion energy
because these factors are directly related to the crystal damage. The annealing tem-
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Table 3.2 The shallowest ionization energy for dopants in 4H-SiC and 6H-SiC [5, 13].

Ionization energy (meV) Ion energy (MeV)

Dopant for 4H-SiC for 6H-SiC
Nitrogen 45 85
Phosporus 80 80
Boron 285 300
Aluminum 190 240

perature typically ranges from 1200-1800 °C, higher than that needed for silicon.
Even though post-implantation annealing is a required step, it creates several un-
wanted problems. First, this very high temperature annealing causes preferential
silicon evaporation from the SiC surface leading to surface roughening. However, it
can be mitigated by maintaining silicon overpressure (silicon-rich ambient) during
the anneal. This is typically done by placing the implanted wafer in a SiC crucible
with SiC powder inside or flowing silane during the annealing process [7]. Sec-
ond, if ion implantation causes the formation of fully or nearly amorphous SiC, it
is difficult to fully restore the crystal structure. The very high temperature condi-
tions required for anneal lead to segregation of carbon and silicon leading to non-
stoichiometric regions and formation of multiple polytypes. These factors adversely
affect the electrical characteristics of the doped regions making them unsuitable for
device fabrication. Therefore, it is desired to keep lattice damage to a minimal level
during the ion implantation process, which in turn allows lowering the post-implant
anneal temperature. For this reason, ion implantation of SiC is generally carried out
at elevated temperatures (500-1000 °C) [1]. The elevated-temperature assists some
crystal restructuring during the implantation process and reduces the lattice damage
and segregation of displaced silicon and carbon atoms [8, 9].

The high energy and the high temperature conditions of SiC ion implantation im-
pose extra requirements on the masking materials. First, the high ion-energy require-
ment demands that masking materials be thicker or denser than masking materials
used for obtaining a similar doping profile in silicon. The elevated temperature dur-
ing implantation requires a mask layer that withstands these conditions. Currently,
either a thick silicon dioxide layer or refractory metal such as nickel is used as the
robust masking material [1].

3.3 Contacts to SiC

SiC microsystems require metal to SiC electrical contacts for both MEMS and elec-
tronics. Both ohmic and Schottky contacts are necessary to transfer signals in and
out from sense electronics, MEMS, and communication circuitry. Schottky contacts
are particularly required for SiC electronics that provide switching and rectifica-
tion. To fully exploit SiC for harsh environment microsystems, electrical contacts
between SiC and metal must be reliable for operation in extreme conditions such
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as high temperature and high power. Even though several promising advances have
been made in forming both ohmic and Schottky contacts, reliability and long-term
stability of metal-semiconductor contacts are key limiting factors that hinder oper-
ating SiC-based electronics in extreme conditions.

3.3.1 Ohmic contacts

Electrical connections between a metal and a semiconductor that have a linear
current-voltage (I-V) response curve with very low specific contact resistance are
called ohmic contacts. In order to create these conditions, negligible Schottky bar-
rier height (SBH) is needed. Wide-bandgap semiconductors have relatively large
SBH when compared to narrow-bandgap semiconductors due to the larger work
function difference between the metal and semiconductor. Each SiC polytype has
a slightly difference band gap height. The work function of different metals also
vary. Therefore, both SiC polytype and contact metal influences the SBH. There
are many other parameters that affect the SBH as well. Dopant concentration, type
of dopant (n or p), pre-metal-deposition surface preparation, metal deposition pro-
cess, and post-deposition annealing conditions, all have an impact on the electrical
characteristics of the SiC-metal interface [10, 11, 12].

In general, almost every metal-SiC interface exhibits Schottky (rectifying) be-
havior when the metal is in the as-deposited state [13]. However, certain process
steps such as post-deposition annealing can be implemented to convert rectifying
contacts to ohmic contacts. Annealing typically creates a reaction layer between the
metal and SiC, which helps to reduce the SBH. The reaction layer consists of metal-
silicide, -carbide, or both. Post-deposition annealing is typically performed between
950-1100 °C. Optimizing annealing conditions is highly critical for each different
combination of metal, SiC polytype, and dopant in order to obtain the lowest con-
tact resistance possible. Figure 3.3 shows the I-V Characteristics of a TiW/3C-SiC
contact as a function of annealing temperature and heating method: vacuum oven or
rapid thermal annealing (RTA) [15].

Dopant concentration and type both heavily influence the resulting contact resis-
tance. For instance, specific contact resistance values for nickel on n-type SiC range
between 1072 and 107% Qcm? for the same annealing and deposition conditions.
Lower contact resistance is achieved if the dopant concentration exceeds 10!? cm—3
[12]. For most metals, p-type SiC exhibits higher SBH at the metal-semiconductor
interface and requires higher annealing temperatures in order to form ohmic con-
tacts. Furthermore, lowering contact resistance when forming a contact on p-type
SiC requires a higher dopant concentration than that the equivalent n-type SiC [12].
Typically, ohmic contacts to p-type SiC contain aluminum because aluminum en-
hance the p-type concentration at the SiC surface, which in turn reduces the SBH.

Many different metals have been investigated. Nickel is one of the widely used
metals for creating ohmic contacts to n-type SiC. Nickel contacts to n-type SiC
achieve low specific contact resistance and exhibit excellent electrical and physical
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Fig. 3.3 [15] I-V Characteristics of TiW/3C-SiC contact depending on annealing temperature and
conditions: vacuum oven or rapid thermal annealing ((©Springer 2008). Reprinted with permis-
sion.

stability, making them a good choice for long-term operation of high power devices.
Additionally, many refractory metals such as titanium, molybdenum, tantalum, and
chromium as well as multi-layered structures have been successfully implemented.
Multi-layered stacks include titanium/tungsten, titanium/tungsten/nickel, and tita-
nium/titanium silicide/platinum (Ti/TaSi,/Pt) [12, 16]. For ohmic contact to p-type
SiC, generally, aluminum and aluminum-based alloys such as AlTi, AITiW are used
[11, 12].

Most ohmic contacts developed to date provide sufficiently low (< 10~°) contact
resistance needed for device operation. These contacts have been experimentally
validated for long-term operation up to 300 °C [13]. However, some harsh envi-
ronment SiC microsystem applications require contacts that can reliably withstand
500-600 °C ambient. To date, the reliability of contacts is the limiting factor for
high temperature operation of SiC devices. Many contact metals tend to further re-
act with SiC during high temperature operation, resulting in an increased reaction
layer, which eventually impacts contact performance. Furthermore, oxidation and
electromigration also degrade the electrical quality of the metal-SiC interface.
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Both single- and multi-layer metallization schemes have been investigated for
creating stabile ohmic contacts for high temperature operation. Single-layer metal
contacts exhibit increased specific contact resistance when operating temperatures
exceed 300 °C. Multi-layer metallization schemes show greater promise. Recent
work also investigates creating a nanocrystalline carbon interfacial layer on the SiC
surface before depositing a Pt contact metal [14]. This contact is tested up to 540
°C with negligible increase in contact resistance. One of the notable multi-layer
schemes, Ti/TaSi»//Pt, developed at NASA Glenn Research Center, has shown to
operate over 1000 hours in air at 600 °C without significant changes to contact re-
sistance[16]. Later, this Ti/TaSi,/Pt metallization was successfully implemented in
the fabrication of SiC JFET devices that have demonstrated stable operation for
over 10,000 hours at 500 °C [35]. Despite these successes, many aspects of forming
metal contacts to SiC have to be investigated. These include identifying thermody-
namic, reaction Kinetic and dominant failure mechanisms of the metal-SiC interface
at elevated temperatures in oxidative environments.

3.3.2 Schottky contacts

Schottky contacts are vital for many SiC devices including the widely used high-
frequency metal-semiconductor field-effect transistor (MESFET) and fast-switching
rectifiers. The larger SBH and thermal stability of the contact are key parameters for
high temperature operation and low power loss. The SBH depends on many pa-
rameters, including the work function of the metal. According to Schottky-Mott
theory, high work function metals are required for larger SBH. Pt, Ni, Au, and Pd
are preferred Schottky contacts to SiC because of their relatively high work func-
tion [18, 19]. The pre-metal deposition surface preparation also can cause dramatic
changes in the resulting SBH. For instance, Teraji et al. has shown drastic SBH
changes for the same contact metal, titanium, when two surface cleaning proce-
dures are used [20]. Furthermore, SBH strongly depends on chemical reactions at
the metal-SiC interface. Therefore, interfacial physics and chemistry aspects must
both be considered in order to fabricate reliable Schottky contacts.

Although almost all metal-SiC contacts exhibit Schottky (rectifying) behavior in
the as-deposited state SiC, they tend to form either a silicide or carbide interlayer,
or possibly both, at high temperatures, reducing the SBH. This leads to an increase
in reverse-bias thermionic leakage of carriers over the junction barrier. State-of-the
art SiC Schottky diodes typically are limited to operation below 400 °C because of
the reverse-bias (off-state) leakage current [13]. Similar to ohmic contacts, there are
few examples of thermally stable Schottky contacts at high operating temperatures.
For instance, some limited success in creating thermally stable contacts has been
reported using tungsten carbide deposited at high temperature. Tungsten carbide
deposited on p-type 6H-SiC exhibits a high rectification ratio with a low reverse
current density (6.1x1075 Acm™2,-10 V) up to 500 °C [21]. Recent reports shows
refractory metal borides are also very promising for forming stable high temperature



106 3 Silicon Carbide Electronics

Schottky contacts to SiC [22]. However, more research focusing on this issue is
needed.

3.4 Electronics for high power applications

A special application space for electronics is regulating high power devices. Vac-
uum tube components were replaced with silicon transistors in the 1950s. Special-
ized topologies requiring non-standard microfabrication compared to microproces-
sor and memory are often utilized (substrate trenching, multi-level doping profiles,
and backside contacts). The added cost from not using the most standardized pro-
cesses is well compensated by the important applications enabled by these high
power switches and rectifiers. Power applications are plotted in Figures 3.4 and
3.5 [23]. Figure 3.4 plots applications as a function of frequency and power rating.
As can be seen by the graph, high frequency applications tend to have lower power
handling demands compared to low frequency applications. Figure 3.5 makes a sim-
ilar distinction, but this time between voltage and current handling capabilities. The
device topology differs depending on operating frequency, required voltage and cur-
rent capability, or blocking capability. For instance, applications below 100 V are
well served by silicon Schottky diodes. However, above this voltage, bipolar topolo-
gies are used [23].

Silicon carbide has been investigated for high power switching and rectifying
applications because it is a wide-band semiconductor. This enables extending the
higher performance of unipolar devices to operating voltages as high as 5000 V in-
stead of needing to switch to bipolar device topologies [23]. As will be discussed in
more detail, the higher blocking characteristic of the silicon bipolar device comes
at the cost of switching transients. These transients are inefficient periods compared
to ideal behavior, resulting in power loss and an effective degradation in switch
frequency. Furthermore, high power switching generates significant heat that needs
to be dissipated. Silicon carbide has nearly three times the thermal conductivity as
silicon, which aids in heat dissipation. But being a wide-band semiconductor also
allows silicon carbide devices to operate to higher temperatures without thermally-
induced leakage due to intrinsic carrier concentration variation with temperature.
The major device topologies and design tradeoffs in the context of high power han-
dling will be discussed in subsequent sections.

3.4.1 Schottky Rectifier

The Schottky rectifier is a popular unipolar device because its basic fabrication re-
quirements are simple, it offers fast switching speed, and it has a relatively low
on-state resistance. The one-dimensional representation of the structure is shown in
Figure 3.6. The basic Schottky rectifier is created by depositing a metal onto the
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Fig. 3.4 [23] High power applications versus operating frequency and power handling require-
ments (©Springer 2009). Reprinted with permission.

substrate surface. The metal becomes the anode region while the backside of the
wafer is the cathode. The applied voltage between the anode and cathode creates a
drift region within the substrate, next to the anode. By applying a negative bias to the
cathode, current flow occurs by electrons migrating from the metal-semiconductor
interface through the substrate. While in the on-state, current is sustained using ma-
jority carriers. This means few minority carriers build up within the drift region.
This enables rapid switching to the off-state by establishing a depletion region in-
side the drift region. Silicon devices of this type can support blocking voltages of
100 V.

The Schottky rectifier can obtain a larger barrier height in SiC because of the in-
creased band-gap compared to silicon. This allows supporting even higher blocking
voltages. The majority of applications shown in Figure 3.4 require fast switching,
low on-resistance, and blocking voltages of 500 V or less. SiC Schottky rectifiers
can be used to span a large region of the application space since it is possible to
extend the breakdown voltage to 3000 V if using SiC [23].

The drawback of the Schottky rectifier is large off-state (reverse bias) leakage
current. Because of the present state of achievable n™ substrate doping for SiC,
the substrate resistance becomes a concern for power dissipation: Si can be as low
as 1 mQ-cm, compared to SiC, which is typically 20 mQ-cm. The barrier height
and saturation current is also a strong function of operating temperature in silicon,
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Fig. 3.6 [23] Electrical field distribution in a Schottky rectifier ((©Springer 2009). Reprinted with
permission.

which increases both the on-state resistance and off-state leakage current. However,
the net impact of increased temperature on a SiC Schottky rectifier is smaller. SiC
Schottky rectifiers can also leverage the larger barrier height to create a rectifier
that is designed to maintain an acceptable power dissipation in the reverse blocking
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Fig. 3.7 [23] Schematic silicon carbide Junction Barrier controlled Schottky (JBS) rectifier struc-
ture ((©Springer 2009). Reprinted with permission.

mode even though the leakage current increases more significantly with increased
reverse voltage compared to silicon. For example, a particular 3kV 4H-SiC Schottky
rectifier at room temperature exhibits less than 1 W/cm? in the off-state compared
to 100 W/cm? of dissipation in the on-state [23].

To combat the leakage current problem with the Schottky rectifier configuration,
various approaches to shield the metal-semiconductor interface from directly sus-
taining a large electric field, such as utilizing a p-n junction or introducing a second
metal with an even larger barrier height, have been introduced. These two methods
are known as the Junction Barrier controlled Schottky (JBS) and Trench Schottky
Barrier controlled Schottky (TSBS) rectifier schemes, respectively. These methods
will be discussed in more detail next.

3.4.2 JBS Rectifier

Schottky rectifiers balance on-state power loss with reverse blocking power loss
through reduction in Schottky barrier height until the reverse blocking power loss
dominates. This in turn reduces the maximum operating temperature. However,
as was discussed in the previous section, this reverse blocking power loss occurs
because of the high electric field across the metal-semiconductor interface. The
Junction-Barrier controlled Schottky (JBS) rectifier attempts to prevent creating a
high electric field when in the off-state by injecting closely spaced p* regions, creat-
ing local p-n diodes, directly under the anode (Figure 3.7). These p™ regions create a
potential barrier to shield the contact. A smaller separation and larger junction depth
improves the electric field reduction. However, the p™ regions impede conduction
during the on-state. Hence, the spacing must be optimized to meet both on-state and
off-state performance specifications.
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Since the reverse blocking leakage current is more significantly influenced by a
high voltage because of the more efficient generation of current through thermionic
field emission (tunneling), the JBS rectifier structure can improve the performance
of silicon carbide devices significantly. In SiC devices, the p-type dopants are intro-
duced using ion-implantation, with the mask spacing dictated by the space needed
to make the Schottky contact. The same metal layer used to make the Schottky con-
tact to the n- region is typically used to make contact to the p™ region for processing
convenience [23].

The influence of the pitch of the p™ region on reverse blocking leakage current is
shown in Figure 3.8. Reducing the pitch down to 1.5 to 1.25 um reduces the electric
field at the metal-semiconductor interface by about half. However, this results in a
103 reduction in leakage current. This pitch range also demonstrates excellent on-
state conduction when the p™ region depth is 0.5 ym and is paired with a 20 um
drift region in order to support blocking 3kV in the off-state. Further decreasing the
pitch increases the on-state power loss compared to a standard SiC Schottky diode
of the same dimensions [23]. It should be noted that this pitch is fortunate from
a practical perspective. Because of the current SiC wafer sizes (100mm diameter
or less), equipment for handling substrates in this size range can have difficulty
producing highly-repeatable, sub-micron dimensions.

Although this approach is popular for SiC rectifiers because it creates a dramatic
reduction in off-state leakage current and small increase in resistive loss in the on-
state without the need to resort to a bipolar configuration. A drawback though is
the additional ion-implantation requires an activation anneal and creates additional
lattice damage. This results in the need for very high temperature annealing (approx-
imately 1600 °C). Thus, another method to create a similar shielding of the Schottky
contact will be explored next that does not rely on an additional ion-implantation.
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3.4.3 TSBS Rectifier

The drawback of the Schottky rectifier for high voltage applications is the high leak-
age current in the off-state due to thermionic emission from the metal-semiconductor
interface when it is supporting a large electric field. Another method of shielding the
Schottky contact from having to support a large electric field is to place a second
high barrier Schottky metal within a vertically-walled trench. This device topology
is known as the Trench-Schottky-Barrier controlled Schottky barrier (TSBS) recti-
fier.

The device topology essentially replaces the p*™ doped region buried under the
anode with a physical region refilled with a metal that has a higher barrier potential
than the anode metal. For example, a 4H-SiC device with blocking voltages of 300
V that uses titanium as the main Schottky contact and nickel in the trenches has been
successfully demonstrated [24]. This additional processing complexity compared to
ion-implantation removes the need for a post-implantation anneal at 1600 °C, which
tends to roughen the SiC surface, degrading the anode-semiconductor contact. The
net effect of the TSBS rectifier topology is similar to the JBS rectifier and similar
design implications apply. Deeper, narrower trenches with close pitches on the or-
der of 1 to 1.5 um provide better shielding of the anode metal to semiconductor
interface, reducing the resulting leakage current in the off-state while maintaining
nearly equivalent on-state performance. This comes at a compromise in breakdown
voltage characteristics, reducing it to approximately 80 percent of the ideal parallel
plate due to edge termination [23]. However, this is equivalent to the JBS rectifier
as well.

In the Si rectifier, the on-state voltage drop versus the reverse leakage current
are very similar for a JBS configuration versus a TSBS configuration designed for
50 V. However, performing the same analysis for a 3 kV SiC rectifier, the TSBS
configuration exhibits approximately 0.2 V lower on-state voltage drop compared
to the JBS configuration (Figure 3.9). This is attributed to a larger depletion width
under on-state operation in the JSB rectifier structure in 4H-SiC because the built in
potential for the p-n junction is much larger than the contact potential for the metal
in the trenches of the TSBS rectifier [23].

3.4.4 P-i-N Rectifier

The TSBS and JBS topologies work well for certain voltage ranges. However, for
motor control applications, much higher voltage blocking and current carrying ca-
pability are required. In these applications, the on-state voltage drop of these topolo-
gies becomes significant. For these applications, silicon p-i-n rectifiers were devel-
oped. The i-region in this case is a low doped n- region between a highly doped
p" and n™ region, essentially silicon at its intrinsic carrier doping level. When
very large voltages are applied to this structure, conduction through the intrinsically
doped region is dominated by injection of minority carriers.
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Because the device physics utilized in this structure injects a large number of
free carriers into the drift region during on-state current flow, switching the p-i-n
rectifier to the off-state to the point where the rectifier can again support a high
voltage requires removing these carriers. Figure 3.10 presents simulation results of
free carrier density versus distance into the drift region. Each contour represents
time after the rectifier is switched to the off-state. Removing free carriers results in
effectively slowing down switching from the on-state to the off-state compared to
the previously discussed rectifiers. This is known as reverse recovery. This switching
time equates to a power loss during switching. Additionally, this loads the other
components of the circuit, making it necessary to increase their breakdown voltages
as well.

The SiC p-i-n rectifier has a much narrower drift region for the same breakdown
voltage capability compared to the silicon equivalent. This enhances the switching
speed characteristics of a SiC p-i-n rectifier. However, the same large bandgap that
enables the high breakdown voltage increases the on-state voltage drop by a factor of
four compared to silicon. The design trade-off between speed and on-state resistance
favors SiC p-i-n rectifiers over Si p-i-n rectifiers or SiC Schottky diodes when the
voltage ratings exceed 10 kV.

3.4.5 MPS Rectifier

The p-i-n structure has been shown to be effective for very high power applica-
tions; however, it suffers from slow switching speed because it relies on minority
carriers. These minority carriers must be dissipated before full reverse bias block-
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transient ((©Springer 2009). Reprinted with permission.

ing is achieved. This delay limits the maximum switching speed and also creates
a switching power loss during the on-to-off transient. In order to reduce the tran-
sient, a structure that reduces the conductivity during the on-to-off transition period
is needed. Although the topology can be schematically represented identically to the
JBS rectifier (Figure 3.7), the Merged Physics Structure (MPS) rectifier substitutes
the n™ drift region of the JBS rectifier with a drift region that is operating as an in-
trinsic semiconductor, identical to the p-i-n drift region. The MPS rectifier can also
be seen as putting a p-i-n rectifier in close proximity to a Schottky rectifier. How-
ever, assuming the structures do not interact would lead to the conclusion that the
MPS structure would yield the worst performance of each topology. But in fact MPS
works because of an interaction between these structures. Like the JBS and TSBS
rectifier topologies, the pitch of interleaving the p-i-n rectifier and Schottky rectifier
influences the overall device performance. With careful design, the MPS structure
will outperform the p-i-n structure for a given current handling and blocking voltage
design point.

The Schottky rectifier portion of the MPS structure has a lower potential barrier
than the p-n junction in the p-i-n region, which aids in reducing on-state resistance
(forward voltage drop) compared to a standard p-i-n (Figure 3.11). This reduced bar-
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rier path results in up to a 10 fold decrease in stored energy in the rectifier in the on-
state. In the reverse blocking mode, the Schottky rectifier region causes larger leak-
age current under high applied voltages. This is combated by reducing the Schottky
contact width significantly compared to the p-i-n region. However, switching speed
is improved because the Schottky contact portion of the MPS enables supporting
some voltage immediately when the rectifier is commanded to the off-state. During
the transient while the injected minority carriers associated with the p-i-n structure
are dissipated, the Schottky rectifier portion reduces unwanted power dissipation.
This results in a 10 kV SiC MPS rectifier having approximately half the peak re-
verse recovery current and half the overall reverse recovery time compared to an
equivalent p-i-n rectifier according to numerical simulations [23].

3.4.6 BJT

As was discussed in Section 3.4.1, unipolar rectifiers are preferred because they
exhibit acceptable power dissipation and faster switching speed for lower voltage
applications — this limit is 300 V for Si and 3000 V for SiC. Hence, SiC is seen
as providing an overall performance improvement compared to silicon-based tech-
nologies between 300 V and 3 kV. However, exceeding 3 kV, bipolar SiC topologies
need to be considered.
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The Bipolar Junction Transistor (BJT) is one such topology (Figure 3.12). Bipo-
lar devices typically exhibit lower breakdown voltages compared to their p-n junc-
tion equivalents due to current gain; however, the npn configuration has been shown
to be more rugged, so is more common [26]. As was discussed for the SiC JBS con-
figuration, an ion-implanted p* region requires a very high temperature anneal that
is best to avoid. Hence, the majority of SiC npn BJT topologies rely on a non-planar
structure that utilizes an epitaxially grown layer to create the p* base region and
create the n™ emitter region through ion-implantation.

A BJT designed for high power applications will have a lightly-doped collec-
tor region and greater substrate thickness than low-voltage BJTs in order to pre-
vent punch-through. This lightly-doped collector region reduces output current and
slows down switching speed for the same reasons discussed for the p-i-n rectifier.
Along with current crowding effects, the realized current gain can be significantly
degraded. Hence, the power BJT can be fabricated in a two-stage configuration, re-
ferred to as a Darlington configuration, which results in an effective current gain
that is the square of the individual gain stages [26]. This lightly-doped region also
results in a quasi-saturation current response at high voltages. Furthermore, using an
ion-implanted emitter region results in degraded current gain compared to devices
that use an epitaxially grown n* emitter and perform a p™ ion-implantation for the
base region. This is presumably due to degradation of the SiC surface at the contact
region. As with other topologies that rely on minority carrier injection during the
on-state to reduce the voltage drop, the BJT does not switch to the off-state quickly.
Hence, BIT rectifiers are not good choices when power cycling above 10-20 kHz is
required for a given application. The BJT is also a current controlled device, which
is less favorable in terms of integration with other circuitry than a voltage controlled

topology.
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3.4.7 SIAFET

Figure 3.13 is a schematic cross-section of a Static Induction Injected Accumulated
Field Effect Transistor (SIAFET), also known as a bipolar-mode JFET. This struc-
ture integrates a JFET with a Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFET) structure such that during the on-state the junction gate is over-driven
beyond the turn-on voltage. By forward biasing the gate junction, minority carrier
injection from the gate improves the conductivity of the channel and drift regions.

The SIAFET configuration has been experimentally demonstrated up to 6 kV
using 4H-SiC. This device consists of a lateral accumulation MOS channel and a
vertical JFET channel. By forward biasing the junction gate, the devices operate
in a bipolar mode. Bipolar operation of a 2 kV SIAFET rectifier reduces the on-
resistance to 172 mQ-cm? compared to 1200 m€2-cm? for unipolar operation [27].
Even higher blocking voltage designs (6.1 kV) still exhibit acceptable on-resistance,
732 mQ-cm?, when operated in bipolar mode.

3.4.8 Power MOSFET

The Power MOSFET is of interest because of it has significantly higher switching
speed than other topologies and is voltage controlled, which is easier to implement.
Furthermore, the on-state current exhibits a negative temperature coefficient, which
enables parallel device configurations for additional current carrying capability. The
Power MOSFET was first successfully developed using SiC in what is referred to as
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the U-shaped groove MOSFET (UMOSFET) [28]. This configuration can be made
entirely from epitaxially grown layers to define the different doping regions. This in
turn requires a trench be cut through the n™ and p base region. The gate is formed
by first oxidizing the trench and then coating it with the gate metal (Figure 3.14a).
The reactive ion etch surface of the trench is rough and the oxide grown on SiC
is of poor quality compared to thermally-grown oxide on silicon. Additionally, the
growth rate is different on a Si-face surface versus a C-face surface of SiC, resulting
in a thinner oxide at the base of the trench. The trench geometry also causes field
crowding at the corners, causing repeated high fields being sustained by the trench
oxide, which degrades device lifetime.

A more elegant solution, known as the Double-diffusion MOSFET (DMOS-
FET), was developed in 1998 [29]. This more planar structure eliminates the con-
cern of poor oxide growth uniformity (Figure 3.14b). However, it added the need
for ion-implantation to create the p base region and n* wells. This requires high-
temperature annealing, which can be as high as 1600 °C and causes surface state
degradation due to preferential evaporation of Si at these temperatures.

The SiC DMOSFET has been demonstrated as a 2.4 kV blocking device that
operates in a normally-off condition. Up to 10 A current-carrying capability and 42
mQ-cm? on-state resistance has been experimentally demonstrated using a 3.3 by
3.3 mm sized device [30]. Devices able to block up to 1 kV have also been shown to
operate up to 100 kHz. The interested reader is directed to [31] for details on design
of a DMOSFET device.

3.5 Sensor interface electronics for high temperature
applications

SiC electronics promise to open up additional application areas by potentially al-
lowing reliable operation between 450-600 °C. Additionally, being able to operate
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at high temperatures would allow more conventional applications in the realm of
300 °C, such as for automotive engine monitoring, without the need for an active
cooling system for the electronics. This significantly reduces the size and cost of
such systems.

Because silicon carbide is a wide bandgap semiconductor as well as has a low
intrinsic carrier concentration, silicon carbide electronics are well suited for sig-
nificantly higher temperature operation. Increasing temperature increases intrinsic
carriers exponentially. However, SiC has an intrinsic carrier level that is four orders
of magnitude lower than silicon at room temperature (10~% cm® for 6H-SiC, com-
pared to 10'9 cm? for Si). Thus, around 300 °C, intrinsic carrier levels in Si are
approaching dopant levels for low doped regions, resulting in uncontrolled device
behavior. Silicon carbide also has a very low rate of diffusion compared to silicon.
Hence, dopant diffusion in silicon carbide electronics is not a concern for operat-
ing temperatures below 600 °C,whereas silicon circuitry, even when built on a SOI
substrate, is limited to operating below 300 °C to avoid diffusion degradation of the
electronics. This section focuses on the design of sensor interface electronics in the
context of high temperature operation.

3.5.1 MOSFET and MESFET considerations

SiC MOSFET and Metal-Semiconductor Field-Effect Transistor (MESFET) device
topologies are prevalent in high-frequency switching, moderate voltage blocking
power electronics (Section 3.4.8) and RF communication components (Section 3.6).
These topologies are desired for applications requiring fast switching speeds. How-
ever, they are not well suited for high temperature operation with the current state of
dielectric processing for transistor applications. MOSFETSs require a much higher
quality silicon dioxide layer than other topologies. SiC does not grow a high quality
thermal oxide, and this oxide further degrades with increased temperature [ 13]. This
for instance leads to -14 mV/°C degradation in V7 above 200 °C [36]. Alternate di-
electrics are an area of research that may open up the use of MOSFET structures
for high-temperature operation. Deposited silicon dioxide for instance may be a
workable alternative [37], but as with all deposited films, thickness uniformity com-
parable to grown oxide is a challenge. Switching instead to a deposited dielectric
opens up a wide range of material options. Other materials that also have better CTE
matching or better electrical stability with temperature may be possible. Additional
research is needed in this area. Although there have been early reports of 500 °C
operation of MESFET devices in the past [38], MESFET technology suffers from
gate-to-channel leakage currents from Schottky diodes, limiting usable operation to
around 400 °C [13]. Hence, these device topologies require further development if
they are to be used for high temperature sense interface electronics.
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3.5.2 JFET

The SiC JFET device is a promising device for MEMS sensor interface electron-
ics. As was described in Section 3.1, the basic device can be fabricated in a non-
planar configuration primarily from epitaxially grown layers with the exception of
the n™ source and drain regions, removing the need for very high temperature an-
nealing. Furthermore, this structure does not rely on a high quality dielectric layer
for proper operation. This topology is also a high-impedance input structure. This is
well suited as a MEMS sensor interface, which primarily relies on detecting changes
in capacitance through driving a sinusoidal signal onto the sense capacitor plates.
This requires an amplifier with a high-impedance input.

SiC electronics are still primarily based on 4H- and 6H-SiC polytypes in part due
to availability of quality substrates. 4H-SiC has a wider bandgap and higher elec-
tron mobility at room temperature compared to 6H-SiC. However, 4H-SiC does not
perform as well at higher temperatures. There are more transistor designs that op-
erate at very high temperatures using 6H-SiC [32, 33]. This is because the mobility
drops off more rapidly with increasing temperature in both cases, but donor levels
are lower in 4H-SiC.

A single-stage, single-ended transimpedance amplifier utilizing a JFET configu-
ration has recently been demonstrated in 6H-SiC [34]. Devices were fabricated on
2 inch diameter 6H-SiC substrates. Since hole mobility is always less than electron
mobility at any temperature, this device uses a n-channel. Thus, an aluminum doped
p-type substrate is used. The device was formed primarily by etching back epitax-
ially grown layers to form a non-planar device structure (Figure 3.15). This limits
the need for only one n™ ion-implant step. However, in reality multiple doses at dif-
ferent energies were used to create a box profile. The post-implantation anneal was
performed at 1200 °C. A 25 nm thermal oxide was grown to passivate the device be-
fore metallization. Different contacts were tested: Ti/Al and Ti/TaSi;. The contacts
were annealed at 600 °C in a forming gas. The Ti/TaSi, contacts performed better
at high temperature. The amplifier demonstrated a bandwidth of approximately 10
kHz up to 450 °C. However, transimpedance gain increased with temperature. This
was expected because sheet resistance increases with temperature. This early work,
however, paves the way for future work in high-temperature sensor interface elec-
tronics. Alternate designs, including differential designs, may yield better overall
consistency with temperature. This remains an open area of research.

Recently, operation at 500 °C of 6H-SiC JFET electronics for up to 7000 hours
have been reported (Figure 3.16). These devices show a high degree of stability,
with g, variation less than 10 % and V7 only 1 % [35]. However, the same test-
ing indicates other failure modes may be of concern. Although individual JFET,
digital logic elements, and epitaxial resistors remained operational over prolonged
exposure to high temperature, circuits of JFET devices stopped functioning at much
shorter times. This suggests that the metal interconnects are more susceptible to
failure even though the JFET structure is rugged. Examination points to the metal-
dielectric interface as the weak point in these fabricated devices, presumably due to
CTE mismatch between the materials.
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3.5.3 BJT

The BIJT topology is another interesting case for prolonged high temperature oper-
ation. Like the JFET, it utilizes a p-n junction, avoiding the need for high-quality
dielectrics and buried metal features. A BJT device is expected to offer better on-
state performance at higher temperatures than an equivalent JFET design, overcom-
ing increased switching losses compared to a JFET [39]. Difficulty producing re-
peatable characteristics and lower stability in a minority-carrier device at operation
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above 300 °C have favored JFET designs over BJT [40]. For instance, BJTs require
high quality metal contacts to both n- and p-type SiC regions, while JFETs are tol-
erant of non-ideal contacts. To date, there has been a lack of research using BJT
high-temperature electronics because of these issues; however, operation at moder-
ate temperatures have been proven out. For instance BJT-based transistor-transistor
logic (TTL) built in 4H-SiC were successfully operated at 300 °C with little shift
in logic characteristics [41]. Development of high quality contact metal stacks will
open up further research using BJT circuitry for high temperature operation.

3.6 Electronics for communication electronics

Besides high temperature operation of power regulating circuits and sensor ampli-
fiers, the harsh environment microsystem needs communication electronics. As has
been discussed earlier, whenever possible, wireless is preferred. Assuming on-board
power is an option (see Section 6.2), relying on wires for signal transmission adds
extra levels of packaging and development of high temperature wire shielding and
connectors.

Wireless electronics is typically divided into digital circuits for low frequency
and analog circuits for high frequency operation. Silicon switching is currently used
for up to 1 MHz operation and can be used to drive up to 1 MW, useful enough tele-
vision broadcasting. SiC switches are being explored for these high power broadcast
applications because both heat dissipation is enhanced in SiC components and SiC
can withstand higher temperature operation. Together, this potentially reduces the
need for expensive cooling systems used in commercial silicon switching installa-
tions.

Even when dealing with modest power transmission using SiC circuitry, signif-
icant issues need to be overcome. Deep levels are created in a wide bandgap semi-
conductor from metals or other defects incorporated into the material, which con-
tain much more energy and have discharge times orders of magnitude longer than in
silicon. Additionally, when being used for high power circuits, larger voltages are
applied across the SiC structure. These two conditions together lead to a large popu-
lation of electrons getting trapped in these deep levels, leading to unstable behavior
at radio frequencies [42]. Hence, even higher purity base materials are needed com-
pared to silicon. Furthermore, to date the successful power SiC topologies tend to
rely on minority carrier injection, which slows down overall switching performance.
MOSFET and MESFET technologies will be preferable for high frequency opera-
tion once the issue of poor dielectric layer formation is solved. Trying to borrow
from successful silicon designs, heteroepitaxial configurations are also of interest.
These topologies seem most promising by combining multiple SiC polytypes. How-
ever, this requires the substrate to be made from 3C-SiC for the junction to perform
as desired, and high quality 3C-SiC substrates are a challenge to produce currently.
Therefore, available topologies do not favor high frequency operation. Substrate
cost is also a limitation for commercial applications such as cell phones.



122 3 Silicon Carbide Electronics

Although harsh environment applications are less restricted in terms of overall
device cost, harsh environment operation presents additional challenges for com-
munication electronics. From a corrosion perspective, these electronics need to rely
on contact metals that are not prone to oxidation or erosion. Tungsten, molybde-
num, chromium, aluminum, nickel, titanium, gold, and platinum have all been ex-
plored as contact metals, but many of these readily oxidize. Creating a metal-oxide
or metal-carbide capping layer can help protect the metal, but often these oxides
and carbides degrade at high temperature. Hence, titanium, gold, and platinum are
favored from a corrosion perspective. However, these metals can be difficult to de-
posit with low stress, which may cause mechanical failure under high temperature
cycling. Additionally, high temperature operation may cause reduced transmission
efficiency because resistivity increases and mobility decreases with increased tem-
perature. Furthermore, discrete inductors are often used in communication circuitry.
These devices would also need to be made to withstand high temperature or a highly
corrosive environment as well.

These issues should be looked at as opportunities for further research. Solutions
may well exist. However, research into the specific combination of high tempera-
ture and wireless power transmission has not been fully explored to date. For in-
stance, further work in optimizing metal stacks for not only electrical contact sta-
bility but also general mechanical adhesion should lead to the desired reliability
in metal interconnects. Dielectric development will improve the reliability of faster
switching speed device topologies. Additionally, high temperature designs using
low frequency transmission may be the preferable solution for harsh environment
microsystems. SiC power devices have made significant development in the rela-
tively short time that high quality substrates and epitaxial layer growth has been
available. So it is not unreasonable to assume a similar pace can happen for high
temperature SiC circuitry for sensor interface and signal transmission as well.
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Chapter 4
SiC MEMS devices

Silicon carbide microelectromechanical device development is currently a very ac-
tive area of research with a primary focus on increasing the robustness of tradi-
tional silicon MEMS. Silicon MEMS has developed to a level of maturity in which
several commercial ventures are deploying silicon technology into automotive and
consumer electronics markets. A large knowledge base has developed into surface-
and bulk-micromachined sensor types. This design expertise is being directly ap-
plied to sensor technology for harsh environment applications using SiC. This is
accomplished because etch mask materials and etching techniques have already
been developed that can be tailored to produce selective etching of SiC. These tech-
niques can be linked together in a very similar fashion to silicon microfabrication,
whether it be for surface- or bulk-micromachining of MEMS structures. This allows
rapid development of SiC devices because the manufacturing concepts and design
methodology can be readily applied. Hence, a large number of SiC MEMS sensor
types have already been explored.

This chapter will first provide an overview of bulk- and surface-micromachining
processes using SiC. This will be followed with a review of common MEMS sensor
types as well as detailing research into using SiC to enhance traditional sensors.
This will include a brief discussion of sensor design from the traditional application
standpoint as well as specific considerations for deploying these sensor types into
various harsh environment applications.

4.1 SiC MEMS processing

A generic SiC MEMS process flow is similar, although generally with fewer steps,
than a generic IC process flow. Depending on the integration method, the MEMS
process flow may start directly after the IC process flow or may start with the bare
substrate. The primary differences between a MEMS process flow and IC process
flow is the use of sacrificial etch layers to create free-standing structures and the use
of deposited layers that are typically very thick compared to IC fabrication layers.
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As will be detailed more fully in Section 4.2, the free-standing structures are used to
create mechanical devices sensitive to various measurand (e.g., strain, acceleration,
pressure). The thick layers used in to create these devices are needed to increase
the sensor sensitivity by increasing the sensing surface or increasing the mass of the
free-standing structure. The following sections schematically outline the process
flow to create a generic SiC MEMS device starting with a bare substrate using two
general classes of fabrication, bulk- and surface-micromachining.

4.1.1 Surface (thin-film) micromachining

Surface-micromachining is basically an extension of the IC fabrication process
(Section 3.1.1). Alternating insulative and conductive layers are deposited to cre-
ate mechanically connected electrical routing. The main difference is the inclusion
of a sacrificial release layer that can be etched away without damaging the layers
above or below, enabling creation of free-standing structures. The surface micro-
machining process begins by depositing a non-sacrificial insulating layer to allow
selective electrical isolation of the subsequent electrical routing layer (Figure 4.1a).
This isolation layer can be silicon dioxide although layers such as silicon nitride
or aluminum nitride are preferred because of their higher degree of chemical inert-
ness compared to silicon dioxide as well as closer match in thermal expansion rate
to SiC, which is important for high temperature applications. If electrical contact
to the substrate is needed, a lithography and etch step is used to open select vias
through this non-sacrificial insulating layer prior to deposition of the subsequent
routing layer (Figure 4.1b).

Next an electrically conductive layer is deposited (Figure 4.1c). This layer is
typically a thinner version of the later device layer to ensure compatibility with
that deposition step, which in this case would be LPCVD 3C-SiC. The conductive
layer is likewise patterned to define the electrical routing layer needed for device
functionality (Figure 4.1d). This etch process needs to have a high selectivity to
the non-sacrificial insulating layer (rapid etch rate of the target layer but very low to
zero etch rate to other exposed layers). As was discussed in detail in Section 2.5, SiC
etch techniques are more commonly plasma-based. Hence, the very high selectivity
achieved for silicon using wet chemical etching is not available for SiC. However,
silicon carbide etching processes can be made reasonably selective to silicon dioxide
[1] and aluminum nitride [2]. Silicon nitride is less favorable in this regard, although
it has been used successfully [3].

Next a sacrificial layer is deposited (Figure 4.2e). Conductivity is not important;
however, the film must be able to be deposited relatively thick (typically one to
a few microns). Most importantly, the layer must have an etch chemistry that has
very high selectivity to the device and routing layer as well as to the non-sacrificial
insulating layer. Borrowing from traditional MEMS processing, silicon dioxide is
typically the sacrificial layer of choice with vapor or liquid hydrofluoric acid as the
preferred release etch chemistry. However, because of high chemical resistance of
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Insulator

SiC SUBSTRATE

Doped poly-SiC

(d)

Fig. 4.1 Schematic of the first stages of fabrication of a single device layer surface-micromachined
cantilever device with single electrical routing layer.

SiC compared to Si, a polysilicon layer is also a good option as a sacrificial material
for SiC devices [6]. The sacrificial layer is typically patterned and etched to create
via openings to the routing layer film (Figure 4.1f).

The sacrificial layer is followed with deposition of the SiC device structural layer
(Figure 4.2g), which is again lithographically patterned and etched to define the
device structure. The structural layer typically needs to be conductive, low-stress,
and have a small stress gradient. This allows the layer to be shaped in a controlled
way and maintain the desired gap dimensions around the structural device after
the structure is released. Depending on its use, it may be important for the device
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Fig. 4.2 Schematic of the final stages of fabrication of a single device layer surface-micromachined
cantilever device with single electrical routing layer.

layer to also have proper ductility and fatigue characteristics. High stiffness allows
for higher frequency operation. High yield strength prevents premature failure un-
der shock or high acceleration events. The thickness of the device layer influences
the resulting mass of the structure which is important for inertial sensing appli-
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cations. Furthermore, in-plane sensing techniques will have signal amplitude that
scales along with thickness, so the device layer thickness also influences the signal
strength. Thickness also influences the stress developed during high-g acceleration.
So proper design must consider all of these factors.

If needed for ohmic contact to wirebonds, a metallization layer will be deposited,
lithographically patterned, and etched. Commonly the metallization is etched prior
to patterning and etching of the device layer so that subsequent photoresist spin-
ning does not need to coat and refill the deep trenches needed to penetrate the thick
device layer. However, for simple structures in which the routing layer is omitted,
the metallization can be deposited as a blanket film after the device layer is etched,
using the device layer pattern to provide the necessary discontinuity in the metal-
lization [4]. As was discussed in Chapter 3, Ti, Ni, and alloys with these metals are
typically employed for this metallization layer, although other metals may be used
depending on what corrosives the device will be exposed to during use.

Finally, the sacrificial layer is removed using a highly selective etchant (Fig-
ure 4.2h). Wirebonds are added to provide electrical connection to external power
source and electronics if these are not integrated into the substrate.

Although it is not typically done, additional iterations of the insulating and rout-
ing layer deposition and patterning with additional interlayer insulator layers can
be used to increase routing options depending on the electrical needs of a given
sensor. Likewise, additional sacrificial and device layer pairs can be included in the
overall MEMS fabrication flow to allow forming more complex structures includ-
ing creating hinge structures or rotating gears. Fairly complex process flows have
been successfully sustained for silicon MEMS fabrication [5]; however, this added
complexity typically reduces yield or adds considerable cost. Therefore, many de-
vice design innovations in MEMS work to minimize the number of layers needed to
fabricate the final structure.

4.1.2 Bulk micromachining

As was discussed in the previous section, device layer thickness can be a critical
parameter in device design. Bulk-micromachining, where the substrate material is
through-etched either to use the substrate as the device layer or a partial substrate
etch is used to create a free-standing thin-film membrane, has become an equally
important fabrication methodology in the manufacture of MEMS devices.

Because the substrate formation process is generally a high-temperature process
not constrained to be compatible with other material layers, the resulting substrate
fabrication process is optimized to create a high quality crystal with few defects and
can be made with low stress. Additionally, the substrate is inherently thick com-
pared to deposited films since it is created by slicing segments from a large boule
of crystalline material (Section 2.2). Hence, substrates are generally hundreds of
microns thick. Since selective etching processes have been developed for a wide
range of substrate materials, including SiC, that are not high temperature, a bulk-
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SiC SUBSTRATE
(1-a)
Metallization Doped poly-SiC Insulator
/ —
(1-b)
Out-of-plane accelerometer Pressure Sensor
——— [ ——
(1-0

Fig. 4.3 Schematic of process flow to create bulk-micromachined cantilever and membrane de-
vices using the substrate as a structural element. Additional detail is included to outline the basic
process for incorporating piezoresistor elements into the structures for motion sensing.

micromachining process is attractive from a circuit integration perspective as well.
(Integration issues will be discussed more fully in Chapter 6).

Figure 4.3 illustrates a generic process flow for bulk micromachining of a SiC
substrate to create a free-standing beam and membrane. The process is compara-
tively simple and can be as simple as a single lithographic pattern and deep etch
of the substrate; however, as is shown in the schematic flow, additional steps might
be necessary to introduce other elements needed for sensing purposes. Etch charac-
teristics, including selectivity to mask material and ability to etch high-aspect ratio
trench structures, limits the usable substrate thickness and achievable gap dimen-
sions, which can diminish some of the electrical signal gains achieved by having
a tall structure. To achieve the necessary etch selectivity for bulk-micromachining,
metal masking materials are typically required. Exposing the etch chamber to metal
necessitates more frequent tool cleaning because the etch chemistry so slowly re-
moves metal particles sputtered onto the chamber walls. Often fabrication facilities
dedicate an etch tool to SiC etching using metal masks to prevent process cross-
contamination. Furthermore, by etching completely through the substrate, the de-
vice now needs some encapsulation method to protect both sides of the substrate
faces. (Encapsulation will be discussed in detail in Chapter 5).
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Fig. 4.4 Schematic of process flow to create bulk-micromachined devices by depositing a SiC thin-
film layer and then etching the substrate up to the thin-film, which acts as the structural element.
Additional detail is included to outline the basic process for incorporating piezoresistor elements
into the structures for motion sensing.

Figure 4.3 illustrates a generic bulk-micromachining flow that utilizes a partial
etch to create a free-standing membrane structure. The number of process steps
is very small. In the case of the membrane (right side of Figure 4.3), additional
structures will need to be fabricated on top of the membrane (such as thin-film
piezoresistors) or onto a second wafer that can be be placed in close proximity to the
membrane (such as a capacitor electrode) in order to detect membrane deflection. In
order to sense pressure, the membrane must be subjected to a pressure differential,
which necessitates isolating the frontside of the membrane from the back. This can
be accomplished by embedding the substrate into another component to provide
the necessary isolation or by creating a reference cavity behind the membrane by
bonding another substrate below the etch pit. By continuing with the partial trench
process and then patterning a through-etch region (Figure 4.3-1-b and -1-c, right
side), it is possible to make a free-standing cantilever with a substantial end-mass.
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This can be useful for inertial sensing because it allows some decoupling of the
spring stiffness from the inertial proof-mass, increasing the flexibility of the design.

A common variation on bulk-micromachining of a membrane is to first deposit a
thin-film membrane and then proceeding to a through-etch of the substrate to stop
on the membrane (Figure 4.4). In order to get the desired selectivity for the stopping
layer, a thin-film layer of silicon dioxide or aluminum nitride might be added under
the SiC membrane film. In the case of silicon dioxide, the etch stop layer can be
easily etched away selectively. Although this may not be necessary, silicon dioxide
is not as robust a mechanical material so may be removed to minimize shifts in
membrane characteristics over time.

4.2 Devices and operation in harsh environment

This section provides a review of state-of-the-art SiC sensors for harsh environment
sensing. Harsh environment sensing covers essentially the same gamut of measur-
ands as traditional commercial sensing: pressure, acceleration, strain, temperature,
chemical composition, and characteristics of fluids such as viscosity or opacity.
Each sensor type review will begin with a brief introduction into the general design
methodology for the particular measurand. As needed, a brief introduction into the
sensing method will also be outlined. Throughout, considerations of implementing
these sensors in harsh environment conditions will be discussed.

4.2.1 Strain

Various structures — ship and spacecraft hulls, aircraft wings, pressure vessels, in-
dustrial piping — experience variable structural loads due to weight, expanding
gases, or variations in temperature. For these type of structures, real-time monitor-
ing of structural deformation either by monitoring peak dynamic load or by long-
term monitoring of minute drift in shape (creep) can be used to signal scheduling
preventative maintenance, remove the structure from active operation, or to restrict
operation to a reduced-load operating condition (e.g., reducing process pressure to
prevent structural failure). These structural changes can be monitored through the
use of strain sensors mounted on the surface of the structure.

Strain is a useful metric of deformation and creep of a mechanical structure. The
one dimensional measurement of engineering strain when the underlying strain field
is constant or linearly varying with position is given by:

Al

£E=—
lo

4.1)

This change in dimension can be measured purely as a change in length. Strain mea-
surement techniques that measure the displacement over a fixed length (referred to
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as the gauge length) that results from strain in a structure are referred to as ex-
tensometers. Extensometers are an indirect measurement of strain. This was origi-
nally a common method of measuring strain in macro-scale applications. However,
these have been largely displaced by thin-film piezoresistive strain gauges (metal-
foil gauges).

Some materials experience changes in electrical properties due to strain in the
material. This effect is called a “piezo” response. Two common classes are piezore-
sistive and piezoelectric. Piezoelectric response is exhibited by certain materials
such as quartz and aluminum nitride when the material is in a highly oriented crys-
talline form. Piezoelectric response of SiC films is very poor, so this mechanism
will not be discussed in detail here, although the interested reader is directed to [7]
for more information.

Most semiconductor materials exhibit a large piezoresistive response, including
polycrystalline SiC [8]. Piezoresistivity is a change in electrical resistance with ap-
plied strain. The degree of piezoresistivity can be tailored somewhat by the type and
amount of doping in the semiconductor. When strain is applied to a piezoresistor,
the electrical resistance of the film changes because of the three-dimensional change
in the structure due to Poisson coupling as well as an inherent change in resistiv-
ity due to the applied strain. Taking the example of a slender piezoresistive trace
deposited directly onto a substrate that can experience mechanical deformation, the
change in resistance is given by:

= (14 2v)es fe (42)

where & is the resistivity of the film, v is Poisson’s ratio, 7t/& is the piezoresistance
constant, and the subscript O refers to the unstrained state. Generally, it is desirable
to have L be much larger than the width and strain gauge thickness should be mini-
mized to ensure a uniform strain field through the entire thickness. Minimizing the
thickness also prevents locally stiffening the structure, which can alias the resulting
strain measurement [9]. The piezoresistance constant (gauge factor) for metal resis-
tors such as Ni are on the order of 1 to 2. For semiconductors such as Si or SiC, it
can be between 50 and 150 [8].

Typically, the measurement monitors the resulting voltage changes across the
resistor while applying a known, constant current. It is certainly possible to use
a frequency-based metric such as pairing the resistor with a capacitor to form a
RC-tank, which has a frequency that is a function of resistance [10]. Because of
electrical noise and thermal variations, it is also common to use multiple resistive
elements in a Wheatstone bridge configuration to negate these variations [11].

Because of the very high accuracy with which changes in capacitance and fre-
quency can be measured, strain using micromachined transducers is also measured
using these techniques. These are extensometer devices. They may attempt to very
accurately measure minute displacements or may involve mechanical structures for
amplifying motion due to strain to increase the output displacement.
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Fig. 4.5 Schematic of two square capacitor plates.

The capacitance between two parallel conductive plates (Figure 4.5) is given by

the following equation:
_ &XoYo

20

C 4.3)

where € is the permittivity of the dielectric and is often written as some multiple
of the permittivity of free space, & (€ = & X &). The overlapping area of the plates
is given by the lateral dimensions xo and yy while the distance between the plates
is given as zp. To allow freedom of motion, the dielectric is typically air or partial
vacuum, thus € = &.

From this equation, it is seen that the capacitance can be varied mechanically by
either changing the amount of overlapping area of the two plates:

aCc
9t _ & (4.4)
ox 20
or by changing the spacing between the plates:
aC
= o _Eo (4.5)
0z 5

For micromachined strain sensors, the intent is typically to measure either in-
plane film stresses or to measure external strain applied to the substrate. In these
cases, the capacitor plates are formed between beams cut out from the device layer.
Example configurations are shown in Figure 4.6.

Changing the spacing between the plates (referred to as gap-closing mode, Figure
4.6b) is typically ten to one hundred times more sensitive than changing the amount
of overlap area for the same initial gap dimension. In both modes, the change in ca-
pacitance is increased, hence the resolution is increased, if the initial gap dimension
can be decreased or the surface area can be increased. The latter is accomplished by
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Fig. 4.6 Schematic of (a) lateral motion, interdigitated finger capacitor arrays and (b) gap-closing
capacitor array utilizing independent plates on each side of the moving plate and (c) an offset-gap
array when the stationary plates are not fully electrically isolated from each other.

unit cell

increasing the device layer thickness and electrically connecting multiple plate pairs
in parallel (plate arrays). The former though suffers from various limitations. In the
gap closing mode, the linear region of response is limited to displacements less than
about one tenth of the initial gap. This can severely limit the full-range strain mea-
surable by the gauge. Both modes are limited by practical limitations in etching
deep gaps, compromising the usable film thickness, which decreases the capacitor
plate area. Also, very small gaps are more prone to contact each other either due to
strain overload, external vibration (shock), or by the attractive force that forms in
the capacitor when charge is applied.

For methods that use the change in overlap area (lateral mode), the most com-
mon topology is an array of interdigitated fingers, referred to as comb arrays (Figure
4.6a). For strain sensing, a chevron [4] or other lever mechanism is used to trans-
form the small distortion due to strain into larger motion of the comb. Although the
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Fig. 4.7 [12] Schematic of four-point bending strain gauge design and SEM image of fabricated
device coated with LPCVD SiC (©IEEE 2007), reprinted with permission.

lateral mode is linear over large displacements, the lever mechanism needs to be pre-
cise since any errors will also be amplified. Likewise, these amplifying mechanisms
increase sensitivity to off-axis and temperature-induced strain. So all these factors
need to be taken into account into the final design. Alternatively, mechanisms can
be used to minimize degradation of on-axis signal while decreasing the influence of
off-axis sensitivity, as was done by Jamshidi et al. [12]. In this case, an in-plane,
four-point bending plate is loaded using slender tethers (Figure 4.7). The bending
plate is part of a gap-closing capacitor, which is used to measure applied strain. The
slender tethers along with having the bending plate longer than the fixed plate makes
the structure insensitive to off-axis strain. This structure has been demonstrated as a
SiC coated Si device fabricated from a SOI wafer and tested up to 370 °C.
Alternately, a resonant structure can be anchored between two points such that
the anchors define the gauge length. Such a configuration will create a tension in
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the resonant structure as a result of strain applied between the anchor points. Al-
though any doubly-anchored structure can be used for this type of sensing, clamped-
clamped beam and double-ended tuning fork (DETF) resonators are most common.
Their resonant frequencies exhibit a high sensitivity to tension in the beam while
being relatively insensitive to off-axis strain because of the large difference in struc-
tural compliance along the beam compared to perpendicular to the beam.

For a clamped-clamped beam with an attached proof mass, its resonant frequency
of first bending mode can be written as follows:

f=

B 4.6
27\ 0.198pAL+ kM, | 0.198pAL + kM, (46)

1 \/ 198E1 4.85Ee
where E is the Young’s modulus of the beam, p is the density of the beam, [ is the
area moment of inertia, A represents the cross-sectional area of the beam, L is the
beam length, M, is the static mass of any structure attached to the beam such as
a comb array, and k is a scale factor for this attached mass depending on location
of attachment and the particular mode shape being excited during resonance. (For
most practical applications the attached mass is at the center of the beam and the
fundamental mode is used, in which case k = 1.) For details on how the constants
are found for this mode shape, the interested reader is directed to [13] for details
on theory of vibration. Typically MEMS resonators of this type range in frequency
from 10s to 100s of kHz.

From Equation 4.6, one can calculate the change in frequency with applied strain.
Normally, this result is non-dimensionalized by dividing the change in frequency by
the nominal resonant frequency of interest:

1df - 2.425 4.7
fode  4.85g)+ 1981 ’
which, if the initial strain is zero, further reduces to
i&_f ~0.01225 4.8)
fo de N 1 ’

Equation 4.7 can be used with & not equal to zero to account for residual stress in
the device layer film by converting this stress into an equivalent strain using Hooke’s
Law. This implies that high residual tensile stress in the device layer film reduces the
sensitivity of the resonator frequency to strain, which is consistent with experimental
evidence.

Although this provides a means for strain to induce a change in frequency, the
minute motion of the resonator needs to be detected in order to measure frequency.
This is typically accomplished using gap-closing capacitive plates or lateral motion
comb arrays. These are used not only because of their high sensitivity to motion,
but also the capacitor can also be used to induce an in-plane force on the beam to
excite and maintain the resonator vibration. From Equation 4.7, it is also clear that
adding this mass comes at a cost of reducing the frequency to applied strain. So
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again the overall design must weigh the benefits of the various topologies into the
overall system requirements.

Initial work in harsh environment resonant strain sensing took conventional epi-
taxial Si strain sensors and coated them with a 30 nm thick LPCVD SiC coating
[14]. These sensors were operated above 180 °C as well as were subjected to a
potassium hydroxide (KOH) wet etch solution heated to 80 °C for 5 minutes. The
coating was shown to protect the underlying Si. However, very high temperature
operation (above 400-500 °C) requires converting this design to SiC due to Si soft-
ening.

A DETF strain sensor from polycrystalline 3C-SiC device layer has also been
developed. Besides a change in device layer material, the work by Azevedo, et
al. aimed to increase device robustness to high g-shock events [15]. A variation
on standard DETF topologies was implemented to maintain the high transduction
area of designs using comb sense arrays while preventing this suspended mass from
causing failure due to stiction or excessive stresses in the structure. This is accom-
plished by relocating half of the comb drive structure between the tines to balance
the mass symmetrically around the tines (Figure 4.8). Utilizing a square-wave drive
oscillator topology [16], this 3C-SiC DETF resonant strain sensor achieved a com-
parable strain resolution to the standard comb-driven DETF topology built from an
epitaxially-grown Si device layer (0.045 e in a 10 kHz bandwidth, Figure 4.9).
This 3C-SiC strain sensor has been successfully operated up to 600 °C in steam and
subjected to 64,000 g shock without damage to the structure [3].

4.2.2 Pressure

Another common harsh environment sensor is a pressure sensor. SiC or SiC-coated
Si pressure sensors are expected to find their greatest utility in monitoring gas or
liquid pressure in industrial chemical applications. In addition, they will also find
specialized use for space mission and medical applications.

Pressure sensing is typically accomplished by either monitoring membrane de-
flection under a pressure differential or by how pressure variation impacts the res-
onant frequency of a vibrating structure inside the variable pressure region. Mem-
brane deflection is by far the most common pressure sensing method.

Membranes can be either round or rectangular. Maximum deflection occurs at
the center of a symmetric membrane. For small deflections (less than half the mem-
brane thickness), center-point deflection of a flat membrane under a static pressure
differential is given by [17]:

4
pa
Az =1 4.9
“T 64D 49)
for a circular membrane and
pa’
Az (4.10)

" 50D
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Fig. 4.8 [15] SEM image of a balanced double-ended tuning fork (BDETF) resonant strain sensor
fabricated in a 4 mask process using LPCVD polycrystalline 3C-SiC as the device layer (©IEEE
2007), reprinted with permission.

for a square membrane, where a is either the radius or the half-length of the side
of the square, p is the uniformly distributed pressure differential. D is the flexural
rigidity and is related to the elastic modulus and plate dimensions:

ER’
D_12(1—v2) (4.11)
where £ is the plate thickness and v is Poisson’s ratio.

As the deflection increases beyond half the membrane thickness, a cubic term
response becomes significant due to the influence of shear stress in the membrane
[18]. This can limit the full-range pressure measurable while maintaining output
voltage linearity. In order to extend the linear response pressure range, a bossed
membrane can also be used (Figure 4.10). For a circular bossed membrane, small
deflections of the center boss as a function of pressure is given by [19]:

4 4 2
_pa b b e
Az= 64D(1 = 4a210gb> (4.12)

where b is the radius of the boss feature. Although the boss stiffens the membrane
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Fig. 4.9 [15] Experimental measurement of strain resolution as a function of measurement band-
width for the 3C-SiC BDETF strain sensor ((©IEEE 2007), reprinted with permission.
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Fig. 4.10 Schematic of a bossed membrane diaphragm.

for a given size, it increases the linear response range for a given membrane size as
well.

Small deflections of the membrane require sensitive measurement techniques.
Semiconductor-based piezoresistive measurement techniques [11] convert strain in
the resistor region into a change in electrical resistance, which can be used in a
voltage sensing circuit to determine membrane deflection. Typically, a Wheatstone
bridge configuration is used with the piezoresistors positioned so that strain in-
creases resistance in one pair of resistors and decreases in another pair of resistors
by positioning the resistor elements in tensile and compressive regions of the mem-
brane, respectively. Peak radial strain occur at the perimeter of the membrane and
can be related to pressure. From [18], this relationship for a flat membrane is:
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& =———p (4.13)

Developing this sort of relationship allows depositing thin-film piezoresistors onto a
diaphragm in order to accurately measure the pressure differential across the mem-
brane.

Early pressure sensor work utilized doped 6H- or 3C-SiC as the piezoresistive
element, although the diaphragm was either created by bulk-etching Si under the
piezoresistive elements [21] or utilizing an SOI wafer to create a Si diaphragm. In
this latter case, the 3C-SiC layer used to create the membrane could be selectively
deposited on Si using an LPCVD process with methylsilane as the precursor gas
and a fast carbonization step using ethane [22]. Deposition was carried out at 1150
°C. The Si device layer was thinned down to 200nm in part by thermally growing
a 1400 nm thick silicon dioxide insulating layer over the device layer. This design
utilized a bossed membrane and exhibited a 35mV/V sensitivity at 200 °C.

Current state-of-the-art SiC pressure sensors include depositing NiCr piezoresis-
tive elements on a silicon dioxide layer to electrically isolate them from a n-type
3C-SiC film, which was grown on a Si substrate. Bulk chemical etching of the Si is
used to form a free-standing SiC membrane [20]. A sensor constructed this way has
been tested up to 400 °C with a full-scale pressure range of 500 kPa. It exhibits a
temperature sensitivity of -0.16%/°C at 400 °C.

In order to make a pressure sensor capable of withstanding even higher tem-
peratures and be less sensitive to corrosive environments that might etch NiCr, an
all-SiC structure has also been developed. It was formed by first forming p-type
6H-SiC piezoresistive elements on a n-type 6H-SiC substrate. The substrate is then
bulk etched using a photoelectric-enhanced chemical etch to form a 50 yum thick
membrane [21]. This pressure sensor has been experimentally shown to exhibit sta-
ble pressure response up to 500 °C with a full-scale pressure range of 1000 psi. It
exhibits a gauge factor temperature sensitivity of -0.11%/°C at 500 °C.

An alternate sensing technique is to use the membrane as one side of a gap-
closing capacitor. In the case of a capacitive readout pressure sensor, typically the
capacitor is formed by using the deformable membrane as one of the plates and plac-
ing it in relatively close proximity to a fixed electrode plate. A circular bossed mem-
brane pressure sensor is well modeled using equation 4.14. In this case, a change
in the gap distance, z, result in a change of capacitance. As a function of pressure,
change in capacitance around the zero-deflection point is given by:

aC npb2a4( vt b a)

_ poa — 4% j0g2 4.14
ap 64Dz o8 +14)

a* az °b

where the area is defined by the size of the boss, which is simply A = 7b?, where b
is the radius of the boss. However, for a flat membrane pressure sensor, the actual
change in z varies as a function of the radial position of the membrane. Hence, the
actual change in capacitance calculation requires integrating the change in z with
radial position. Using the standard deflection model for a clamped circular mem-
brane under small deflection, one can determine a relationship between pressure
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Fig. 4.11 [24] SEM image of a PECVD SiC pressure sensor ((©IOP 2004), reprinted with permis-
sion.

and capacitance [23]:

_ed® (~In(8VhD — \/p) + In(8VhD + /p))
- 7

As is seen from equation 4.15, this relationship is in general non-linear, restricting
operation to a relatively small pressure range if linear output is desired.

Surface-micromachined pressure sensors are of interest because the final sensor
design is simpler since the backside of the diaphragm does not need to be encap-
sulated, and some bulk etching techniques are not compatible with integrated cir-
cuits. The mechanical quality of the sensor diaphragm is not as good as one formed
from the substrate material because the substrate is a single-crystalline, very low-
impurity material, whereas surface-micromachined diaphragms are typically a poly-
crystalline or amorphous film and may have non-uniform crystal growth or high
residual stress. Process research aims to minimize these differences though because
of the greater potential for integration with sense electronics and simplified packag-
ing. An example of a surface-micromachined pressure sensor made from SiC was
fabricated using PECVD a-SiC as the diaphragm material (Figure 4.11). Experi-
mental measurements demonstrate a sensitivity of 3.2 pF/MPa and nonlinearity of
2% from 0.001 to 0.101 MPa for an array of 100 diaphragms that are 80 um in
diameter [24]. In this work, sputtered Al was used to form the fixed and moving
electrode. The moving electrode is sandwiched between two SiC layers to prevent
potential exposure of the Al to corrosive environments.

C

(4.15)
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Because the deflection is restricted at the edges, the overall change in capacitance
is significantly reduced without a boss structure. This in turn leads to the need for
a very small gap, which can limit the ability of the pressure sensor to survive over-
pressure events. One way to overcome this is to introduce a dielectric coating over
the stationary electrode, which prevents the two electrodes from shorting out when
large pressures are applied. This technique has been successfully used for pressure
sensing over a very wide range of pressures by purposely operating where the nor-
mal range of pressures causes the center of the diaphragm to contact the dielectric.
After contact, increasing pressure leads to an increase in contact area. Although this
leads to a number of nonlinear responses, experimental results show regions of de-
cent linearity over a portion of the very wide range of pressures achievable with this
type of sensor [25]. By having the critical gap dimension defined by a thin film di-
electric instead of by etching means it can be manufactured with a highly controlled
thickness down to nanometers. Furthermore, sensor output is increased because typ-
ically these dielectrics have a dielectric strength that is several to tens times greater
than an air gap.

This touch-mode capacitive pressure sensor has been recently created out of an
entirely SiC family of components [26]. The routing and diaphragm layers were
formed from ammonia-doped 3C-SiC deposited using LPCVD (Figure 4.12). A
Ni/Cr/Au stack was used as the high-temperature contacts. These sensors were
tested up to 5 MPa (700 psi) static pressure. Although test chamber limitations pre-
vented high-temperature testing at pressures above 100 psi (non-contact regime),
a 172 pum diameter diaphragm demonstrated a sensitivity of 7.2 fF/psi at 574 °C.
These sensors were successfully used for in-cylinder combustion pressure measure-
ments on a test-bench setup.

Another method for pressure sensing in the vacuum regime is by monitoring the
quality-factor (Q) of a resonator. In this case, by monitoring the frequency output
of a resonator and watching either the 3dB width of the resonant signal amplitude
peak or monitoring shifts in frequency due to Q variation, the pressure of the atmo-
sphere in contact with the resonator can be determined. As the vacuum increases,
the molecules around the resonator become less dense, leading to less collisions —
the air damping decreases. Because air damping is an energy loss mechanism in a
resonator, increased damping broadens out the resonant peak width in the frequency
domain. Although this technique has been explored using silicon resonators, it has
yet to be demonstrated using SiC.

The resonant structure for this method of pressure sensing can take a variety of
forms, including the topologies laid out in Section 4.2.1. It can also take the form
of a large diaphragm vibrating out of plane. Only, unlike in the previous diaphragm
examples, this time a force generator is required to drive the diaphragm into the
desired mode shape. This can be accomplished using a capacitive plate actuator or
by depositing piezeoelectric elements onto the membrane. Likewise, this technique
has been applied to Si micro-sensors; however, it has yet to be demonstrated in SiC
technology.
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Fig. 4.12 [26] SEM image of LPCVD surface-micromachined pressure sensor element
((©Elsevier 2008), reprinted with permission.

4.2.3 Inertial Sensing

Inertial sensing units are useful in motion sensing and navigation applications. Iner-
tial sensing involves accelerometers, gyroscopes, and an accurate timing reference.
Position information can be obtained by the double integration of acceleration with
respect to time. So, if acceleration is known in three orthogonal directions along with
a precise measurement of time, precise knowledge of position can be determined.
Likewise, by knowing the rate of rotation about three orthogonal axes, precise ori-
entation can be determined. By combining all of these components together, six de-
grees of freedom can be determined, creating a full description of a body’s motion.
Typical methods for determining acceleration and rate of rotation will be discussed
along with specific examples of SiC versions intended for harsh-environment appli-
cations.

Accelerometers work by monitoring displacement of a well-characterized, mov-
able mass (proof-mass) or by capturing the reaction force needed to hold the mass in
place under an acceleration event. In the case of a displacement sensor topology, the
mass is suspended such that the stiffness of the suspension is small in one direction
but large in all other directions. Thus, the motion of the proof mass can be attributed
to the component of acceleration that is aligned with the non-stiff direction of the
suspension. In this case, resolution of the accelerometer is dependent on both the
resolution of motion detection and the size of the proof mass since a larger mass
will result in a larger deflection for the same suspension stiffness and acceleration.
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Fig. 4.13 [28] Comparison of out-of-plane membrane-based 6H-SiC accelerometer to a commer-
cial high-g accelerometer ((©Elsevier 2003), reprinted with permission.

Alternately, one can measure the reaction force needed to hold the proof mass in
place. This force is directly proportional to the acceleration. A similar configuration
for suspending the proof mass that limits proof mass motion to be preferential in
one direction is often used so that the force sensor design can be optimized to mea-
sure a single-axis force. Force sensing accelerometers generally utilize the same
phenomenon of varying tension in a vibrating element that is used in resonant strain
sensors [27]. By including force actuators such as capacitive plates that can push
back on the proof-mass until the detected displacement is reduced to zero, the volt-
age necessary to maintain a zero displacement condition becomes a measurement
of the applied acceleration. By keeping the proof-mass stationary, nonlinearities are
generally avoided and coupling to rotational acceleration during proof-mass motion
is reduced.

SiC accelerometers to date have been of the displacement measurement type.
Initial work used bossed membranes made from 6H-SiC substrates to detect out
of plane acceleration [28]. Square and circular bossed diaphragms were fabricated
and benchmarked against a commercial accelerometer (Endevco 7270-060 K). The
sensors were well matched for accelerations below 8,000 g (Figure 4.13). However,
above 40,000 g the SiC accelerometer showed non-linearities believed to be either
due to residual stresses in the membrane or slight misalignment of the piezoresistive
sense elements to the membrane. Although the boss increases the sensor sensitivity
by increasing the proof mass, a flat membrane design was also developed because
the boss tended to increase off-axis sensitivity as well by inducing a twisting motion.
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Fig. 4.14 [29] SEM image of an in-plane 3C-SiC accelerometer utilizing capacitive comb drives
as the sense mechanism (©TTP 2009), reprinted with permission.

More recently, advances in strain gradient control and precision reactive ion etch
micromachining have allowed development of in-plane single-axis SiC accelerom-
eters. Utilizing large capacitive comb arrays as both part of the proof mass and
the motion sensing mechanism, accelerometers created from LPCVD 3C-SiC have
demonstrated a resolution of 350 ug/v/Hz at 1 kHz [29] (Figure 4.14).

PECVD a-SiC has also been used to fabricate in-plane and out-of-plane ac-
celerometers [30]. Sensors made from a-SiC must also utilize a conductive layer
for capacitive position readout. In this work, aluminum was used as the conductor
(Figure 4.15). These sensors exhibit 1.8 fF/g and 2.3 fF/g sensitivities in the vertical
and lateral directions, respectively. Because of the choice of materials and resulting
low temperature deposition processes (> 400 °C), these sensors are potentially Si
CMOS compatible; however, the low deposition temperature makes PECVD films
susceptible to creep if used for higher temperature applications.

Timing references do not need to use a mechanical element. A simple RC tank
can be used as a timing reference; however, such a resonant system usually has
high energy loss, which makes the drive circuitry power inefficient. By introducing
a mechanical element into the oscillator circuit, a high frequency, high Q (tight
frequency band) signal can be generated and used to keep track of elapsed time.
The higher the precision that time is measured, the more accurate the position can
be determined from rate of rotation and acceleration information.

Folded flexure resonators have been made by directly growing polycrystalline
3C-SiC on silicon dioxide on a Si substrate. Aluminum is used as the etch mask
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Fig. 4.15 [30] Schematic of layout for (left) out-of-plane and (right) in-plane accelerometers fab-
ricated from PECVD a-SiC ((©IEEE 2003), reprinted with permission.

SiC

material. This type of structure has an in-plane resonant frequency of 42.6 kHz with
a 110 V actuation voltage [31]. These resonators were tested up to 900 °C. It was
shown to exhibit significantly less shift in resonant frequency with temperature than
an equivalent polysilicon resonator, presumably because of a higher sensitivity of
Young’s modulus to change in temperature for the polysilicon beams [32].

The DETEF structure used as a strain sensor is also a potential timing reference.
The resonant strain sensor operates at 218 kHz. However, it was only tested at atmo-
spheric conditions, thus exhibiting a fairly poor Q of approximately 300-400 [14].
Even a simple cantilever structure can be used as a mechanical resonator. For in-
stance a vertically-actuated SiC cantilever beam exhibited a resonant frequency of
1.5 MHz and a Q of 128 [33]. If these devices were operated under vacuum, signif-
icantly higher Q should be achievable.

A Lamé mode resonator array has also been demonstrated in polycrystalline 3C-
SiC deposited using LPCVD. A fully-differential array of resonators exhibited a Q
0f 9,300 at a frequency of 173.5 MHz, operated in air [34]. The intended application
was as a mechanical filter; however, it demonstrates higher frequency operation that
could also be used for timing applications. A limitation of polycrystalline 3C-SiC
resonators continues to be higher motional resistance. Even though very small ca-
pacitive gaps were formed using FIB in this particular example, motional resistance
was still high for this resonator array. This is presumably because the sheet resis-
tance in poly-SiC films is still significantly higher than other common materials,
such as poly-Si. Nonetheless, as a basic resonator timing element, the Lamé mode
resonator is a viable choice for SiC-based timing circuits.

Although the above resonators were all capacitively driven and sensed, thermally-
actuated resonators have also been demonstrated (Figure 4.16). By patterning Pt or
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Fig. 4.16 [35] Two thermally-actuated SiC cantilever resonator designs. Pt is used as the electrode
material ((©Elsevier 2006), reprinted with permission.

Ni/Cr electrodes on hetroepitaxially-grown SiC cantilevers, resonant frequencies
near 900 kHz have been achieved [35].

Gyroscopes are used to measure rate of rotation. This is accomplished most typ-
ically by a mass-in-frame configuration where a mass is vibrated in a direction or-
thogonal to both the axis of rotation of interest and the direction to which the frame
is restricted to react. Monitoring either the position or reaction force generated by
the frame due to a Coriolis acceleration that is generated during rotation gives a
measurement of the rotation rate.

This type of single-axis gyroscope, using a variety of mechanical suspension and
frame designs, has been implemented successfully in Si technology [36, 37, 38].
To date, no known micromachined gyroscope has been fabricated in SiC. With the
successful implementation of strain sensors and accelerometers, SiC microfabrica-
tion has demonstrated all the necessary components to fabricate this type of device.
Thus, it is just a matter of time before this last component for inertial sensing is
realized in SiC.

Integrating the accelerometer and gyroscopes together in a fashion similar to
newly emerging commercial Si-based inertial measurement units (IMUs) will be a
challenge for the high-end temperature applications. The combined packaging of
these devices will need to be developed using packaging ceramics that can survive
the high temperature without generating large stresses in the package due to thermal
expansion mismatch. Additionally, reduction of electrical interconnects is needed
to improve the robustness of the packaged solution under these high temperature
and potentially corrosive environments. These first-level packaging issues will be
discussed more fully in Chapter 5. These complications need to be weighed against
the process and design difficulty of requiring even higher degrees of monolithic
integration of the IMU sub-components.
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4.2.4 Chemical

There are a number of chemical sensors that utilize SiC films. Key advantages of
SiC include chemical inertness and temperature stability without significant oxide
growth or inter-metal diffusion. Being chemically inert allows the SiC films to be
subjected to harsh chemical conditions without destroying the film. Minimal ox-
ide growth and material property stability with temperature allows these sensors to
maintain a higher level of stability than Si- or polymer-based sensors. Likewise, the
low diffusion rate of metals into SiC maintain sensor stability when higher tempera-
tures would otherwise suffer from metal migration into the ceramic films, changing
their electrical characteristics.

Chemical sensors can be implemented using elements that are sensitive to ad-
sorption of chemicals onto the surface. This includes capacitors, Schottky diodes,
FETs, and surface acoustic wave (SAW) devices. In some instances SiC is not used
directly as part of the sensing element, but may merely be a tough mechanical sup-
port that is tolerant to high localized temperature, particularly for use in micro-
hotplate fabrication. In this case, the sense material is typically heated to stabilize
the operating temperature or to improve sensitivity by promoting a chemical reac-
tion.

Hydrogen is a common target chemical. By placing a catalytic metal (e.g., Pt)
onto a semiconductor surface, hydrogen atoms, either from a catalytic reduction of
hydrogen molecules or hydrocarbons at the metal surface, diffuse through the metal
to form an electrically-polarized layer at the metal-to-semiconductor interface [39].
When made part of a capacitor, this polarized layer lowers the flat band voltage.
When part of a diode, it reduces the barrier height. By monitoring how the electronic
device varies, the amount of hydrogen can be determined.

Oxygen atoms or nitric oxide molecules consume hydrogen, so tend to result in
the reverse effect. Carbon monoxide reacts with oxygen, which in turn inhibits that
oxygen from reacting with hydrogen. These competing mechanisms through their
association with hydrogen can be sensed using hydrogen sensitive devices.

Two classes of SiC chemical sensors will be discussed. The first group are field
effect devices, which use transistor of diode devices to detect the changes in electri-
cal polarity due to hydrogen build-up. The second group do not use SiC to form the
sensor elements but instead use it as a high-temperature, high-strength substrate for
creating a suspended micro-hotplate to heat the sense elements.

4.2.4.1 Field Effect Devices

In 1997 metal-insulator-SiC (MISiC) sensor devices based on capacitors and Schot-
tky diodes were tested [40]. These devices were constructed from 4H-SiC, and oper-
ating temperatures as high as 1000 °C were demonstrated with prolonged operation
at 600 °C feasible. Response times were on the order of milliseconds. Additionally,
interdiffusion of metal and insulator layers were studied. Response curves were gen-
erated for hydrogen, oxygen, and hydrocarbons.
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Fig. 4.17 [41] Schematic cross-section of a MISiC sensor that incorporates TaSi, as a buffer layer.
This buffer layer interacts with the silicon dioxide layer to form a TaSi, O, layer. (©Elsevier 1997),
reprinted with permission.

Baranzahi et al. [41] further demonstrated 6H-SiC MISiC devices that incor-
porated a “buffer” layer between the metal and silicon dioxide (Figure 4.17). This
buffer of 10 nm thick TaSi, improved the long term stability and response time of the
sensors. These sensors were used to monitor hydrocarbons and were able to exhibit
an output transition near a stoichiometric ratio in a simulated exhaust environment,
which indicates complete combustion.

A MISIC structure that incorporated a LaF3 buffer layer to increase the sensitiv-
ity to fluorine was developed in 1999 [42]. This structure was originally developed
using a Si semiconductor layer. However, high temperature was needed for the cata-
lyst and buffer layer to create the desired sensitivity. So the semiconductor layer was
switched to SiC so that operation over 200 °C was feasible. This sensor was tested
against F,, HF, CCly, CH4 and sensitivity to more complex fluorine compounds
such as CF3CH,F to see if these compounds could be differentiated in the output.
It was found that although there sensitivity was highest in the range of 200-330 °C,
selectivity was not possible. But at 390 °C, selectivity was possible (Figure 4.18).

Work utilizing LaF3 was then further extended to an array of MISiC sensors that
utilized variations in metal catalyst (e.g., porous Pt, Ir, Pt/Ir) to generate differenti-
ating responses in a real exhaust environment. Figure 4.19 shows a schematic of the
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Fig. 4.18 [42] Response of a SiC gas sensor to HF at varied concentrations at 390 °C (concentra-
tion of HF in ppm is given in the upper portion of the graph). (©Elsevier 1999), reprinted with
permission.

device utilizing a porous catalyst layer to increase the tri-interface regions as well
as the response curves for such a device when exposed to an oxygen containing
environment versus propane [43]. FETs became the device of choice because they
combined the simplistic readout electronics of diode-based devices with the sta-
bility of capacitor-based devices since the FET devices also utilize a thicker oxide
layer. This device is also easily adaptable to SiC, making it possible to operate these
types of gas sensors at high temperatures either to improve sensitivity or because the
application demands survival at elevated temperature, as is the case of in-cylinder
combustion monitoring.

Although this array approach was shown to be somewhat successful, the general
drawback of these types of sensors is the lack of a single sensor to a single chemical.
So for practical implementation an array of sensors is likely needed to make the
necessary distinction, which in turn requires a detection algorithm that can be quite
complex depending on the models used [44].

4.2.4.2 Micro-hotplates

Micro-hotplates are useful for chemical sensing because control of the sense ma-
terial temperature is advantageous in two main ways. First, actively regulating
the sense element temperature to a constant level dramatically reduces thermally-
induced drift or aliasing of the output signal. Second, in some cases by heating the
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Fig. 4.19 [43] (a) Schematic of the MISiC sensor utilizing porous Pt and (b) response curve for
this type of sensor when exposed to a propane or oxygen environment ((©)Elsevier 2001), reprinted

with permission.

sense element to a high temperature leads to improved sensitivity to a given species
or allows operating in a regime where response specificity among a selection of

chemicals is greater.

Well-controlled, localized heating using resistive trace elements is typically
achieved by creating a free-standing suspension on which the resistive elements are
fabricated into and capped with metal oxides. SiC is a great candidate for these free-



4.2 Devices and operation in harsh environment 153

Fig. 4.20 [45] Microphotograph of micro-hotplate made on top of a 2 um thick LPCVD 3C-SiC
film (©Elsevier 2005), reprinted with permission.

standing suspensions because of the high mechanical strength, mechanical stability
at high temperatures, and chemical resistance. Because silicon can be selectively
etched with respect to SiC, these suspensions are typically deposited onto silicon
substrates so that the silicon can simply be etched away under the SiC.

One example of such a design used a 2 um thick LPCVD 3C-SiC film deposited
on a Si substrate [45]. This film was covered with a 300 nm thick PECVD silicon
oxide to isolate the catalyst from the substrate. Patterned Pt was used as the resistive
heating element, temperature sensor, and inter-digitated electrode for chemical sens-
ing. Finally, a second layer of PECVD oxide was deposited over the structure and
gold was used to overcoat the bond pad regions (Figure 4.20). The micro-hotplate
was able to heat up to approximately 500 °C using 300 mW, demonstrating the
high temperature survivability of SiC. Continued work in this area should look at
high ambient temperature chemical sensing. In this case, the micro-hotplate would
likely need to be transitioned to a SiC substrate. It would also need to be operated at
an even higher temperature than ambient to maintain a consistent chemical sensor
temperature relative to changes in ambient.
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4.2.5 Photo and Radiation Detectors

Light emitting diodes (LEDs) based on SiC were successfully commercialized in
1989 by Cree Semiconductor [46]. These LEDs have since been displaced by other
wide-bandgap semiconductors because of low efficiencies of SiC-based devices. Re-
versing the light emitting process allows sensitive detection of light in the UV range.
SiC photodetectors have been made on 4H- [47] and 6H-SiC substrates [48, 49].
These sensors have high efficiencies for UV wavelengths (~93% external quantum
efficiency [47]) but are insensitive to visible wavelengths, allowing good selectivity.

SiC was investigated in the 1960s for use as a radiation detector, but again effi-
ciencies were low; however, recently Stoken et al. have revisited SiC as a alpha ray
and x-ray detector [50]. Higher purity levels of the SiC films that can be produced
today have improved output efficiency compared to earlier attempts.

4.2.6 Temperature

Temperature sensing can be accomplished in a variety of ways. Generally, devices
exhibit different degrees of temperature sensitivity. This is often something one
wants to avoid. Temperature sensitivity in a device, such as a strain sensor or pres-
sure sensor, can sometimes be counteracted by using an independent temperature
sensor along with a model of the sensor response to temperature integrated into the
sensor output electronics. Conversely though, isolating the strain sensor from strain
essentially converts the sensor output to one that is solely a function of temperature.
Therefore, optimizing temperature sensitivity instead of avoiding it can convert re-
sistors, transistors, and resonators into usable temperature sensors.

Measuring resistance changes in a surface-micromachined thin film ceramic strip
creates a low-complexity, compact temperature sensor. Termed thermistors, these
temperature sensors have a long history. Many researchers have developed thermis-
tors from SiC films and have studied the performance of the different polytypes
with different dopant types and levels. In 1982, Nagai et al. demonstrated a SiC
thermistor fabricated using magnetron sputtering onto an alumina plate [51]. These
devices were trimmed to control the nominal resistance value prior to sealing in-
side a hermetic glass package (Figure 4.21). The resistance of these devices as a
function of the inverse of temperature is shown in Figure 4.22. Thermistors have
also been demonstrated using patterned metal electrodes on unintentionally doped
3C-SiC CVD wafers [52] as well as a high density array formed using magnetron
sputtered SiC [53]. The array was specifically made into a linear array with regions
as dense as 50 um center-to-center spacing to characterize the thermal gradient at
the liquid-vapor interface during evaporation (Figure 4.23).

In 1996, Casady et al. demonstrated a temperature sensor based on a 6H-SiC
buried gate junction gate field-effect transistor [54] (Figure 4.24). The pn junction
current was regulated using a series-series feedback network to prevent fluctuations.
In this configuration, the pn junction voltage, v;, was shown to have good sensitivity
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Fig. 4.21 [51] Hermetically sealed SiC thermistor ((©IOP 1982), reprinted with permission.

(2.3 mV/°C) and excellent linearity from 25 °C to 500 °C. The sensitivity rapidly
increased at -50 °C however, presumably because of carrier freeze-out in the diode.
Recently, a temperature sensor based on the optical signature of a SiC chip in
a sintered SiC tube has been successfully used to accurately measure high temper-
atures up to 750 °C [56]. This sensor uses blackbody radiation, two-wavelength
pyrometry along with Fabry-Perot laser interferometry to provide relatively fine
temperature accuracy. Furthermore, this method uses the SiC chip as a free-space
optic, which provides wireless operation. The use of a laser system is inherently
bulky compared to a simple semiconductor resistor or JFET temperature sensor and
requires, at least in the current configuration, that the laser be kept in a low tempera-
ture environment. This method though has promise in combustion engine or turbine
environments where the high temperature environment is localized in the system.

4.3 Material aspect of harsh environment operation

This section will briefly discuss issues related to high temperature operation. Namely
temperature-induced stresses will be discussed. Furthermore, control of stress gra-
dient and its impact on being able to recreate certain devices that exist in Si tech-
nologies will also be discussed.
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Fig. 4.22 [51] Temperature dependence of resistance of the SiC films deposited at various substrate
temperatures with a particular electrode pattern: A 750 °C; B 700 °C; C 650 °C (©IOP 1982),
reprinted with permission.

4.3.1 CTE of layers and effect

When operating temperatures can be hundreds of degrees Celsius over room tem-
perature and dynamic temperature ranges can likewise be quite large, even small
differences in how materials expand with increased temperature can be of critical
importance. This is often captured as a coefficient of thermal expansion (CTE). CTE
mismatch is a critical input in designing a sensor for harsh environment applications.
Furthermore, CTE is generally not a linear function of temperature [57, 58, 59]. Fig-
ure 4.25 plots CTE values for SiC and Si based on a variety of deposition methods.
It is interesting to note that the common CTE values listed in textbooks for Si and
SiC do not apply to the same temperature range. In fact, near room temperature the
CTE difference becomes very small.

In the case of a SiC double-anchored, flexural-beam resonator fabricated on sili-
con, the mismatch between the silicon substrate and the SiC device layer film leads
to a higher frequency sensitivity to temperature than would be expected by elastic
modulus softening of SiC alone (see Equation (1.13)). There also exists a region
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Fig. 4.23 [53] Schematic cross-section of thermistor array for use to generate a temperature gra-
dient map at the liquid-gas interface during evaporation ((©ECS 1989), reprinted with permission.
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Fig. 4.24 [55] 6H-SiC junction gate field-effect transistor thermistor output voltage as a function
of temperature ((©Elsevier 1996), reprinted with permission.

near room temperature where the difference in CTE between Si and SiC is small,
and the induced thermal strain (Figure 4.26) counteracts the strain due to stiffness
softening [60]. In this regime of temperatures, frequency shift with temperature is
very low. This provides a passive method capable of reducing thermal sensitivity
for room temperature operation; however, at significantly higher temperatures, the
sensitivity to temperature is amplified because of the CTE mismatch.
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Fig. 4.25 [60] CTE as a function of temperature for 3C-SiC and Si as characterized by [57, 58, 59]
and comparison to estimate of CTE for thin-film LPCVD 3C-SiC based on resonator response [60]
(©IEEE 2009), reprinted with permission.

More extreme mismatches though tend to be detrimental to long-term survivabil-
ity. Large cyclic loads are applied at the interfaces when materials with large CTE
mismatch undergo large temperature changes. Therefore, whenever possible mate-
rials with closer CTE values should be the preferred design. For instance, it is better
to use a-SiC compared to SiO; as an interlayer insulator between SiC or Si layers.
For sustained high temperature operation, even the difference in CTE between the
Si substrate, SiC device, and packaging layers can be problematic. Moving towards
an all-SiC solution, utilizing a single-crystalline SiC substrate, alleviates the mis-
match issue for high temperature operation. For very high temperature applications
or applications that will continually cycle from room temperature to high operating
temperatures, moving toward an all-SiC solution becomes a necessity for reliable
long-term operation.
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Fig. 4.26 [60] Thermal strain due to CTE mismatch between a silicon substrate and LPCVD 3C-
SiC thin film based on literature for SiC and Si [57, 58, 59] and based on experimental mea-
surements made using a double-anchored DETF resonator [15] (©IEEE 2009), reprinted with
permission.

4.3.2 Stress gradient and stress relaxation

For mechanical elements of microsystems, stress and stress gradients impact device
performance. In extreme cases, films may curl out of plane upon release (Figure
2.35), which for many applications would render the device unusable. The films
may delaminate from the surface. Thus, stress and stress gradient can be limiting
factors in achievable film thickness. Especially for electrostatic-based structures,
thicker films are desired to increase signal strength since for an in-plane operated
structure, the forces generated along with the spring constant scale linearly with
thickness as does the device mass. For example, if operating an in-plane resonator
then increasing the thickness results in essentially no change in frequency or drive
voltage; however, capacitive coupling to the sense electrodes also scales upwards.
As has been discussed previously, the mechanical properties of silicon carbide
films are very stable with temperature. This is one of the reasons why it is a lead-
ing candidate material for harsh environment applications. But this also makes it
difficult to anneal out a significant level of stress [61, 62]. With silicon dioxides
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and polysilicon layers, annealing often has a significant impact even when done at
moderate temperatures. Annealing can be enough to reduce issues with stress or
stress gradients. Silicon carbide has benefited in recent years by development of al-
ternate methods of tailoring the mechanical properties. Tailoring the doping level,
pressure, and flow of gases during deposition can be used to tune the stress. But for
very thick films, often it is the variation in grain growth through the thickness that
create a stress gradient. So work to likewise deposit with a gradient in gas flow or
dopant concentration throughout the deposition has been able to create lower gradi-
ent films [63].

There still are device topologies from silicon micromachining that would be dif-
ficult to implement as is using SiC because they require a very long free-standing
structure, requiring near-zero stress gradient. There is additional work to develop
more strain gradient tolerant structures. By re-thinking some of the existing topolo-
gies in terms of anchor placement and how the structure folds upon itself is seen as
an area of development that would be beneficial for SiC MEMS.

Epi-layer SiC or wafer-bonding of single-crystalline SiC to create SiCOI can
create device layer films that are nearly stress free; however, this restricts the avail-
able topologies in terms of creating electrical routing layers or maintaining thermal
budget if trying to integrate SiC electronics onto the same substrate as the MEMS
device is important. So some solutions for the device realization standpoint need to
be reviewed in the context of the overall system since they may limit options later
in the system design.

4.3.3 Design for high g-shock survivability

Some level of shock survivability is usually considered as part of a commercial
MEMS sensor mechanical design, from intentional accelerations expected in the
field to accidental events such as dropping the sensor from a table. Although MEMS,
due to their low inertia, are innately robust to moderate g-shock, certain harsh envi-
ronment applications such as munitions monitoring require surviving shock events
of 100,000 g or more. SiC has a favorable stiffness to weight ratio and good yield
strength, but at these very high shock levels, more traditional designs may need to
be modified to ensure device survivability. To highlight how design can be used to
improve shock survivability, an example of how a SiC comb-driven double-ended
tuning fork (CDDETF) resonant sensor is modified for high g-shock survivability
will be discussed [15].

CDDETF resonators are commonly used in MEMS sensor applications and uti-
lize electrostatic comb arrays for drive and sense of tine deflection (Figure 4.27a).
The comb-array provides a higher transduction constant (due to increased capacitor
surface area), which does not vary with the magnitude of tine excitation (minimiz-
ing distortion of the output signal). In addition, air damping is less for a comb array
than for a gap-closing capacitor array of equivalent transduction efficiency. Thus,
even though the added mass of the comb array decreases the resonator sensitivity
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Fig. 4.27 [15] Schematics of (a) standard comb-driven double-ended tuning fork (CDDETF) res-
onator and (b) balanced-mass double-ended tuning fork (BDETF). (©IEEE 2007), reprinted with
permission.

to applied strain or force [64], this is often tolerated because of the superior electri-
cal characteristics achieved with the electrostatic comb array. This large structure is
suspended far from the resonating tine and is detrimental to high shock survivability.
It leads to a structure that is susceptible to deflection under shock, and the resulting
load it creates on the tine and anchors cause high local stresses on other portions of
the structure.
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There are two primary modes of failure due to shock in MEMS: fracture and
stiction. Preventing fracture, obviously, requires management of strains generated
during a shock event. Stiction can occur either between the device layer and the
substrate or, as is much more common, between the stationary and moving comb
fingers of the capacitive comb array. Hence, to prevent stiction, it is also important
to limit deflection during a shock event.

By folding the sense portion of the comb array between the tines, the long lever
of the CDDETF structure is eliminated. The moving portions of the sense and drive
comb arrays are now placed symmetrically around the tine, creating a balanced-
mass comb-driven double-ended tuning fork (BDETF) topology (Figure 4.27b). To
facilitate folding the sense comb array between the tines of the BDETF without
significantly reducing the transduction area of the comb array compared to the CD-
DETF, the tine length is increased by 50% over the CDDETF design. Since the pri-
mary flexural mode resonant frequency and frequency sensitivity to applied strain of
a clamped-clamped tine is constant for a given tine width-to-length ratio, the width
of the BDETF tine is proportionally increased so as to maintain the same resonant
frequency and sensitivity. In order to fit one half of the comb array between the
tines requires widening the isolation block significantly over the CDDETF config-
uration. It is possible that widening the isolation blocks that connect the tines to
the substrate anchors may increase anchor loss compared to the CDDETF; however,
fluidic damping, not anchor loss, is the limiting factor in achievable Q for a res-
onator operated in air, which is how the original design is intended. Thus, changing
the resonator to a BDETF does not diminish the strain sensor transduction perfor-
mance while theoretically improving the g-shock survivability of the sensor over the
standard CDDETF.

Simulations were conducted using ANSYS at 10,000 g, 50,000 g and 100,000
g in three directions: out-of-plane (z-axis), in-plane parallel to tines (y-axis), and
in-plane perpendicular to tines (x-axis). Fracture failure was determined to occur
first for both designs under z-axis acceleration. SiC is assumed to have a fracture
strain limit of 0.17% based on literature review of CVD SiC films that examined
comparably sized features. Therefore, the CDDETF is fracture-limited to 70,000 g,
compared to 94,000 g for the BDETF design. The other mode of failure is stiction.
For this type of structure, contact occurs either with the substrate or with the moving
comb array fingers contacting the stationary fingers. Contact with the substrate will
occur under 23,000 g z-axis acceleration for the CDDETF; whereas, the BDETF
can survive 150,000 g based on extrapolation of the simulation data. Comb finger
contact occurs at 93,000 g y-axis acceleration for the CDDETF while the BDETF
reduces deflection in the y-axis by 98%.

By understanding the failure modes of the device structure along with general
design constraints of the sensor enables sensor redesign that increases shock sur-
vivability considerably (in this example as much as four-fold). With careful design
considerations, these gains can be made without significant compromise to sensor
performance. Sometimes, as in this particular example, understanding the dominant
loss mechanisms in the device allows improving shock survivability without reduc-
ing sensor sensitivity.
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Chapter 5
Packaging

Packaging is typically required to provide some level of hermeticity to the sen-
sor and electronics. Without this protection, the sensor or electronics performance
would degrade or drift, aliasing the output characteristics and potentially leading to
premature failure of the device. These issues are compounded for harsh environment
applications. Highly corrosive media require highly corrosion resistant materials be
used for packaging, limiting the available material set that can be used. High tem-
perature environments increase the rate of corrosion and diffusion as well as can
decrease fatigue life or may simply exceed the melting point or glass transition
point of certain common packaging materials. It also can introduce significant in-
ternal stresses due to mismatch in thermal expansion rates of the various materials
inside the package. High pressure and high shock environments additionally require
components be properly sized or a different mechanical topology implemented so
that they can survive the high mechanical forces encountered.

Sensor packaging rarely gets to be as simple as casing the entire sensor in a
rugged box. Interconnects through the package to the environment are nearly al-
ways needed. Although this typically is only an electric route for either signal or
power in and out of the package, for non-inertial sensors this also includes a force
transduction port such as a pressure tube or gas port. Accounting for these intercon-
nects as well as linking multiple packaged components together to form the entire
sensing system create weak points in the package design or leads to very costly
solutions.

Hermeticity applies to preventing ingress or escape of air. Although as will be
discussed this is sometimes not the critical issue. In certain cases, prevention of lig-
uid ingress is sufficient. Some devices are ruined by accumulation of moisture in the
package which can cause electrical shorting, electrochemical corrosion, or stiction
in narrow-gap mechanical structures. In the harsh environment context, environ-
mental liquids and gases may themselves be significant etchants of the encapsulated
structures, which adds another failure mechanism.

Materials that prevent air and water moisture ingression range from single-crystal
to metals to polycrystalline films. Although the materials themselves may not di-
rectly allow gas to pass through because of their high density and low diffusivity,
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Fig. 5.1 [1] Calculated permeability of water through organic and inorganic materials ((© Springer
1997), reprinted with permission. Since device lifetimes typically need to be on the order of years
(grayed region), this generally excludes most polymer alternatives.

gases can make their way into the package by traveling along grain boundaries. This
is especially problematic in high-temperature and high-pressure environments since
both of these aid in diffusion through the packaging material. Polymers easily up-
take water in comparison, making them often not suitable for long-term hermetic
applications. Figure 5.1 shows diffusion rates through various materials as a func-
tion of thickness.

Since MEMS research into harsh environment packaging is to date relatively
limited, this chapter will provide an overview of the current state of packaging tech-
nologies for MEMS in general. This is to provide the reader with an appropriate
context for the limited subset of packaging techniques that will be applicable to
harsh environment applications. The various environments that make up the harsh
environment space will be examined in the context of MEMS packaging techniques
available and packaging techniques that are not suitable for that subset environment
will be detailed. Techniques that fit the necessary criteria will be reviewed or needs
anticipated when current research has not yet explored that regime.

5.1 Zero-level MEMS Packaging

MEMS packaging is in many ways an extension of IC packaging and borrows many
of the same techniques. MEMS packaging though is complicated for many applica-
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Fig. 5.2 Schematic illustrating the nomenclature for the various levels of packaging and backend
integration that goes from interfacing a die to a system.

tions by two additional requirements: 1) the need to provide an internal cavity for a
free-standing mechanical device that is used as a sense element and 2) the need to
provide not only electrical but physical (e.g., fluidic, thermal) interaction with the
environment outside the package. Because the sense element is formed at the die
level, this places a significant effort on developing robust 1st- and O-level packaging
(Figure 5.2) techniques to protect these fragile mechanical structures while provid-
ing the necessary environmental coupling. The need for environmental coupling is
particularly troublesome in a harsh environment context since it often requires 0-
level packaging solutions that are highly corrosion resistant when a pure IC may be
able to push such requirement off until the 1st-level package.

Traditional MEMS research has developed a wide range of O-level packaging
schemes because they tend to be tailored to the sensor type and sensor fabrication
technique. These techniques generally differ by material set but can be grouped log-
ically into form-factor and attachment process. Techniques for O-level packaging
can first be divided into two broad classes: 1) bonding techniques, in which some
lid with cavity is placed over the MEMS device and bonded or 2) deposition tech-
niques, in which additional layers are added over the micro-structure layer to form
a lid (Figure 5.3a). Bonding techniques can be further divided into wafer-to-wafer
(Figure 5.3b) and transferred lid (Figure 5.3c) techniques.

Harsh environment packaging further utilizes corrosion resistant coatings. This
allows using traditional materials such as silicon that are mechanically robust and
utilize well-characterized processing techniques to create the packaging structure.
By depositing thin-film SiC over these conventional structures allows them to be
used in chemically corrosive or oxidative environments at minimal added cost.

These techniques, along with their advantages and disadvantages, will be laid
out. Integration and routing of electrical interconnects as they pertain to 0-level
packaging will also be discussed.
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Fig. 5.3 Schematic examples of 0-level packaging for MEMS. (a) Deposited cap, fabricated in a
monolithic process, (b) bulk wafer cap, (c) transferred hexsil rib cap.

5.1.1 Bonding Techniques

One major class of packaging techniques involves either sealing a cavity in the de-
vice wafer or creating a cavity in a second wafer or die and bonding the two wafers
or wafer and die together. Bonding includes techniques that introduce a separate
bond material to facilitate the bonding process either by modifying the process tem-
perature to form the bond or by providing a medium that provides the necessary
adhesion. Bonding can in some cases be achieved without a separate adhesion layer
as well.

5.1.1.1 Wafer-to-wafer

Wafer-to-wafer bonding is a common technique in silicon MEMS processing. It
has been utilized to create a variety of sacrificial and device layer stacks for device
fabrication (e.g. SOI wafer technology). It is also a useful packaging technique as
well. It gained wide use as a packaging technique for pressure sensors. It is widely
utilized to provide an encapsulated vacuum or controlled atmosphere cavity as a
pressure reference in pressure sensor fabrication. A variety of bonding techniques
have been developed. They will be briefly reviewed here, although as will be pointed
out they are not all suitable for high temperature or harsh environment applications.
The most common method of encapsulation is still bulk wafer capping. This
method is implemented by etching recesses into a second wafer, which is bonded
to the device layer through an intermediate bond material or by anodic or thermal
compression bonding. This method is robust and reliable; however, it requires a
relatively large bond ring, which consumes considerable real estate on the die. It
also requires a highly planar surface at the bond ring area on both the cap and de-
vice wafer. This is not always compatible with electrical routing or interconnects,
although routing processes can be tailored to this type of packaging in some cases.
Anodic bonding works well for microfluidics because it requires the use of a glass
and silicon wafer pair. This allows for optical interrogation of fluidic channels if
necessary. Anodic bonding occurs through migration of positive ions from the glass
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substrate to the silicon-glass interface under an applied electric field (200-1500 V)
and is assisted through the use of vacuum and elevated temperature (approximately
400 °C). CTE mismatch between the wafers can cause considerable residual stress
and wafer bow; however, glass manufacturers now offer specialty glass substrates
that are fairly well matched to silicon up to several hundreds of degrees Celsius
[2]. The anodic bonding method tends to create trapped charge regions at the wafer
interface, which can cause degradation of electronics performance. A variation of
this method is accomplished by growing an oxide layer on a silicon wafer to fuse two
silicon wafers together. This is one method of bonding that can be used to form SOI
wafers. This method has been adapted to make SiC-on-insulator substrates [3, 4],
although to date it has not been used for harsh environment sensor packaging.

Thermal fusion bonding is another method commonly used to bond two silicon
wafers together. This bonding method uses very high temperatures to create interdif-
fusion between the wafers. This method does not use a bonding layer and requires
very clean and smooth surfaces on both silicon substrate and silicon capping wafer
as well as processing temperatures upwards of 1000 °C to achieve sufficient inter-
diffusion to bond the wafers together. Therefore, this type of bonding exceeds the
thermal budget for silicon IC devices. Although this is a very strong bond method, it
requires very smooth surfaces and high cleanliness is achieved using chemicals that
can etch typical IC dielectric and metal layers. So this method is usually limited to
initial substrate preparation, prior to IC fabrication.

This type of high temperature diffusion bonding can also be used to form SOI
wafers, which allows bonding without special equipment to apply a high voltage.
This is primarily a matter of convenience and throughput since high capacity tube
furnaces can be used and may already exist at a given fabrication facility for high
temperature annealing. A variant of this type of processing has been successfully
utilized to form high quality SiC-on-insulator substrates for microwave electronics
[5]. Although, like with anodic bonding, the technique may work for packaging
harsh environment sensors, to date no reports are found in the literature.

To depress the bonding temperature, a wide variety of adhesion layers have been
introduced to wafer bonding. The adhesion layer can have a relatively low melting
temperature, which can create low temperature bonds (e.g., Sn, In, BCB, Parylene).
With thicker bond layers, this adhesive layer approach also reduces the need for a
highly planar surface [6]. It is often advantageous to use a material that will form a
eutectic alloy with silicon (e.g. Au [7] or Al [8]). Eutectic alloys of the proper ratio
can be formed by melting one or both materials (usually metals). The eutectic point
allows for melting of the alloy at a temperature well below the melting temperature
of either of the constituents. Another alternative is to use a multi-material bond ring
stack of pre-deposited materials that create a eutectic bond pair (e.g. Au-Sn [9],
Pb-Sn [10] or In-Sn [11]).

Although these bond materials can greatly reduce bonding temperature, this like-
wise limits operating temperatures to prevent yield or creep of the bond. Addition-
ally, some of these bond materials are polymers or metals that are easily etched,
making them less suitable for corrosive or oxidizing environments; however, if lim-
ited lifetime is needed, some compromise between bond ring width and etch rate
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may be feasible. Additionally, if high temperature operation is required, metals and
even silicon dioxide are not well matched to SiC in terms of CTE. Characterizing
fatigue life of these types of composite structures under thermal cycling up to 300
or 600 °C is an open area for research.

Wafer-to-wafer packaging techniques are becoming increasingly common in sili-
con sensor commercial packaging. The current drawback for researching these tech-
niques for SiC is the relative cost of the wafer substrate. A 100mm diameter sub-
strate of pyrex or silicon can be had for $10 to $20 per wafer. SiC substrates are
approximately 200 times the cost of silicon currently. This has pushed O-level pack-
aging research towards structural coatings of SiC or chemical passivation of silicon
for packaging. It is expected that as the price of SiC substrates decrease, wafer-to-
wafer packaging has a strong potential as a MEMS-first configuration that preserves
a high-quality SiC layer for IC fabrication.

5.1.1.2 Transferred Lid Technique

Transferred lid capping is a method that allows formation of a lid in its own fabrica-
tion process completely separate from the device wafer before it is finally transferred
to the device wafer. This allows for a compromise that decouples the fabrication pro-
cess of the lid structure but can preserve a high precision alignment between all the
lids and devices on a wafer. Thus, it is possible to transfer all the lids to the devices
at once instead of in a serial process.

Although it is possible that transferred lid capping could be used to create a thick
film lid, it has primarily been demonstrated for creating a lid using a thin-film mold-
ing process in the lid substrate. In a demonstration for SiGe 0-level encapsulation,
hexsil ribs were added to the cap through etching of narrow trenches along the lid
span in order to stiffen the resulting membrane encapsulation [12, 13]. The ribs
make even a thin film mechanically strong enough to support an atmosphere differ-
ence in pressure across the membrane. Transferred lid methods also require a bond
ring around the device, but tend to utilize a much smaller bond ring area than the
bulk wafer capping method.

Because these techniques either utilize a bond ring material or are formed from
the substrate typically using deep etch techniques, this in turn limits how far one can
shrink the bond ring. In addition, for methods that use semi-hermetic materials such
as polymers, the time the package can protect the encapsulated devices from mois-
ture is a strong function of the width of the bond ring. Hence, narrow polymer bond
rings are detrimental to long-term use. As discussed previously, polymers would not
be suitable for many chemical or high temperature environments.

Existing literature has been focused on packaging silicon circuitry. Hence, very
low temperature melting metals have been used. But if the same concept were ap-
plied to SiC electronics, higher melting point bond materials such as gold may be
feasible and may be compatible with moderate to high temperature operation.
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5.1.2 Deposition Techniques

An alternative to the bonded encapsulation methods discussed in the previous sec-
tion is to deposit the encapsulation directly over the MEMS structure. Deposition
techniques involve depositing at least one, but often multiple, layer after the MEMS
structure is defined. Often these techniques are based on a second device layer tech-
nique in the sense that a sacrificial layer is deposited before a packaging structural
layer is deposited. This is typically done before the micro-sensor is released so as to
avoid recoating or re-attaching the mechanical structure to the substrate.

Another popular technique for chemically harsh environments is to passivate a
non-corrosion resistant set of materials by depositing a very thin, conformal coating
of LPCVD or PECVD SiC over the surfaces that will be exposed to the corrosive
environment. Although this does not alleviate temperature constraints of the under-
lying structure, corrosion protection is enhanced, allowing an otherwise standard
material set to be used for applications where corrosion limits the useful life of
these devices. Both the structural scaffold and conformal coating techniques will be
discussed in more detail next.

5.1.2.1 Structural Thin-films

Structural thin-films as 0-level packaging aim to reduce the overall footprint of the
package and shrink the final device dimensions while utilizing a parallel processing
technique. If yields of the packaging technique are very high, this has the potential to
decrease overall device cost. Some techniques further aim to either utilize processes
for the packaging with very low temperatures to be compatible with MEMS-last IC
integration or finish processing with a high quality, highly planar silicon surface to
be compatible with MEMS-first IC integration.

The generic structural thin-film approach requires first encasing the MEMS struc-
ture with a sacrificial material such as silicon dioxide or photoresist. This provides
a stand-off between the moving device and encapsulation. Then the thin-film struc-
tural layer of the encapsulation (also known as the scaffold layer) is deposited over
the sacrificial material and photolithographically patterned with either side [14, 15]
or top etch access holes [16, 17]. An etchant, typically liquid but possibly chemical
vapor, is then used to remove the sacrificial material. If the packaging sacrificial
material is different from the micro-structure sacrificial material, a second etchant
may be used to fully release the free-standing features of the device layer. As men-
tioned in the device fabrication flow in Chapter 4, a critical point drying step may
be introduced after the etch to prevent stiction of the device and scaffold layers due
to liquid meniscus forces during drying. A sealing film is then put down to seal
the etch access holes. This film could be a spun-on polymer [18], but is more typi-
cally a deposited metal or ceramic film. With few exceptions, this sealing film will
need to be patterned to define electrical contact pads in a conductive sealing film or
clear away a non-conductive sealing film to create a conductive path to underlying
electrical contacts.
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Fig. 5.4 [16] Schematic of the process cross-section of an encapsulated beam resonator using the
epitaxial silicon scaffold layer technique ((©IEEE 2003), reprinted with permission.

Because of both permeability concerns and restrictions on the practical thickness
range of deposited films, deposited packages for devices requiring long lifetimes
are commonly made from metals [15]. Poly-crystalline films are also used [14, 17].
Single-crystalline materials would also be a good choice because reducing grain
boundaries reduces the diffusion paths through the film, although in practice it is
difficult to create a single-crystalline deposited film.

A high-yield example of this thin-film technique has been developed jointly be-
tween Stanford University and Robert Bosch, GmbH and later adopted and further
refined by SiTime, Inc., a start-up developing silicon mechanical resonators as re-
placements for crystal quartz timing references [16]. The process aims to fabricate
the mechanical micro-structures first but end with a high quality silicon layer for
post-MEMS IC integration. A previously published version of this process starts
with a SOI wafer with a device layer tens of microns thick (Figure 5.4). The sili-
con is etched to define the resonator structure. This is followed by several microns
of silicon dioxide so as to cover and span the trenches. The oxide is planarized and
patterned to create electrical vias. A thick epitaxial silicon layer is grown as the scaf-
fold layer, typically 20 to 40 microns thick at temperatures of approximately 1200
°C. This thickness is set by a deflection limit of the largest span distance that can
withstand the pressure of injection molding during 1st-level packaging. The scaffold
layer is again patterned to define the electrical vias and etch access holes. A vapor
hydrofluoric acid etch is used to remove the device and scaffold layer sacrificial ox-
ides. Finally, another silicon dioxide layer is deposited to seal the etch access holes
and capture the deposition vacuum inside the resonator cavity, which is beneficial
in reducing resonator damping (increasing Q-factor). In the device-only version of
this process the sealing oxide is etched at the electrical via features and a patterned
metal is added to reduce contact resistance and promote wire-bonding (Figure 5.5).

This process utilizes both rectangular etch access holes and purposely offsetting
the placement of these holes from being directly over the resonator structure when-
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Fig. 5.5 [16] Top view IR micrograph of finished resonator structure (©IEEE 2003), reprinted
with permission.

ever possible to minimize mass loading of the resonator by the subsequent sealing
layer deposition. Offsetting the holes prevents initial deposition from having a line-
of-sight avenue to the resonator. The rectangular holes allows for effective etching
of a hole with a minimum dimension smaller than a square hole can be created in
the same process because the etch process is area dependent. This allows reduc-
ing the necessary sealing oxide thickness to pinch off the etch holes because this is
minimum dimension dependent.

This process was further refined to allow for direct CMOS integration on the
device substrate (Figure 5.6). The initial scaffold layer is reduced to only 1-
2 um thick and instead sealed with a thick epitaxial silicon growth (SiTime’s
EpiSeal™ process) after removal of the sacrificial oxide [19]. By sealing the cav-
ities with a thick silicon instead of a thin silicon dioxide, the packaged device can
be planarized again after the sealing process to reveal a flat, high quality silicon sur-
face for CMOS fabrication without concern about re-opening the etch access holes
(Figure 5.7).

This type of encapsulation process for a microsensor is adaptable to SiC. SiCOI
wafers have been demonstrated with a silicon handle, but the process should be read-
ily transferable to using a SiC handle wafer. LPCVD films have been demonstrated
at 7 to 8 um [20]. The higher elastic modulus of SiC compared to silicon means a
reduced thickness can be used, although increased film thickness is preferable. The
larger challenge however is that high aspect ratio etching is needed to create small
etch access holes through this thick film [21]. Part of the challenge is battling mask
erosion, which leads to a widening of the etch hole. Current etching techniques uti-
lizing metal masking materials such as Ni [22, 23] or alternative dielectrics to silicon
dioxide such as AIN [24] may enable development of a high aspect ratio, small fea-
ture etch without significant mask erosion. Alternatively, it may be possible to take a
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Fig. 5.6 [19] Schematic of the process cross-section of an encapsulated beam resonator using the
EpiSeal™ process (©SEMI 2005), reprinted with permission.
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Fig. 5.7 [19] SEM image of the cross-section of an encapsulated resonator (©SEMI 2005),
reprinted with permission.

lesson from the transferred cap ribbing approach. Depositing a very thick sacrificial
oxide allows using a two stage etch to create a mold that will define a ribbed scaffold
membrane if refilled with a conformal SiC film (Figure 5.8) [25]. This reduces the
constraint on the scaffold deposition process to produce very thick, low-stress films
in order to achieve the necessary mechanical rigidity. It also reduces the aspect ratio
needed for etch access holes, reducing the constraint on the etch process. Finally,
the etch access holes can be sealed using PECVD SiC [27] or IBAD SiC in order to
prevent mass loading of the encapsulated resonator structures [26]. In this approach
it is not clear that an epitaxial SiC layer of sufficient planarity and necessary quality
for post-MEMS IC integration can be grown on top of this type of arrangement of
films since epitaxial growth tends to mimic the crystallinity of the underlying layer.
Fortunately though, another avenue might be open to those developing SiC-based
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Fig. 5.8 Schematic cross-section of a process to use a thick sacrificial scaffold oxide to create a
ribbed membrane from a thinner SiC film to enhance the mechanical robustness of the resulting
encapsulation membrane.

microsystems. Since the thermal budget limits for SiC are considerably higher than
silicon, it may be possible to instead attempt a post-IC MEMS integration. The pro-
cesses outlined above are below 800 °C and might be able to be pushed somewhat
lower, which may be sufficient for full MEMS and IC integration.

Another variation of the above silicon processes has been recently explored,
which sandwiches the device layer in a two-device-layer SOI stack (Figure 5.9)
[28]. Thus, the scaffold layer is made using a wafer bonding technique (Section
5.1.1.1) but the sealing layer is still an epitaxial silicon deposition process. This re-
moves the constraint that the scaffold sacrificial layer actually refill all the device
layer trenches. This constraint limits device topology to structures that do not re-
quire large gaps to allow for large proof mass motion [29] or for creating offset gap
capacitive array position sensing [30]. This type of approach may be feasible for
SiC as well, and would be a likely candidate for enabling post-MEMS IC integra-
tion. But this remains an open area of research for SiC technology.

As has been outlined, some successful silicon deposition based packaging con-
cepts are strong contenders for transition to SiC materials for O-level packaging. The
authors believe ultimately this will be the direction that high-temperature, corrosion
resistant sensor packaging will ultimately pursue; however, several harsh environ-
ment applications do not require high temperature operation (Chapter 1) but are
limited by corrosion survival. Because of the relative processing ease of the coating
approach, SiC coating of silicon-based technology has been the dominant SiC-based
packaging technique demonstrated to date.

5.1.2.2 SiC Chemical Passivation Coating

A subset of packaging uses SiC coating as a protectant for more vulnerable mate-
rials such as silicon. These thin coatings, typically over silicon, impart a chemical
resistive shell over the structural component. Since the coatings are not meant to be
structural themselves, these coatings might only be tens to hundreds of nanometers
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Fig. 5.9 [28] (a) Schematic cross-section of bonded scaffold layer and deposited sealing layer
alternative to the EpiSeal™ and (b) SEM image of the resonant proof-mass structure (©TRF
2010), reprinted with permission.

thick — enough to ensure the coating does not contain pinholes. LPCVD SiC de-
position may be used, especially if a highly conformal film is desired. PECVD SiC
has also been successfully used and is deposited at significantly lower temperatures.

The higher deposition temperature of LPCVD provides energy to allow migra-
tion of the depositing molecules to move along the deposition surface. This tends
to lead to a conformal film since the molecules do not get locked locally due to the
energy barrier of migration but can move to a low thickness region, which happens
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Fig. 5.10 [32] SEM image of the resonant structure, showing the relative thickness of the SiC
coating on the devices below the scaffold layer ((©IEEE 2009), reprinted with permission.

to be a lower energy state. This technique has already been discussed in the con-
text of coating unencapsulated micro-structures in Section 4.2.1, demonstrating that
corrosion protection is possible with tens of nanometers of LPCVD SiC films.

LPCVD SiC has also been used as the sealing deposition layer for the epitaxial
silicon 0-level packaging discussed in Section 5.1.2.1. In this case, a thick LPCVD
film of approximately 2.1 um was deposited at a temperature of 800 °C using a
1,3-disilabutane (DSB) precursor [31]. Because of the relative conformality of this
deposition, the resonator structures were also coated with approximately 300 nm of
SiC (Figure 5.10). This results in an encapsulated structure that is resistant to chem-
ical etching through the scaffold material and can act as a non-stiction coating for
the released structures; however, inconsistent mass loading of the resonators across
a wafer will need to be addressed. PECVD or IBAD a-SiC could likewise be used as
the sealing layer if sufficient thicknesses can be achieved. This would reduce con-
cern for mass-loading of the encapsulated devices. IBAD a-SiC is currently limited
to about 1 pm thickness because of intrinsic film stress [26].

Another interesting scaffolding technique is available for silicon microsensor
packaging. It has been successfully used for creating pressure sensors [33], flu-
idic microchannels [34], and encapsulated resonators [35]. By tuning the LPCVD
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Fig. 5.11 [37] SEM image of silicon migration in a silicon scaffold layer at 1100 °C. (a)-(f) rep-
resent different times at temperature with (a) being the initial unprocessed state ((©TRF 2010),

reprinted with permission.

polysilicon deposition process [36] or by electrochemical etching of the device layer
of an SOI wafer, it is possible to create a porous silicon membrane that allows
etchant to penetrate through the porous layer to create a free-standing membrane
(Figure 5.11). After the sacrificial layer is etched away using either a wet or vapor
etch, the scaffold is sealed during the subsequent deposition step. Because the voids
in the silicon are extremely small and not necessarily directional, rapid sealing of
the membrane occurs with little deposition into the cavity. Thus, limitation in thick-
ness of currently PECVD or IBAD a-SiC processes is not a barrier in providing a
corrosion resistant coating if a porous silicon scaffold layer is used.
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(a) ib)

Fig. 5.12 [39] Micrographs of (a) PECVD coated and (b) uncoated silicon pressure sensor after
20m and 1m in KOH, respectively (©IOP 2007), reprinted with permission.

There is a variation on the porous scaffold layer technique available in silicon.
By making the release holes narrow enough or by utilizing a porous silicon layer,
silicon migration through high-temperature treatment can be used to seal off the
scaffold layer. There is a volume conservation thinning of the resulting membrane
and the process temperatures are quite high, which prevent depositing silicon elec-
tronics first [37, 38]. This sealing approach likewise removes the constraint on SiC
thickness to refill the etch access holes since they are self-sealed; only enough a-SiC
thickness to provide the required corrosion protection is needed.

PECVD a-SiC is being actively explored for protection of silicon pressure sen-
sors as well. For instance, a 1 um thick PECVD a-SiC film was applied to a commer-
cial pressure sensor (First MEMS, Co. Model YX-PS500A-150E) [39]. The coating
was shown to protect the silicon membrane and exposed Al traces up to 20 minutes
in KOH, whereas the uncoated device was destroyed in under 5 minutes (Figure
5.12). The pressure sensor was characterized with the coating. It exhibits approxi-
mately 11 % lower sensitivity due to the increased membrane stiffness; however, it
also exhibited a reduced temperature sensitivity, presumably due to the difference in
CTE between the silicon membrane and SiC coating, which would tend to increase
membrane stress with increased temperature, counteracting the decrease in elastic
modulus of the membrane with increased temperature.

Another interesting application for SiC coatings is in the field of implantable
electronics and sensors for medical applications. The human body actively attacks
foreign objects, hence a high degree of corrosion resistance is necessary. Implanted
silicon and silicon dioxide films will etch over time. Hence, long term applications
require a corrosion-resistant coating. This coating must also be non-toxic. Although
not alone, SiC is a coating solution that can withstand long-term exposure to the
body [40, 41].

Proteus Biomedical, Inc. has developed an encapsulation approach, termed
ChipSkin™, to embed silicon CMOS circuitry into a corrosion resistant package.
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Validation of the ChipSkin technology has been demonstrated through integration
with an implanted cardiac pacing lead to improve the directionality and overall con-
figuration of the pacing pulse. By integrating CMOS in the lead, the directionality
of the pacing pulse becomes configurable, allowing efficient capture of heart mus-
cle tissue at low voltages while preventing phrenic nerve capture at even high pac-
ing voltages [42]. This is accomplished by using a multi-layered coating approach,
which includes SiC, to protect both the CMOS circuitry and electrical interconnects.
This approach has exhibited successful operation for the equivalent of 50 years of
pacing in vitro and over one year of pacing in vivo.

Very low temperature a-SiC,:H using PECVD has been investigated as a biocom-
patible coating for a wireless silicon neural probe array system [43]. This application
requires a protective coating for the entire system, including the polymeric under-
fill in the wireless device, which restricted deposition temperature to below 200 °C.
Even at these low temperatures, Si-C bond density control was possible by varying
the hydrogen dilution ratio and precursor ratio. Optimization at 200 °C showed us-
ing a hydrogen dilution ratio of 5.71 with a precursor ratio of 0.17 (“saline starving”
condition), resulted in reduced film stress and good Si-C bond density. Conformal-
ity was difficult to achieve over the full 1.2 mm length of the probe tips, ranging
from 0.55 um at the base to 2.5 um at the tip. 650 A thick films demonstrated no
detectable dissolution or defects of the film after 6 weeks passive soak in phosphate
buffered saline at 90 °C. Furthermore, the films maintained a high impedance after
6 months in Ringer’s solution at 37 °C based on spectroscopy measurements.

5.2 First-level MEMS Packaging

First-level packaging typically completes the zero-level packaging such that the IC
circuitry or MEMS device is encased in additional packaging to create a module
that has the necessary interconnects to interface with a printed circuit board either
by direct soldering or insertion into a socket (Figure 5.2). Traditionally, this would
include metal leads or array of pins embedded in a polymer mold to create a lead
frame. The sensor or electronics substrate is aligned and bonded to this lead frame
using a low temperature adhesive to enable wirebonding or bump-bonding of the
zero-level package interconnects to the lead frame traces. The package is then over-
molded with an epoxy or resin to completely cover the zero-level package and bond
wires or bump bonds, leaving only the desired lead frame tips or pins exposed.
The overmold and lead frame mold material can be replaced with low-temperature
co-fired ceramics (LTCC) or even high-temperature co-fired ceramics (HTCC), de-
pending on the temperature stability required of these components.

Military-grade hermetic packaging though is still generally the welded metal can
with glass frit sealed electrical feedthroughs. From a corrosion resistance perspec-
tive, a stainless steel package is generally adequate. By providing a via through
the metal can allows the packaged sensor to interact with the environment, as in
pressure or chemical sensing. When the package must be compromised in this way,
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the zero-level packaging must be equally corrosion resistant. Also, the bond wires
or bump bonds must either be sealed internally within the package to prevent ex-
posure to the environment, be coated or embedded in a corrosion resistant layer,
or be themselves corrosion resistant. Consistent nickel and platinum wirebonding
is an area of research for this reason, although depending on the environment and
operating temperature, gold wirebonds may be sufficient and use a well developed
process. Developments in ceramic packaging, thick film metallization, and electrical
interconnects will be discussed in greater detail.

5.2.1 Thermal Expansion Matching of First-level Packaging
Materials

For very high temperature applications, even metal packaging causes issues of
thermo-mechanical stress of the die and wirebonds. Therefore, using materials that
are well matched to SiC need to be considered. Aluminum oxide (alumina), alu-
minum nitride, and beryllium oxide are ceramics that show promise for corrosion
resistant, high temperature first-level packaging of SiC devices [44]. Alumina and
aluminum nitride are of particular interest not only because they exhibit good ther-
mal conductivity and are well matched to SiC in terms of CTE but also because
there is considerable knowledge in how to cast or machine components from these
materials. Alumina in particular is often used in etch chamber ceramics for instance,
which can require fabrication of complex, delicate shapes; however, the CTE of alu-
mina differs more from SiC at high temperatures than aluminum nitride, making
alumina less favorable (Figure 5.13). Although not found in the microsystem liter-
ature, sintered a-SiC is another possible first-level packaging material. It is not as
commonplace as alumina, but is now being used in non-microsystem applications
such as low-friction surfaces for bearings [45] and specialty optics [46]. Sintered a-
SiC is used commercially for structural applications in sheet or pre-formed shapes
and based on the literature has a closely matched thermal expansion rate to single-
crystalline SiC substrates [47]. Hence, this is another material worth investigating
for first-level packaging.

Thermal simulations of packaging for SiC substrates were carried out by L-Y
Chen et al. These simulations confirm that the use of ceramics with close CTE
to SiC reduces internal stress levels compared to standard packaging material for
operating at 500 °C. The use of a thick gold adhesive layer for die attach was also
simulated, indicating that the soft characteristics of the gold die attach is beneficial
in reducing stress on the die by its ability to yield before transmitting high strain
levels to the die [49]. Thick Au die attach along with aluminum nitride packaging
can reduce the stress level in the die by a factor of 0.75 compared to traditional
packaging. Although patterned bond pads were not explored, this is another avenue
of providing stress-relief in the die attach for high temperature operation.

Thick gold or thick platinum metallization is used in conjunction with these ce-
ramic systems and has been used to create both first-level packaging as well as basic
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Fig. 5.13 [44] Linear expansion rates of select ceramics compared to silicon and silicon carbide
from room temperature to 600 °C ((©IEEE 2002), reprinted with permission. Note the slope of
these curves represents the CTE.

circuit boards (Figure 5.14) [48]. Aluminum nitride sheet shaped using electrodis-
charge machining (EDM) has also been used as the first-level packaging covers for
SiC pressure sensors [44]. A Kovar header was also used as the mechanical interface
and stress relief to a stainless steel threaded housing for sensor mounting because
Kovar is a nickel iron alloy that is CTE matched to silicon, decreasing the CTE
mismatch being built into the overall system (Figure 5.15). The packaged electron-
ics and sensor have been successfully operated up to 600 °C in oxidizing environ-
ments, demonstrating that careful design using CTE matched materials can be used
to create first-level packaging even for applications requiring greater than 500 °C
operation.

This deals with the primary concern of first-level packaging: namely the encap-
sulation. Electrical interconnects pose a similar concern, although some interesting
solutions have been investigated to date.

5.2.2 Electrical Interconnects

As was discussed in Chapter 3, corrosion resistant metals that can make good con-
tact to SiC are being readily explored. But these initial contact metals need to con-
tinue to be routed out through the packaging layers. Standard gold bond wires begin
to degrade at prolonged exposure to a 500 °C oxidizing environment, exhibiting
a degradation in wire resistance with time. Replacing the thin (25 ym diameter)
wire with a thicker gold ribbon allowed satisfactory performance under the same
conditions. When paired with thick gold metallization onto the ceramic first-level
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Fig. 5.14 [48] Image of die level packages of SiC IC components put together on a custom alumina
IC printed circuit board for testing electronics performance up to 500 °C ((©SPIE 2006), reprinted
with permission.

packaging, interface stresses between the wirebond tip and board-level metallization
is likely to be sufficient, even at high operating temperatures; however, simulation
of these types of conditions is likely needed to gain better insight. This may also
push further constraints onto the electrical contact metal stack, requiring careful
matching of the final contact metal to the ribbon bonding used.

Platinum wirebonding is also of interest because of its high corrosion and temper-
ature resistance; however, it is a difficult material to bond using traditional ultrasonic
bonding. Temperature-assisted ultrasonic bonding, as is used for gold wirebonding,
is one approach, although research in this area is not well explored. A group from
General Motors has shown platinum wire wedge bonding can be used and survives
operations as high as 900 °C for one hour without degraded electrical performance
[50].

These first-level packaging concerns highlight that additional packaging and req-
uisite interconnects are a reliability concern for operating at high temperature or in
corrosive media. Although this is also true in the general microsystem sense, re-
ducing interconnect points and layers is expected to ultimately improve the overall
system reliability. This can be achieved by including as much as function in the sen-
sor substrate as possible through monolithic integration, even though this increases
the manufacturing difficulty. Because temperature and corrosion exacerbate these
failure mechanisms, mitigating them as much as possible through monolithic inte-
gration becomes especially important for harsh environment microsystems.
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Chapter 6
System Integration

A microsystem is a collection of integrated devices that contains MEMS (sensors,
actuators, and timing devices), electronics (control, sense, and data processing),
communication (wired or wireless), and a power source. Figure 6.1 schematically il-
lustrates a complete autonomous microsystem. Realization of all these components
into a single system is rather complex. Several integration approaches have been
used or proposed for conventional microsystems. Application requirements, perfor-
mance advantages, manufacturability, and cost advantages drive which integration
route is ultimately used.

Depending on the required performance specifications, device characteristics,
and restrictions imposed by the application environment, the microsystem com-
plexity can vary from MEMS with simple impedance matching buffer electronics
to MEMS with drive, sense, and signal processing electronics to fully autonomous
systems of MEMS with drive, sense, and signal processing electronics integrated
with wireless communication and power. In most cases, microsystem integration
refers to integration of MEMS with drive, sense, and signal processing electronics.
The power and the communication are considered as subsystems or modules. This
approach reduces the complexity of integration schemes and process incompatibil-
ities can be avoided. In this chapter, SiC electronics to MEMS integration schemes
will be detailed separately from communication and power, which will be discussed
in terms of available technologies, ability of integration into the microsystem, and
suitability for harsh environment applications.

6.1 SiC MEMS and SiC Electronics Integration

SiC MEMS and SiC IC integration is still at an infancy stage, and no integration
efforts have been reported in the literature. This is mainly because both SiC MEMS
and electronics have not reached the same maturity level as Si technology. Borrow-
ing from MEMS-IC integration in Si technology, integration schemes for SiC can
be proposed. Silicon technology uses two main strategies for MEMS-IC integration,
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Fig. 6.1 Conceptual drawing of fully integrated autonomous microsystem.

a hybrid integration which involves two or more chips and monolithic integration in
which MEMS and IC are fabricated side by side or on top of each other. Similar
schemes can be exploited for SiC technology as well.

In the case of hybrid integration, MEMS and ICs are fabricated separately and in-
tegration is done through wire bonding or flip-chip bonding before packaging them
together. In some cases, separately packaged MEMS and ICs are integrated at the
board level. Monolithic integration uses concurrent fabrication to realize both elec-
tronics and MEMS on the same chip. Realization of the integrated system needs
both MEMS and electronics to be designed to common system specifications and
the interface complexities, performance specifications, and process-related issues
should be addressed at the design level. At the current maturity level of the tech-
nology, SiC MEMS and electronics development are not integrated. Each one is
confined to its own development path since there are many device level issues in-
cluding dielectric stability, interconnect reliability, and materials quality that need
attention. To date, SiC MEMS is centered around individual device level demon-
stration while SiC electronics efforts are mainly focused on high power and high
temperature electronics. Little effort has been reported on signal conditioning elec-
tronics for MEMS. A recent report by Patil et al. shows development of SiC JFET
based ICs targeted for microsensor applications[1]. This is a very good initial step
towards developing SiC integrated circuits for MEMS based sensors operating in
harsh environments; however, actual integration has not yet been reported. Potential
techniques for MEMS and IC integration will be discussed in this chapter.

6.1.1 Multi-chip Hybrid Approach

In the hybrid approach, each component or subsystem is fabricated separately. Since
process and device performance optimization is done independently from each
other, this approach is advantageous in terms of the development time of each sub-
system. The development of MEMS and electronics independently from one another
also decouples the thermal budget and process constraints that are common to inte-
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grated fabrication. Furthermore, this approach may enable cost reduction as cost and
yield optimization can be done for each individual subsystem separately. However,
the system integration aspects with regards to interface physics as well as compati-
bility with assembly and packaging must be taken into consideration when MEMS
and electronics are designed.

SiC technology, both MEMS and electronics, is relatively young and immature.
With regards to electronics, individual devices have been demonstrated or are in
use in many application environments. SiC ICs are still at an early research stage
and tremendous amount of research and development are needed before they are a
viable technology for harsh environment microsystems. Despite the late start, SiC
MEMS are at relatively advanced stage, and some are ready for real-world appli-
cations. Nonetheless, there still remain many advances necessary at the component
level before considering the monolithic approach. Although power and switching
applications have been demonstrated, SiC electronics compatible with MEMS op-
erating requirements need to be developed. SiC MEMS technology also required
further improvements from both materials and processing aspects. Therefore, the
hybrid approach may be well suited for SiC microsystems at this stage as it will
reduce the development time and can lead to system level demonstrations and some
limited applications. Moreover, the hybrid approach allows the application of SiC
MEMS for low temperature use, yet in the presence of other harsh conditions such
as corrosive media, with the use of silicon electronics.

The hybrid approach is promising in the present context of SiC technology;
however, in terms of performance as well as harsh environment compatibility, the
hybrid approach has some inherent disadvantages. Performance-limiting disadvan-
tages include parasitic capacitance and contact resistance of the interconnects, bond
pads, and bond wires [2]. Furthermore, these types of connections are highly sus-
ceptible to electromagnetic interference and current leakage, which decreases sig-
nal strength. This can be a significant problem especially for thin-film, surface-
micromachined structures in which position is sensed capacitively [2]. Some of the
intended applications require these SiC microsystems to work in extremely high
shock or vibration environments and high temperature conditions. The integrity of
the interface would be an issue under these conditions whether the multi-chip ap-
proach is flip-chip, stacked chips, or board-level integration.

6.1.2 Monolithic Fabrication Approach

In the monolithic approach, both electronics and MEMS are co-fabricated on the
same chip either side by side or one over the other. Incorporating all the device ele-
ments on a single chip provides distinct advantages over the hybrid integration ap-
proach. From the performance stand point, monolithic integration minimizes para-
sitic capacitance, contact resistance, electromagnetic interference, and current leak-
age. Therefore, monolithically-integrated systems allow measuring small signals in
the presence of high levels of noise. This approach is particularly advantageous
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when integrating multiple sensors with electronics for measuring motion along dif-
ferent axes because this approach allows precise alignment of each sensor. With
regard to packaging, MEMS device and electronics on the same chip reduces pack-
aging complexity and improves reliability by minimizing the number of off-chip
electrical connections [2]. Depending on the integration process complexity and
yield, the cost per system may also be reduced significantly.

Monolithic integration of MEMS with ICs involves fabrication of disparate de-
vice types on the same substrate. This poses many constraints on every aspect of
fabrication. The functionality at the device and system level as well as process com-
patibility issues need to be considered at the design stage. Designing processes that
allow realization of a system with multiple device types potentially with packaging
is a daunting task in monolithic integration. It is imperative to design process flows
with each subsequent process step within the thermal budget of the previous layers.
Furthermore, the underlying device layer should be protected chemically and elec-
trically from subsequent process steps. All these considerations may lead to several
design and process iterations before realizing a functional, integrated system, result-
ing in longer development time than the hybrid version. The unavailability of stan-
dard MEMS processes may further complicate the process development as each type
of MEMS device may require process or design alterations. However, longer devel-
opment times and the associated costs may be justified by performance and form
factor requirements for specific applications. Particular to harsh environment appli-
cations, sensors and actuators in combustion environments, space environments, and
high shock and vibration conditions require robust, small form factor microsystems.

SiC is well suited for monolithic integration in comparison to silicon. It has ex-
tremely high thermal stability from both an electrical and mechanical standpoint.
Furthermore, impurity diffusion only happens above 1800 °C [5]. It is chemically
inert and exhibits high radiation stability. All of these factors loosen the process con-
straints. Therefore, in theory, the co-fabrication of SiC electronics and MEMS on
the same chip would be relatively straightforward compared to monolithic integra-
tion of Si based IC and Si MEMS. However, the current state of SiC electronics and
MEMS may still need to be focused on further improvement with regards to pro-
cesses and designs before monolithic integration can be realistically considered. As
mentioned previously, more effort needs to be devoted to advancing SiC IC fabrica-
tion for MEMS applications. SiC MEMS processes are mostly confined to academic
institutions with a few rare exceptions [3]. Research needs to focus on application
specific SiC MEMS device fabrication and long-term reliability testing so that real
world applications are clear. This enables the market to lead further development of
this technology.

Although there are no integration schemes proposed or investigated to date, pos-
sible routes for integrated fabrication of SiC microsystems can be examined by
considering the materials and process aspects as well as drawing parallels from
well-developed silicon technology [4]. In silicon technology, monolithic integra-
tion of microsystems can be categorized into three general groups. Three integration
schemes are namely post-CMOS MEMS (MEMS last) insertion, interleaved MEMS
insertion, and pre-CMOS MEMS (MEMS first) insertion [6]. First, these three con-
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cepts will be briefly introduced before discussing the relevance of these methods
with regards to SiC MEMS-IC integration.

Post-CMOS MEMS Insertion: Post-CMOS MEMS insertion is considered the
ideal integration case. One advantage to this method is the ability of fabricating
MEMS structures on top of the IC, which reduces the interconnect lengths and in
the ideal case minimizes system size. In this scheme, the IC is fabricated first inde-
pendent of the MEMS structures and zero-level packaging. Thus, separate foundries
can utilize independently optimized processes. IC fabrication typically has much
smaller dimensional tolerances needed from photolithography. Starting the IC pro-
cess on the virgin polished substrate allows high fidelity pattern transfer leading to
high device performance and yield. From the MEMS point of view, post-CMOS
MEMS insertion is highly beneficial for smaller MEMS companies who may not
have the capital to invest in a dedicated CMOS foundry, creating a high barrier to
entry compared to other methods.

The most common issue with a post-CMOS approach is that in order to create the
desired materials or modify their properties, the MEMS process inevitably requires
deposition or annealing steps that exceed the thermal budget of the underlying IC
components. For silicon ICs, these issues include junction spiking, metal hillock-
ing, parameter shifts caused by dopant diffusion, and degradation of interconnects
[2]. Thus, the maximum temperature allowed in the MEMS fabrication steps post-
CMOS is in the range of 400-500 °C, which limits the usable material set and in turn
achievable MEMS devices. In the case of SiC, dopant diffusion is not significant;
however, degradation of metal contacts is an issue.

An example of a successful product that uses post-CMOS MEMS is the Texas In-
struments digital micromirror display [7]. In this process, low temperature physical
vapor deposition of metal structural layers is used to avoid thermal budget issues.
Poly-SiGe, a material very similar to poly-Si in terms of strength, reliability, and
quality factor, has also been investigated for post-CMOS MEMS insertion because
poly-SiGe can be deposited at lower temperature [2]. Although this material shows
promise, issues around stress and stress gradient as well as source gas cost need to
be addressed for successful commercialization.

There are also other commercial successes that used post-CMOS processing. For
instance, piezoresistive pressure sensors commercially available from Bosch GMBH
[8] and Freescale, Inc. [9] are fabricated using bulk micromachining of standard
CMOS chips. These schemes rely on the MEMS device layers to come from exist-
ing CMOS layers. Hence, the bulk Si substrate itself is preferred as the mechanical
element since the IC device layers are rarely tuned for mechanical response by de-
fault.

Pre-CMOS MEMS Insertion: Pre-CMOS MEMS insertion maintains that separa-
tion of the processes is still possible but that high temperature steps can be used for
MEMS fabrication because they occur first. This avoids compromising the MEMS
structures by restricting choice of materials and processes because of thermal bud-
get constraints. Post-MEMS processes typically begin by restoring planarization of
the surface. The success of this planarization impacts subsequent lithographic reso-
lution of the CMOS foundry. Even with this, care must be taken to bury potentially
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contaminating materials sufficiently that the wafers can be certified clean enough
for introduction into CMOS foundry tools.

Often it is this latter issue that causes the most difficulty. Even running the wafer
through typical MEMS tools is enough to contaminate the wafer from a CMOS
foundry perspective because the front-end processes are extremely sensitive to even
trace contamination. Additionally, a reverse thermal budget issue, although less se-
vere generally, can occur if the initial high temperature CMOS processes cannot be
leveraged for annealing the MEMS devices or if an even higher temperature anneal
cannot stabilize the mechanical properties for the temperatures that will be expe-
rienced during the CMOS process [10, 11]. If this is the case, then stress control
put in at the MEMS processing steps is compromised. Specialized high-temperature
metals must be used if metals are part of the pre-CMOS MEMS process.

One common pre-CMOS integration scheme is to etch a trench below the sur-
face of the wafer and then bury and seal the MEMS device prior to microelectronic
device fabrication. After planarization and surface preparation, the wafer is used as
the starting material for CMOS process. Once the CMOS is completed, the MEMS
device is released. An impact of this particular integration method is that the CMOS
and MEMS do not occupy the same location on the die, increasing the area of the
chip. From a practical standpoint, state of the art electronics processing is not used
because ultra-high planarity is not always achievable and, more importantly, too
much cost is associated with the risk of contamination of the CMOS foundry tools,
so when this is allowed it typically occurs at older fabrication lines where the in-
frastructure costs have long since been recuperated.

A slight modification to this fabrication process uses SOI wafers [12]. This SOI
substrate process has been further improved and adapted by the industry [13]. Bosch
has invested in a process that starts with an SOI wafer and patterns additional sili-
con dioxide and Si layers where the Si layers are formed using an epitaxial growth
process [14]. The epitaxial growth process creates a thick, high quality Si layer that
can be used for either MEMS device layers or even scaffolding layers for zero-level
packaging (see Section 5.1.2). One disadvantage to this process is that it inherently
limits the gaps that can be created in the device layer region to ensure planarity of
the upper layers, which limits the design of MEMS devices that utilize large span-
ning structures; however, a work-around utilizing a bonded capping wafer is being
developed that increases the flexibility of this process [15].

Interleaved MEMS Insertion (Frontend IC-MEMS-Backend IC/MEMS metalliza-
tion): In practicality, most MEMS insertion methods are some degree of an inter-
leaved approach. In a common realization of this approach, first, frontend transistors
are defined. Then, the process is interrupted before creating backend interconnect
metallization. Once MEMS structures are fabricated next to predefined IC, the final
metallization for IC and MEMS-IC interface is performed [16]; however, interleav-
ing the processes leads to design compromises that limit microsystem performance.
For instance, poly Si MEMS typically require a high temperature (900 °C) stress
relieving anneal, and the longer annealing time causes dopant diffusion in the tran-
sistor wells. This limits the thickness of the MEMS layer. Post-MEMS metalliza-
tion lessen the thermal budget issues in comparison to post-CMOS MEMS insertion
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since metal migration is typically the most temperature sensitive reaction. In general
though, both MEMS and electronics have to be co-fabricated in the same foundry in
the interleaved approach, which requires partnering with a foundry willing to devote
a portion of their development line to developing such an endeavor. Otherwise, the
interleaved MEMS-IC integration occurs only at companies large enough to have
their own CMOS line and can likewise drive development resources on that internal
line to develop a non-standard CMOS process flow.

The interleaved approach for MEMS-IC integration is widely adopted in com-
mercial production environments. Some of the systems fabricated using the inter-
leaved approach include Analog Devices ADXL series accelerometers and ADXRS
series gyroscopes [13], Infineon Technologies KP100 series pressure sensors [17],
and Freescale MPXY8000 series pressure sensors [9].

The knowledge from silicon IC and MEMS integration concepts can be utilized
to find potential paths for SiC MEMS integration with SiC electronics. Some of the
possible scenarios are outlined in next few subsections.

6.1.2.1 Interleaved MEMS Insertion for SiC

The interleaved approach for SiC MEMS-IC integration is fairly similar to that of
poly-Si MEMS and Si CMOS integration. A simplified version of a generic fabrica-
tion process flow is depicted in Figure 6.2. The process sequence starts with a SiC
substrate that has all the necessary epitaxial layers for SiC ICs. As an example, the
architecture for a SiC JFET is selected. Electronics fabrication starts with pattern-
ing the top p and n epi layers. This is followed by ion implantation to produce n*
regions. At this point, the IC fabrication is interrupted and substrate is prepared for
MEMS integration. An isolation dielectric layer between the IC and MEMS device
is deposited on top, covering the entire wafer. The most suitable isolation dielectric
layers for this process would be Si;N, or amorphous AIN as they closely match
the CTE of SiC and have a comparable thermal stability. Furthermore, this isolation
layer should have high selectivity to a variety of etch chemistries that are used to
remove sacrificial materials common to SiC technology, namely SiO; or poly-Si,
making Si;N, and amorphous SiC good choices. MEMS device fabrication starts
with deposition of an electrical routing layer, which also serves as the electrical in-
terface between the SiC IC and MEMS device. The most logical routing layer mate-
rial would be poly-SiC as it would also be the structural material for MEMS. Other
highly conductive and high temperature materials, such as heteroepitaxially grown
SiC and TiN, can also be exploited for this purpose. After patterning the routing
layer, a sacrificial layer, typically SiO», is deposited on the entire substrate surface.
Then the sacrificial layer undergoes planarization and patterning. Planarization at
this stage creates a more uniform thickness MEMS structural layer as well as allows
finer geometrical feature resolution from the photolithographic patterning process,
which allows narrow capacitor gap definition for instance. Next, the MEMS struc-
tural layer is deposited and patterned. At this stage, the MEMS process is stopped
and back end metallization of both the electronics and MEMS device occurs. The
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Fig. 6.2 A simplified version of interleaved SiC MEMS-IC integration.

MEMS-IC interface is created through this process. Finally, the sacrificial material
will be removed with either a dry or wet etch process to create a released MEMS
device integrated with electronics.

Typical poly-SiC MEMS processes are carried out at temperatures below 900 °C
and this is 50% below the theoretical limits of doping impurity diffusion of SiC.
Furthermore, there is no high temperature annealing process for stress relieving
of poly-SiC as current LPCVD processes can produce low stress and low gradi-
ent films [18]. Therefore, many micron thick films are possible using poly-SiC. In
the case of an interleaving integration for creating a poly-Si MEMS insertion pro-
cess, a high temperature annealing step is required. The annealing time increases
with the thickness. The ability to use thicker microstructures is highly advantageous
for electrostatic MEMS sensors as the capacitive coupling increases with the thick-
ness of the microstructure. Therefore, in polysilicon MEMS, the electronics thermal
budget limits the allowable MEMS device layer thickness.
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The interleaved approach can also be applied for creating MEMS, particularly
MEMS membrane structures for pressure and acceleration sensing, using bulk
micromachining. The fabrication process sequence used to create an integrated
piezoresistive pressure sensor is shown schematically in Figure 6.3. Similar to the
process described in Figure 6.2, the process starts with SiC substrates with epitaxial
layers. The first step is to define electronic and piezoresistive elements by selective
patterning. In this case, the n epi layer is not only part of the electronic structure but
also part of the sensing element for diaphragm deflection. After patterning, the n™
region is created by ion implantation. This step is followed by deposition of a dielec-
tric layer, which acts as an insulating base layer for metal interconnects as well as a
protective layer for electronics during bulk etching of SiC to create the membrane
structure. The membrane structure can be created using DRIE or a combination of
DRIE and electrochemical etching [19, 3]. Finally, metallization is performed to
create electrical interconnects and MEMS-IC interface.

6.1.2.2 Post-IC MEMS (MEMS-last) Insertion for SiC

Post-IC insertion of SiC MEMS follows a very similar path of post-CMOS MEMS
insertion used in Si technology. A simplified process sequence of SiC MEMS in-
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sertion on SiC ICs is depicted in Figure 6.4. The process starts with the deposition
and planarization of a dielectric layer on top of a pre-fabricated IC. This dielectric
layer is patterned to create a via to the MEMS interface. This step is followed by
the deposition and patterning of a routing layer. Afterwards, a typical SiC MEMS
fabrication process can be followed, similar to one described in Figure 6.2. One ad-
vantage to this method is that IC and MEMS can be done in two dedicated foundries
and the processes can be developed independently. Also, it may be possible to uti-
lize the same layout space for both MEMS and the ICs, decreasing cost and system
size.

Post-IC MEMS integration is perhaps the most straightforward way for SiC
MEMS-IC integration. However, there are many process and reliability issues that
have to be addressed before attempting this approach. One key factor is the metal
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Fig. 6.5 [22] Average contact resistance of Pt/TaSi,/Ni/SiC as a function of time at various tem-
peratures determined by current-voltage measurements that were taken at room temperature, after
cooling the samples ((©Springer 2009), reprinted with permission.

contact degradation due to the high temperature exposure (800-900°C) during poly-
SiC deposition on metalized ICs. There are many factors that affect the integrity
of metal contacts in SiC devices, including metal type, temperature, and ambient
environmental gases [20, 21, 22]. Most studies discuss the degradation of ohmic
contact in air up to 600 °C. Figure 6.5 graphically represents the thermal stability
of Pt/TaSi,/Ni/4H-SiC ohmic contacts as a function of time at various tempera-
tures. The data clearly demonstrates the pronounced aging of contacts due to very
high temperature exposure [22]. As previously mentioned in Chapter 3, a report
from NASA Glenn Research Center shows highly reliable metal contacts which
use Pt/TaSi»/Ti/SiC, and work thousands of hours at 500 °C without degradation.
With regard to post-IC integration of MEMS, studies have to focus on the thermal
stability of interconnects under deposition conditions for poly-SiC, namely the pres-
ence of precursor gases at temperatures up to 900°C. Another area of concern is the
deposition of the routing layer, typically poly-SiC, on a metal surface. To the au-
thors’ knowledge, there are no reports on depositing CVD SiC on metal surfaces
that have the sound electrical characteristics needed for the MEMS-IC interface.
This should be one focus area of future research. For successful implementation of
post-IC MEMS insertion for SiC, these interfacial issues have to be addressed from
all fronts including materials, processes, and device design.
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6.1.2.3 Pre-IC MEMS (MEMS-first) Insertion for SiC

Pre-IC MEMS insertion in SiC technology may be limited to very few MEMS
structures as the deposition temperature of electronics grade SiC epitaxial layers
are extremely high (1500-1600 °C, see Chapter 2). Typical MEMS structures in-
volve many interlayers with different CTEs so that high temperature processes after
MEMS fabrication may lead to temperature-induced cracking and delamination of
some layers. Furthermore, thermal mismatch induced stress may adversely affect
the quality of the epitaxial layers. To date, there are no reports available on the in-
tegrity of a SiC MEMS layer stack up at these high temperatures. However, one pos-
sible scenario of MEMS insertion before IC is fabrication of bulk-micromachined
piezoresistive diaphragm pressure and acceleration sensors. Fabrication can start by
defining the diaphragm using backside etching of the SiC layer by DRIE or com-
bination of DRIE and electrochemical etching. The generic IC fabrication should
begin with epilayer deposition. Piezoresistive elements have to be fabricated dur-
ing the IC process as shown in Figure 6.3. An inherent advantage to fabricating
diaphragm based sensors is that the MEMS process flow can be integrated to the
IC fabrication sequence because only a one step etching process is involved; how-
ever, wafers have to be decontaminated prior to them being introduced into the IC
fabrication process flow. Typical SiC DRIE uses metal masks, which can severely
contaminate the IC tools and degrade IC peformance. Therefore, this approach may
be impractical in most cases.

6.2 Power

Powers is obviously a vital aspect of a microsystem as operation of all the compo-
nents — electronics, MEMS, and signal transmission — require power. Supplying
power to a microsystem is rather complex since MEMS devices often have special
power requirements. Some devices require high voltage while others demand high
input power. In some instances, additional power connections and voltage-current
conversion circuitry are also required. In many applications, supplying power to mi-
crosystems is not an issue when direct access to the outside world is feasible. How-
ever, most harsh environment applications such as combustion monitoring, struc-
tural heath monitoring in gas turbines and nuclear power plants, and space and mil-
itary applications, may require on-board power and power management because ac-
cess to the outside world is restricted. Furthermore, when arrays of distributed sen-
sors are used, on-board power reduces the complexity of the electrical interconnects.
Long term unattended operation, typically encountered in space applications, mili-
tary surveillance, and structural health monitoring, requires on-board power genera-
tion, storage, and management. In general, power supply needs for microsystems are
overlooked; most research is focused on MEMS and electronics. In the case of harsh
environment applications, it may demand a completely new set of power generation
or storage units that can withstand harsh ambient conditions such as high temper-
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atures, high radiation, and corrosive media. Hence, hurdles to realizing successful
remote power for harsh environment applications are significant.

The power consumption of microsystems mainly depends on the number of com-
ponents present and on intended functionality. With regards to MEMS devices, most
power may go to power conversion and signal processing electronics. If on-board
wireless transmission is needed, perhaps it may be the most power hungry com-
ponent of the system. At the system level, interconnect induced capacitance, con-
tact and line resistance also increases power consumption. Therefore, an on-board
power module should have the capability of handling all the power needs. More-
over, consideration should be given to the lifetime, size, weight, and environment
compatibility of the power module based on the intended application.

Three main strategies are being applied or pursued for powering MEMS. Those
can be categorized into standalone power sources, environmental power scavengers,
and remote powering. Standalone power sources include batteries, micro-engines,
micro fuel cells, and radiation-based power sources (betavoltaics). Typical envi-
ronmental power scavengers are photovoltaic, thermoelectric power generators, and
vibration energy harvesters. Remote powering generally applies inductive coupling
or radio frequency transmission. Most of these power solutions are available at the
macro scale. For many applications, the large form factor of these power devices
may not negatively impact the feasibility of the application. However, some appli-
cations such as health monitoring of components of a gas turbine, sensors for down-
hole data logging, and space applications require smaller form factor systems. Thus,
miniature power modules that are comparable in size to MEMS and electronic mod-
ules are highly desired. At the current stage of the technology, the power output of
micro-scale batteries and transducers is extremely low. Research has to be focused
on both power generation and power management in order to satisfy the anticipated
microsystem needs. The problem has to be addressed from both a design and mate-
rials stand point to increase the output of these power supplying units.

6.2.1 Standalone Power Sources

Standalone power sources generate power through the conversion of stored chem-
ical energy or radiation. One of the most widely used standalone power sources is
the electrochemical battery. Other commonly considered standalone power sources
are micro fuel cells, micro engines, and radiation-based power sources. Standalone
power is useful for harsh environment applications in most cases. External power
through wires is not always feasible. Each of these standalone power sources will
be introduced, and considerations for implementation in harsh environments will be
discussed.
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6.2.1.1 Batteries

Electrochemical battery technology is a mature field and many battery types are
commercially available. Portable electronic devices such as calculators, cell/smart
phones, and portable computers are powered by electrochemical batteries. Depend-
ing on the electrochemical makeup of the battery, it may be rechargeable or non-
rechargeable. High power density is highly attractive, and batteries compare well
to other technologies. Furthermore, batteries provide direct current (DC), therefore
eliminating the need for having complex power conditioning circuitry. When alter-
nating current (AC) power sources are used, they typically require additional elec-
trical components to convert AC to DC for microsystem applications [23].

In most cases, the size and the weight of the battery dominate the total weight
and the volume of the system. Application scenarios demand low weight, small form
factor microsystems. Many efforts have been focused on developing thin film battery
technology to specifically address the needs of small form factor microsystems. The
possibility of fabricating the battery directly onto or on the backside of the substrate
with MEMS and IC is very attractive as it simplifies the interconnect complexity
[24]. Furthermore, the operating temperature of thin film solid state batteries can be
as high as 150 °C — much higher than the highest possible operating temperature
of conventional lithium-ion batteries [25, 26]. A few companies have commercial-
ized or are very close commercializing thin film battery technology; however, the
predicted power density of these technologies are still not sufficient for producing
microscale batteries that can serve microsystem technology [27].

To reduce the large planar area of thin film batteries and to increase the power,
some research efforts have been shifted to stacking multiple cells to limit the foot-
print with a stack consisting of a small number of thin film batteries connected in
parallel or serial manner. The projected energy for this kind of bundle is approxi-
mated to be 5 mWh/cm? at 3.5 mAh/cm?. Additionally, research into novel chemical
combinations to increase the achievable power density over conventional material
sets is ongoing [23]. For instance, silicon-zirconium-silver has enhanced capacity
retention during cycling while nickel metal hydride cells exhibits increased values
of power and energy/unit area.

Despite their wide spread usage and success, there are a few drawbacks to battery
power. Whether it is thin film or meso-scale batteries, they contain a finite amount
of energy and have a limited shelf-life. Furthermore, all state of the art battery tech-
nologies have limitations with regard to operating temperature because the chemical
components degrade. This limits their use as a power source for many harsh envi-
ronment applications discussed in Chapter 1.

6.2.1.2 Fuel Cells

A fuel cell is an electrochemical cell that converts fuel into electrical energy through
a chemical reaction. Hydrogen is a common fuel and methanol is also gaining mo-
mentum as an alternative. As shown in Figure 6.6, a fuel cell consists of a cathode
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Fig. 6.6 Schematic representation of a hydrogen fuel cell.

Table 6.1 [28] A summary of common fuel cell types listed with their membrane, operating tem-
perature and electrical efficiency.

Fuel Cell Type Common Electrolyte Operating Temp. Electrical Eff.
(O
Polymer Electrolyte Solid organic polymer- 50-100 ~55%
Membrane polyperflurosulfonic acid

Alkaline Aqueous solution of KOH 90-100 ~60%
Phosphoric Acid Liquid H3POy4 150-200 40%

Molten Carbonate Liquid solution of lithium sodium 600-700 ~45%

and/or potassium carbonate
Solid Oxide Yttria stabilized zirconia 600-1000 ~40%

and anode separated by an electrolyte. Depending on the type of electrolyte, fuel
cells can be categorized into several groups. These fuel cell categories are poly-
mer electrolyte membrane (also known as a proton exchange membrane), alkaline,
phosphoric acid, molten carbonate, and solid oxide. Depending on the cell type,
the operational characteristics and power conversion efficiencies differ significantly.
Table 6.1 summarizes the characteristics of common fuel cell types [28].

Fuel cell technology is very mature and has found applications in automobiles,
space exploration, and as small-scale power plants. Miniaturizing fuel cells for
portable device applications is a widely discussed topic. Many commercial indus-
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tries are developing miniaturized fuel cells that are comparable in size and power
density to conventional battery technology [29, 30]. These miniaturized fuel cells
are potential replacements for lithium ion batteries in laptop computers and cell
phones. Perhaps this market-driven technological push for achieving portable fuel
cells will lead to suitable fuel cell based power sources for microsystems applica-
tions very soon.

Research into further decreasing fuel cell size is also exploring the use of mi-
crofabrication techniques [31, 33, 32]. Microfabricated fuel cells may have added
benefits to microsystems. First, they may be co-fabricated with microsystem compo-
nents reducing the interconnect and packaging complexity. Second, they are highly
attractive when small form factor systems are desired. In particular for high tempera-
ture applications, microfabricated solid oxide fuel cells are highly attractive because
they are capable operating at high temperatures (Table 6.1). Additional research is
needed to address specific issues regarding fuel storage, fuel ports, and packaging
that can likewise withstand harsh environment conditions.

6.2.1.3 Micro Engines

Miniaturized power generating devices using combustion have been considered for
power needs in the range of milli-watts to watts. Research has focused on both mil-
limeter scale and micro-scale devices [34]. Millimeter scale engines have shown
to operate with good combustion efficiency and produce sufficient power for mi-
crosystem applications [35]. Micro-scale combustion power generators are based
on microfabricated gas turbine or internal combustion rotary (Wankel-type) engine
concepts [36, 34]. Although these micro-scale combustors are shown to produce
positive power, many fundamental and engineering issues hinder their advance-
ment. These issues include combustion in small volumes and surface to volume
ratio impacting heat loss in the combustion chamber. Additionally, wear and corro-
sion of microfabricated engine components, efficient mixing of fuel with air inside
micro-channels, and fabrication complexity are also challenges [34]. Although the
practicality of micro scale combustors is limited, millimeter scale combustion en-
gine concepts should be exploited. Rotary (Wankel-type) engine may open unique
opportunities, specifically automotive and aerospace application mainly because of
their fuel flexibility.

6.2.1.4 Radiation-based Power Sources

Radiation-based power sources typically use beta particles emitted by radio isotopes
to produce electricity. The device use for this conversion is known as betavoltaic,
which, in principle, is very similar to photovoltaics (see section 2.2.2.1). In con-
trast to photovoltaics, electron-hole pairs generation in betavoltaics occurs through
the interaction of high-energy -particles instead of photons. Radio isotopes, such
as Ni-63 and tritium (H-3), have been considered as a beta source for low power
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batteries [37, 38]. The long half-life of these isotopes makes them ideal as long-
life power sources. Furthermore, their insensitivity to environmental conditions is
attractive for harsh environment applications [47]. Many semiconducting materials
such as gallium phosphide [39, 40], aluminum gallium arsenide [41], amorphous
silicon [42], porous silicon [43], and gallium nitride [44] have been investigated as
beta collectors. Theoretical energy conversion efficiency of a betavoltaic material
increases with increasing semiconductor band gap [45]. Thus, SiC has drawn con-
siderable interest as a betavoltaic material due its wide band gap. Furthermore, the
radiation hardness of SiC bodes well for reliable long-term operation [46].

Although very few studies have been reported on radio isotope SiC betavoltaics,
the results are promising. Chandrashekhar et al. reports open circuit voltage of 0.72
V and a short circuit current density of 16.8 nA/cm? from a single p-n diode struc-
ture betavoltaic cell [47]. The diode was fabricated using p-type 4H-SiC with a
0.037 GBq Ni-63 source. A p-i-n diode betavoltaic built on a n-type 4H-SiC sub-
strate with a 8.5GBq P-33 source achieves an open circuit voltage of 2.04 V with a
short circuit current density of 2.1uA/cm?. As the voltage and current produced by
these single cell betavoltaic devices may not be sufficient for many microsystems,
a multi-device architecture has been proposed. One possibility of increasing power
would be to use a stack of betavoltaic devices interleaved with high specific activity
isotope layers, such as Ni-63, connected in a series or parallel fashion [48].

Considering the current state of all of these standalone power sources, batteries
are the natural choice. Battery technology is very mature, widely available, and ca-
pable of providing sufficient energy for many microscale system needs. Miniature
fuel cells may become a sound alternative in near future due to high power density
and suitability for integration into microsystems. Likewise, transitioning miniature
internal combustion engines into microsystem power sources requires extensive re-
search. Betavoltaics currently suffer from low power output.

A common factor to all these standalone power sources is that they contain fi-
nite amount of energy. Batteries have to be replaced or recharged while both fuel
cells and miniature combustion engines have to be refueled. In applications where
power supplies cannot be recharged or replaced and long-term unattended operation
is required, alternative approaches are needed.

6.2.2 Environmental Power Scavengers

Environmental power scavenging is a widely discussed topic for powering microsys-
tems. Mainly, three different forms of environmental energy are considered: light,
heat, and kinetic. With regards to the availability of environmental energy, harsh
environment microsystems possess a unique advantage as many of the intended ap-
plications typically have one or more forms of the aforementioned energy sources.
Temperature gradients and vibration are present in gas turbine and automotive en-
gine environments as well as in many chemical processing scenarios. Solar energy
and thermal gradients are common for space environments. Many different environ-
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mental power scavengers are used for converting these energy forms to electricity,
including photovoltaics, thermoelectric power generators, and vibration energy har-
vesters. These energy scavengers can be an alternative to common power sources
such as batteries or they can be used for extending the lifetime of common power
sources. Thus, environmental power scavenging eliminates the need to replace bat-
teries or at least greatly extend their lifetime, which facilitates long-term operation
of the microsystem in harsh, often isolated, environments.

6.2.2.1 Solar Power

A solar cell, or photovoltaic, is employed to convert solar energy to electrical energy.
A photovoltaic cell consists of a semiconductor p-n junction. When n side of the
photovoltaic is subjected to solar light (photons), electron-hole pairs are generated
within the depletion region where the built in electric field pushes electrons to the n
side and holes to the p side creating an open-circuit voltage. If the cell is connected
to a load, as schematically shown in Figure 6.7, a current will flow from one region
to the other through the load. Since light is commonly available in many application
environments, solar power would be a sound alternative for powering microsystems.
Solar power generation is a highly developed technology and has produced power
modules for many commercial and space applications. Miniature solar cells have
been used for many decades for powering small consumer electronic devices such
as calculators.

There exists a vast knowledge base on devices, materials, and fabrication of solar
cells. Thus, extending this knowledge to produce power modules for microsystems
is relatively straightforward. From the microsystem technology stand point, solar
cell technology is very attractive because solar cell fabrication is highly compatible
with existing microfabrication methodologies. Various integration schemes can be
implemented as the material option for solar power generators includes single crys-
tal silicon, polysilicon, amorphous silicon, and gallium arsenide. All are heavily
used in microfabrication environments.

Many successful attempts on using miniature solar cells for MEMS and mi-
crosystems have been reported. Lee ef al. fabricated a miniaturized high voltage
solar array using amorphous silicon to power electrostatic MEMS [49]. In this work,
an array of 100 single solar cells with total area of 1 cm? produced an open circuit
voltage of 150 V and short circuit current of 2.8 tA. This array has been used to
move an electrostatically-driven Si mirror. A big step towards achieving on-board
power for microsystems occurred in 2003 when a fully-integrated microsystem fab-
ricated using SOI was demonstrated [50]. The system was composed of an electro-
static gap-closing actuator powered by an on-board solar cell array with the power
being switched by an on-board buffer consisting of an NMOS inverter. The solar
cell array consisted of 200 cells, each with dimension of 400um by 400um, and
were able to produced an open circuit voltage of 85 V.

Although power supplied using solar cells may provide the necessary power for
many microsystems, solar cells are not well suited for environments that do not
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have access to light. Furthermore, the current silicon technology is also not suitable
for applications requiring exposure to high temperature or high levels of radiation.
NASA has started exploring wide bandgap solar cells, including cells from GalnP,
GaP, GaN, and SiC, specifically to address harsh environment applications [51].
These materials have exhibits both radiation hardness and high temperature stability;
however, other factors affecting the lifetime of the device such ohmic contact and
interconnect degradation still need to be solved.

6.2.2.2 Thermoelectric Power

When a thermoelectric material is subjected to a temperature gradient, heat flows
from the hot end to the cold end and releases carriers (electrons or holes) that like-
wise diffuse from the hot end to the cold end. This phenomenon, known as the
Seebeck Effect, is used for temperature measurements as well as power generation.
Thermoelectric power generation is typically achieved by connecting heavily doped
n-type and p-type semiconductors connected electrically in series but connected
thermally in parallel. This device structure is commonly referred as a thermocouple.
Temperature gradient forces dominant charge carriers of each material, electrons in
n-type and holes in p-type, to diffuse towards the low temperature side of the each
leg; producing a voltage different across the two sides. The power output of a ther-
mocouple depends on thermoelectric material and temperature gradient. For typical
applications, several thermocouples are connected serially to increase the output
power. Most commercially available thermoelectric generators, commonly known
as thermopiles, contain as many as 128 thermocouple units. A generic configuration
of a thermoelectric power generation system is schematically shown in Figure 6.7.

The efficiency of thermoelectric materials can be expressed as a dimensionless
parameter, ZT, given by Equation 6.1:

ZT = o*T /pA (6.1)

Where o is the Seebeck coefficient (AV/AT), p is the electrical resistivity, A is
the thermal conductivity and T is the average absolute temperature of the hot and
cold interface temperatures.

High efficiency is achieved by maximizing ZT. Consequently, effective thermo-
electric materials should have a high Seebeck coefficient, low thermal conductivity,
and low resistivity. Bismuth Telluride (Bi, Te3) alloys and PbTe alloys are two of the
most common thermoelectric materials used today. Bi, Tes has a ZT value of around
one at room temperature. On the other hand, PbTe reaches ZT of one at 500-700K
[52] suggesting that PbTe is well suited for relatively high temperature applications.
SiGe is one of the highest temperature thermoelectric materials as it can operate up
to 1000 °C [53]. The major drawback to SiGe is its low ZT (<1) throughout the
entire temperature range. Efforts have focused on engineering materials with higher
ZT for high efficient thermal power generation. One successful approach reported
by Venkatasubramanian et al. shows ZT of 2.4 in thin film p-type Bi,Tes;/Sb,Tes
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Fig. 6.7 Schematic drawing of a thermoelectric power generation system.

Table 6.2 ZT of poly-Si, SiGe and SiC with corresponding temperature

Thermoelectric Material Figure-of-merit (ZT)
p-doped Polysilicon 0.005 at 300K
n-doped Polysilicon 0.012 at 300K

p-doped PolySiGe 0.037 at 300K
n-doped Poly SiGe 0.061 at 300K

Nitrogen-doped SiC films (sintered) ~ 0.125 at 973K
Boron-doped SiC films (sintered) 0.021 at 973K

semiconductors. This material system appear to have a unusual structure, a super-
lattice formed by alternating layers of BiyTe; and SbyTe; semiconductors, which
results in low thermal conductivity [54].

In addition to conventional III-V materials, CMOS compatible materials such
as poly-Si, SiGe, and SiC have also drawn considerable attention as thermoelec-
tric materials for micropower generators due to their compatibility with MEMS and
IC fabrication. For instance, a thermopile made from an array of microfabricated
n-polySi/p-polySi thermocouples in a 1 cm by 1 cm area achieves an open-circuit
voltage of 16.7 V and output power of 1.3 uW when a 5K temperature gradient is
maintained. An investigation of a microfabricated n-poly-SiC/p-poly-Si thermopile
exhibits higher output voltage than that of n-poly-Si/p-poly-Si and Al/p-poly-Si
thermopiles [55]. In terms of process integration, these materials holds advantage
over tradition thermoelectric materials; however, the conversion efficiency of these
materials are quite low (Table 6.2) [56, 57].
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From an industrial prospective, micropower generation using thermoelectric ma-
terials has grown considerably [75, 59]. There are many micro-thermoelectric gen-
erators now available on the market, and the power output of these devices varies
widely depending on the number of thermocouples present, device geometry, and
temperature gradient. Thus, thermoelectric power generation units, despite their rel-
ative size, can play a significant role in microsystem technology, especially when a
sizable thermal gradient is present. For example, power for structural health moni-
toring of steam tubes in power plants are a good fit for thermoelectric power gener-
ation since the wall temperature is typically higher than that of ambient, setting up
a natural gradient.

6.2.2.3 Vibration Power Scavenging

Vibration energy harvesting is a highly active area of research, and there is ever-
growing interest in using it for wireless, self-contained electronics as well as mi-
crosystems. Many harsh environment applications are subject to sustained vibra-
tions, so assessing the potential of harnessing this energy for powering microsen-
sors is of particular interest. For instance, a car engine can vibrate up to 200Hz with
12 ms 2 acceleration [23]. There are three major transduction mechanisms for vi-
bration power scavenging: piezoelectric, electromagnetic, and electrostatic. Each of
these techniques has its own advantages and disadvantages in terms of power den-
sity, device architecture, operational requirements, and ability to integrate with the
other components of a microsystem [60].

Piezoelectric materials become electrically polarized when they are subjected to
mechanical strain. The degree of polarization is proportional to the applied strain.
The relationship between polarization and the applied strain is specific to the piezo-
electric material and its crystal structure, and the magnitude of the response is given
by the piezoelectric coefficients of the material. Piezoelectric materials typically
exhibit anisotropic characteristics, consequently, the degree of polarization is also
depends on direction of applied strain with respect to the orientation of the polar-
ization. Anisotropic properties of piezoelectric materials are defined by a series of
symbols and notations. Based on these definitions, the compressive strain applied
perpendicular to the electrodes utilizes the d33 coefficient of the material while
transverse shear strain applied parallel to the electrodes employs the d31 coefficient
for power generation (Figure 6.8). For most vibration power scavenging schemes,
transverse shear strain is utilized because compressive coupling is not feasible [61].

The most common device configuration exploited in energy harvesting using the
d31 mode is the cantilever beam. This structure is suitable for many energy har-
vesting applications because it provides a relatively large strain under small input
force. Furthermore, cantilevers typically operate at low resonant frequencies and
can be easily tuned to desired frequency by changing the geometry. Both character-
istics are highly advantageous as typical vibration frequencies in real world systems
range from one to a few hundred Hertz [23]. The resonant frequency can be further
reduced by attaching a proof mass at the end of the beam. This will also increase the
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Fig. 6.9 [62] Schematic drawing of cantilever-based piezoelectric power generator which uses the
d31 mode (©Springer 2009), reprinted with permission.

deflection, resulting in higher strain, thereby increasing the output power. A typical
cantilever beam structure used in piezoelectric energy harvesting is schematically
shown in Figure 6.9 [62]. Piezoelectric elements are either deposited or bonded to
the substrate.

The power output of these cantilever energy harvesters differs with the materials,
electrode geometries, and structural resonant frequency. There are many materials,
from single crystalline to polymeric, that exhibit piezoelectric behavior. Some of the
notable ones include quartz, lithium niobate (LiNbO3), lead zirconate, lead titanate
(Pb[Zr,Ti;—,]O3), and polyvinylidene difluoride (PVDF). However, a majority of
piezoelectric power scavenging devices are based on lead titanate (PZT) due to its
mature fabrication methodology. Furthermore, it has a relatively larger piezoelectric
coefficient which in turn provide more power output for a given input acceleration
[63]. Aluminum Nitride (AIN) is also gaining wide attention from the MEMS com-
munity because its fabrication methodologies are compatible with conventional mi-
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crofabrication technology. However many AIN-based piezoelectric devices to date
are mainly limited to resonators for frequency referencing and filtering [64, 65, 66].
No report in the literature are available on AIN based vibration power scavenging
devices. The reason may be attributed to the small piezoelectric coefficient.

Most piezoelectric materials lose their piezoelectric property when the temper-
ature exceeds a specific point, commonly referred as the Curie temperature (T).
Many piezoelectric materials has relatively low Curie temperatures [67]. For in-
stance, the T, of PZT is around 350 °C, leading to a safe operating range between
150-200 °C. Thus, power generation in a high temperature environment requires ma-
terials with high T.. There are many commercially available piezoelectric materials
that possess high Curie temperatures. These include bismuth titanate (T, = 600 °C)
and lithium niobate (T, = 1210 °C). However, the piezoelectric response of these
materials is relatively low. With proper packaging technology, existing piezoelec-
tric materials including PZT may suffice for many harsh environment applications,
excluding high temperature. Further research is required in high temperature piezo-
electric materials as well as fabrication methodologies in order to push vibration
power scavenging for demanding environment applications.

Vibration power scavenging using microscale piezoelectric devices is still at the
early research stage, though their macroscale counterparts are commercially avail-
able. Some commercially produced devices are capable of producing power rang-
ing from a few microwatts to few mlliwatts [68]. One such a commercial device is
Volture™ PEH 20W. This device is 92 mm by 44 mm by 10 mm and produces up
to 9 mW at a vibration frequency of 150 Hz. For autonomous microsystems, these
commercial power scavenging devices are attractive; however, the harsh environ-
ment compatibility of these devices may restrict the application space. The larger
size of these commercial devices may also be a limiting factor for some applica-
tions.

Vibration energy harvesting using electromagnetic transduction is also an active
area of research for MEMS and electronics power needs [60]. An electric current
is generated when a magnetic flux oscillates through an inductor. This phenomenon
was first discovered by Faraday and is one of the most widely used techniques for
large scale power generation. Two device configurations are used for vibration en-
ergy harvesting using an electromagnetic effect: a fixed magnet whose flux is cou-
pled with a moving induction coil or a moving magnet whose flux is linked to a
fixed coil. The latter is typically used for vibration power scavenging as it simpli-
fies the electrical connections to the coil. Similar to piezoelectric energy harvesters,
resonating cantilever beams are widely used in electromagnetic power scavengers.
Figure 6.10 schematically represents the generic device architecture.

The power generated by these devices is proportional to the magnetic flux den-
sity and magnitude as well as number of turns in the induction coil. With regards
to macroscale devices, high performance magnets and multi-turn coils are readily
available. Commercially available electromagnetic vibration energy harvesters have
shown to produces up to power of 147 mW at 11 V output voltage [70]. One such
device generates about 3 mW AC power at 0.5 m/s> RMS acceleration (Figure 6.11).
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Fig. 6.10 [69] Schematic drawing of cantilever-based electromagnetic power generator
(©Springer 2007), reprinted with permission.
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Fig. 6.11 [69] Perpetuum PMG?7 electromagnetic vibration power harvester ((©Springer 2007),
reprinted with permission.

This type of device has found use in various industrial settings such as on railcars
for powering various types of sensors and wireless modules.

MEMS scale electromagnetic power generators has also been fabricated in order
to reduce the form factor of the device. Microscale magnets and coils can be fab-
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Table 6.3 Properties of commercially available magnets [62]

Magnetic material Curie temp. (°C) Maximum working temp. (°C) Flux density (mT)

NiFeB (N38H) 320 120 450
Ceramic 460 250 100
SmCo 750 300 350
Alnico 860 550 130

ricated using microfabrication techniques. However, microfabricated magnets have
poor flux densities, and the number of turns that can be achieved with planar coils
are limited. Thus, the power generated from microscale energy harvesters is very
low, typically below 1 uW, insufficient for powering a typical microsystem. Fur-
thermore, the amplitudes of vibration at the MEMS scale is also limited. Therefore,
achievable power through flux variation is also limited [69].

NdFeB magnets are the preferred type of magnets for power generation due their
high flux density (450mT); however, NdFeB magnets are not suitable in power gen-
eration at high temperature condition as this material has a relatively low Curie
temperature, i.e., 320 °C. As shown in Table 6.3, some commercial magnets have
high Curie temperature, but their magnetic flux densities are relatively low ([62]).
Vibration power scavenging electromagnetic generators using centimeter scale sys-
tems have been demonstrated. However, a considerable amount of work is required
on both MEMS scale and high temperature compatible electromagnetic power gen-
eration.

Electrostatic transduction is another way of generating power from environmen-
tal vibrations. Typical electrostatic energy harvesting devices are comprised of two
conductive plates that are electrically isolated via air, vacuum, or a dielectric insu-
lator. These plates are charged by using an external source such as a battery. The
capacitance (C) between these plates can be expressed as:

C=0c/VE (6.2)

where, Qg is the charge on the plate in Coulombs and Vg is the voltage on the
plates in volts.

Devices are designed such a way that these two plates can be moved relative to
one another through vibration excitation. The electrostatic energy conversion can be
accomplished using a fixed charge method or fixed voltage method. Both cases are
divided into two phases. The first phase of the fixed charge method occurs while
the plates are moving towards each other and the plates are isolated from the energy
reservoir. At the start of the second phase, when the plates are closest together, the
capacitors are connected to the reservoir in order to charge the plates but then again
disconnected, fixing the charge in the system. During the second phase, the plates
start to separate, forcing the voltage to increase, increasing the energy stored in the
capacitor. This energy is a conversion of the mechanical energy needed to separate
plates into electrical energy. Repeating the first phase, the plates again begin to come
together. During this period, the capacitor is attached to a second discharge reservoir
and allowed to freely discharge. Another set of circuitry is used to move the energy



214 6 System Integration

AL
— = I i
pLU | [l |
(a) (b) (c)

Fig. 6.12 [73] A schematic illustration of typical device architecture (a) in-plane overlap-varying,
(b) in-plane gap-closing, and (c) out-of-plane gap-closing (©Elsevier 2003), reprinted with per-
mission.

dumped into the discharge reservoir into the main energy reservoir, resulting in a
net increase of energy stored in the energy reservoir during each cycle [71]. The first
phase of the fixed voltage method operates in the same manner. However, during the
second phase, while the capacitor plates separate, a fixed, high voltage is forced onto
the capacitor that also serves to charge it initially. In order for the high voltage to be
maintained as the plates separate and capacitance decreases, charge is dumped from
the capacitor to the discharge reservoir. As the first phase repeats and the plates
again come together, the fixed voltage condition is removed and the capacitor is
allowed to discharge, returning additional charge to the reservoir. Because of added
hardware complexity of implementing a fixed, high voltage configuration as well
as additional loss mechanisms present in the fixed voltage method, a fixed charge
configuration is more common [72].

Microfabricated electrostatic energy harvesting devices fall into three categories:
in-plane overlap-varying, in-plane gap-closing, and out-of-plane gap-closing [73].
Schematic illustrations of typical device architecture for these three topologies are
shown in Figure 6.12.

The use of electrostatic vibration power scavenging for microsystems is still in
the research phase. The lack of development to date can be attributed to some inher-
ent disadvantages of this method. One key drawback to electrostatic energy harvest-
ing is the need for an input charge or voltage supply unit, which may not be practi-
cal in many applications. Furthermore, electrostatic power scavengers produce high
voltage and low current. This may not be suitable for many device applications. The
main advantage of using electrostatic devices for energy harvesting is the ability to
integrate these devices into traditional microsystem fabrication processes; the en-
ergy scavenging structure can be fabricated using the same material as the MEMS
device. Thus, electrostatic vibration power scavenging would allow the power gen-
erator to be fabricated in SiC as well as minimizing interconnects since a separate
system component would not need to be integrated as part of the first or second
level packaging. This makes it the best choice for vibration power scavenging for
very high temperature and high corrosion applications, where a high level of mono-
lithic integration is preferable for increased system reliability.
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Table 6.4 Key features of converting vibration energy to power [60, 74]

Harvesting Method Piezoelectric Electromagnetic Electrostatic*
Electrical output characteristics High Voltage Low Voltage High Voltage
Low Current High Current Low Current
Power density 25 mJ/cm? 35 mJ/cm? 4 mJ/cm3
Feasibility of integrated fabrication low low high
* Needs external charge source

All the vibration power scavenging methods discussed — piezoelectric, electro-
magnetic, and electrostatic — should continue to be researched as harsh environ-
ment power sources. Table 6.4 summarizes the key features of converting vibra-
tion energy to power. Each method has its own advantages and disadvantages. For
instance, electromagnetic generation produces comparatively high output current
levels at the expense of low voltages while electrostatic and piezoelectric energy
harvesters generate high voltage and low current [60]. The power needs of the mi-
crosystem, operating environment, and integration capability are all critical when a
selecting power harvesting method. A combination of one or more methods may be
an option. This would also potentially counteract shortcomings of a given method.

6.2.3 Remote Powering (RF powering)

Remote powering would be another alternative for supplying power to microsys-
tems when connections to the outside world is restricted, and the desired operational
lifespan exceeds that of conventional batteries. Powering embedded microsystems
remotely has been investigated for many medical implants as the replacement of
a battery in implanted device typically requires surgery [75]. Remote powering is
useful for other harsh environments as well. For example, using embedded sensors
for structural health monitoring of gas turbine blades and corrosion monitoring in
steam tubes are potential fits for remote powering.

Remote power transfer is most commonly accomplished using inductive coupling
between a transmitting coil and a receiving coil integrated with the microsystem.
The power transmitted through inductive coupling can be of the order of few ten of
mW [76]. The power is sufficient enough to drive sensor circuits or microactuators
as well as charging of onboard rechargeable batteries. Suster et al. reports a radio
frequency (RF) powering system that produces a stable DC voltage of 2.8 V with a 2
mA current supply capability from a 50 MHz RF power source [77]. This system has
been successfully used for powering a MEMS strain-sensing system. Commercial
interest in remote powering of microsensors is also gaining momentum with some
of these devices already in the market [75]. These examples demonstrate the remote
powering of standard Si microsystems and should be adaptable to powering harsh
environment microsystems as well.
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Fig. 6.13 A concept of self-sufficient microsystem with on board power generation, power man-
agement, and storage units.

Environmental power scavengers and remote powering can provide much needed
on board power for microsystems; however, these power approaches suffer from low
power density, fluctuation in energy level, and possible interruption of power. There-
fore, onboard power management and power storage are also needed to capture the
power when available and ensure uninterrupted, constant power to the system [78].
The power management system serves two different purposes. It converts AC or DC
inputs from power generators to the desired form of energy for storage or operation.
Furthermore, it also regulates the power distribution among various system compo-
nents. A conceptual drawing of a microsystem that uses one or more regenerative
power sources with power management and storage units is shown in Figure 6.13.
Storage is typically accomplished using rechargeable batteries or capacitors, which,
together with the power management circuitry, provides a smooth power supply to
the microsensor even though the power generation occurs in a step-wise, nonlinear,
or erratic fashion.

It is common that portable electronics and microsystems today rely on batteries.
Limited lifetime restricts the application of batteries where replacement or recharg-
ing is not possible. High temperature compatibility and size scaling are current crit-
ical issues. The possibility of scavenging ambient energy through various energy
harvesting technologies may remove some constraints on powering microsystems.
Alternately, ambient energy harvesting enables extending the lifespan of conven-
tional batteries. To date, these power scavenging technologies at miniature scale
(cm, mm, or micrometer) are relative new; there are many challenges to be over-
come. Challenges include increasing power output, development of high tempera-
ture compatible materials for energy harvesting needs, and creating viable manufac-
turing and integration schemes. Some of the challenges in remote powering include
environmental disturbances and limitation in the distance between the source and
the receiver. For sustainable harsh environment compatible microsystems, one of
the key areas required immediate attention is power.
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6.3 Communication

Similarly to power requirements, communication to the microsystem using wires
is not always feasible, especially for harsh environment applications. For instance,
if the environment consists of harsh chemicals, a wire electric contact could be the
weakest point of whole system and may pose serious reliability issues. Furthermore,
communication through wires is impractical when the microsystem is attached to a
rotating body, such as turbine blades. In these situations, wireless communication is
the only practical choice.

Many reports are available on RF communication to microsensors. For instance,
RF powering and data transmission has been demonstrated for a microscale strain
sensor [77], miniaturized drug delivery system [79], and harsh environment tem-
perature sensor [80]. The strain sensor operating on a rotating shaft with RF link
shows sensing resolution comparable to through-wire data transmission (0.09 pe
over a 10 kHz bandwidth with 81 dB dynamic range) [77]. Currently, microscale
strain sensors with RF signal transmission are commercially available. One such
an example is the EmbedSense wireless strain sensor from MicroStrain, Inc. [75].
These examples show the feasibility and applicability of wireless communication
to microsystems. However, to date implementing and testing these techniques using
high temperature compatible materials such as SiC has yet to be demonstrated.

6.4 Testing of Harsh Environment Electronics, MEMS and
Microsystems

Testing of harsh environment electronics, MEMS, and ultimately the microsystems
that develop from integrating these components is one of the critical areas that can
greatly impact the progress of SiC microtechnology. Replicating the demanding en-
vironmental conditions during testing requires extreme test strategies and suitable
equipment. Many standard test setups for electronics and MEMS are limited to am-
bient and moderate environmental conditions. As such, they are not adequate for
simulating some of the harsh environment applications outlined in Chapter 1. There-
fore, exploring new test methods and suitable test fixtures are required. In addition
to the lack of suitable equipment, limited support components that can withstand
harsh environment conditions also complicates the testing issue. For example, test-
ing of SiC MEMS at high temperatures needs high temperature compatible support-
ing electronics. SiC electronics are not at the stage to provide necessary functional-
ity for MEMS operation, hindering high temperature MEMS testing. Due to these
difficulties, most harsh environment tests to date are either passive or performed us-
ing custom built or retrofit equipment. Some of the notable harsh environment tests
reported to date are briefly discussed below.



218 6 System Integration

6.4.1 High Temperature Testing of SiC Electronics

Probe stations are commonly used to test discrete electronics at ambient condi-
tions. Probe stations can also support short-term high temperature electrical mea-
surements. However, long-term high temperature operation is more challenging. For
instance, long-term high temperature operation leads to rapid degradation of physi-
cal and electrical properties of probes mainly due to oxidation of the probe tips and
the contacts. That will introduce probe induced parasitic to the measurand, caus-
ing errors. Modifying standard test equipment and accessories to withstand high
temperatures tends to be relegated to solutions that require in-house development.
For example, NASA Glenn researchers have demonstrate high temperature (500 °C)
testing of SiC junction gate field-effect transistor devices up to 7000 hours, to date
the longest high temperature testing reported for SiC based devices [81]. SiC elec-
tronic chips were housed in a custom developed package using high temperature
ceramic material as the substrate. The ceramic contains 96-wt% aluminum nitride
and 90-wt% aluminum oxides [82]. The metal contacts were made using thick gold
films. Then, the chip package was mounted on a high temperature compatible ce-
ramic circuit board, and glass insulated Au wires were used to make connections to
the testing apparatus. The testing was done in a bench top oven in ambient air. Figure
6.14 shows the prototype of packaging and ceramic circuit board developed at the
NASA Glenn research center [83]. Though it is feasible to implement custom test
strategies, development of standard test setups for high temperature testing would
relieve a burden on researchers and accelerate the development of high temperature
electronics.

6.4.2 High Temperature Testing for SiC MEMS

MEMS testing at high temperature is complicated by the fact that MEMS needs
supporting electronics, which should withstand the same conditions. Currently, SiC
MEMS device testing primarily must rely on expensive rack-mounted test equip-
ment or build the required test board using Si electronics because SiC electronics
are not readily available for certain applications. In the case of high temperature
testing, rack-mounted test equipment is of limited usefulness. The use of silicon
electronics is also challenging since MEMS devices need to be in very close prox-
imity to the drive and sense circuitry to minimize interconnect induced parasitic
capacitance. This adds complexity to the MEMS testing apparatus as the MEMS
die has to be heated while keeping the Si electronics at suitable operational tem-
peratures. Therefore, many active MEMS tests were limited to temperatures below
300 °C with a few exceptions, which have gone up to 600 °C using customized test
setups. Even in these cases, the duration of testing was limited to only to several
minutes.

One such a system, reported by researchers at University of California, Berkeley,
uses an IR spot heater to locally heat the MEMS die while isolating the electronic
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Fig. 6.14 [83] Four NASA SiC test chips in custom packaging (without any lids, exposed to
air during all testing) and mounted on a custom high-temperature circuit board (©Wiley 2009),
reprinted with permission.

circuitry [84]. Figure 6.15(a) shows the schematic cross-section of the test appara-
tus while Figure 6.15(b) shows a photograph of the printed circuit board (PCB) with
wire bonded MEMS die. As shown in the figure, a hole is cut in an insulative foam
and the MEMS die is positioned over the hole so that heating can be applied from
the back side of the die. Then the foam is attached to the PCB such that the die is
positioned into a cutout in the PCB ensuring no direct contact between the heated
die and the PCB. A heat sink is used to further reduce heating of the adjacent com-
ponents on the PCB. This setup enables heating of the MEMS die while keeping all
of the PCB-mounted electronics at a cooler operational temperature. This set up has
shown to work up to 600 °C. However, longer heating time eventually heats elec-
tronic components in the immediate vicinity due to heat transfer through the PCB.
Therefore, testing is limited to one to two minutes. Though the experiment can be
repeated many times, long term reliability testing at a sustained high temperature is
not possible. This example clearly demonstrates the difficulties faced by high tem-
perature testing of SiC MEMS and re-emphasizes the need for high temperature
electronics.
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Fig. 6.15 [84] (a) the schematic cross-section of the test apparatus and (b) a photograph of the
printed PCB with wire bonded MEMS die ((©SPIE 2009), reprinted with permission.

6.4.3 Shock Survivability Testing

Survivability and operation under high shock is important for many military and
aerospace applications. In extreme cases, acceleration can exceed 100,000 g (g =
gravitational acceleration, 9.8 m/s?). Two methods have been used for applying a
high-g shock to MEMS devices. One method uses a drop test, in which a drop table
is accelerated towards an anvil using an elastic cord. MEMS substrates are attached
to the drop table and the shock event occurs at impact with the anvil. This is a shot-
pulse shock method and is generally limited to 40,000 g. Brown et al. have reported
active testing of many MEMS devices under high g using a shock table [85]. Even
though this method is limited to moderate shock events, one advantage to the shock
table method is the availability of space for supporting electronics, allowing active
testing of MEMS. The other shock testing method uses an air gun to create the shock
event. In this case, MEMS die attached to a carrier body is launched using a high
pressure air gun (Figure 6.16). This is a long-pulse shock method and the g-shock
can exceeds 100,000 g [84]. For the air gun configuration, compact packaging of
the entire system — MEMS, signal conditioning electronics, and power module —
is needed if active testing is desired.

The first reported shock testing on a SiC MEMS device was performed on a SiC
piezoresistive accelerometer [87]. Both the survivability and the operational char-
acteristics were tested up to 40,000 g. Azevedo et al. report the survivability test
on SiC DETF resonator using the drop test table [86]. Later, resonator survivability
was verified up to 64,000 g using an air gun system [84]. Both tests were passive:
devices were not in operation during the shock event. However, the functional tests
following the shock event shows no changes to the performance of the MEMS de-
vice.
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Fig. 6.16 [84] Accelerated drop test rig used for high g-shock survivability assessment (©SPIE
2009), reprinted with permission.

In some instances, real-world applications exhibiting significant shock or vibra-
tion occurs simultaneously in high temperature environments. Even though shock
testing at ambient conditions has been accomplished using the previously discussed
methods, it is extremely difficult to test in combined harsh environment conditions,
such as heating and shock together, in a control manner. Thus, simulating some real
harsh environment applications are difficult without first investing in testing tech-
nology. For example, creating a drop test that can be performed in a environmental
control chamber.

6.5 Gallium Nitride, A Prospective Material for Harsh
Environment Microsystems

Recent advances in processing and device technology of silicon carbide (SiC) have
made promising inroads to practical harsh environment microsystems. This has in



222 6 System Integration

Table 6.5 Comparison of key electronics properties of 2H-GaN to 4H-SiC polytypes at 300 K
[88, 67].

Property 4H-SiC 2H-GaN
Bandgap (eV) 3.2 3.4
Relative dielectric constant 9.7 9.5
Breakdown field Np = 10'7 ¢cm?(MV-cm) 2.5-3 2-3
Thermal Conductivity(W/cm-K) 3-5 1.3
Intrinsic carrier concentration (cm?) 1077 1010
Electron mobility at Np = 101 cm® (cm?/V-s) 800 900
Saturated electron drift velocity (cm/s) 2 x 107 2.5x 107
Piezo-electric Coefficients (pmV*I) N/A d31=-1.3-1.9 d33=2.3-39

turn opened up a new paradigm of research aimed at further expanding harsh en-
vironment compatible microsystem technology. Among several possible candidate
material platforms, gallium nitride (GaN) have drawn considerable attention. With
the GaN optoelectronic device market thriving, material quality and availability have
improved significantly with regard to substrate size and thin epitaxial films. Realiza-
tion of GaN based electronics is now possible. Extending this knowledge of mate-
rial and fabrication to MEMS and microsystems deserves consideration as this may
open a new research venue for harsh environment microsystems.

GaN is a direct bandgap semiconductor with remarkable piezoelectric, electronic,
and optical properties. GaN exhibits a wide bandgap similar to SiC and is used as
a substrate for high power and high frequency electronics and is being explored for
high temperature electronics. A high piezoelectric coefficient and favorable opto-
electronic properties make it an ideal candidate for both sensors and actuators. It is
also a potential candidate for piezoelectric transducers for vibration power scaveng-
ing. Furthermore, GaN is chemically inert to many corrosive chemicals and, there-
fore, is attractive for MEMS operating in corrosive conditions [67, 90]. All these
properties imply that GaN is a strong competitor to SiC as a material platform for
harsh environment microsystems because, like SiC, all the system components can
potentially be fabricated from GaN.

Table 6.5 compares key electronic properties of 2H-GaN (hexagonal) with 4H-
SiC. As an electronic material, it is similar to SiC. Its wide bandgap along with
low intrinsic carrier concentration, makes it well suited for high-temperature and
radiation-hard electronics. GaN-based electronic devices have been extensively
studied for high-power and high-frequency applications due to its wide bandgap,
high-breakdown field, and high-saturated electron drift velocity. Currently, GaN
high power devices are competing well with SiC high power electronics.

The direct band gap of GaN makes it a powerful candidate for many optoelec-
tronics devices as well. A wide array of GaN-based light emitting diodes and lasers
are commercially available. One of the advantages GaN holds over other materi-
als is the relatively easy adjustment of the bandgap by incorporating Al (AlGaN).
The range of bandgaps achievable is between 3.43 eV (GaN) to 6.2 eV (AIN). This
means it can cover the spectral range from 200 to 365 nm, which is highly criti-



6.5 Gallium Nitride, A Prospective Material for Harsh Environment Microsystems 223

Table 6.6 Room temperature mechanical properties of GaN, SiC, and Si [91].

Property a-GaN (0001) 6H-SiC(0001) Si(111)
Elastic Modulus (GPa) 330 448 190
Vickers Hardness (GPa) 18 25 3
Fracture Toughness (MPa-m!/2) 1.1 33 0.7

Thermomechanical Stability Very good Very good Poor

cal for solar-blind UV detectors [89]. Moreover, the ability to make AlGaN/GaN
heterostructures allows fabrication of a wide array of electronic devices.

From the MEMS perspective, the piezoelectric property of GaN can be utilized
for many transducer applications. Thermal and mechanical properties of GaN are
also attractive for harsh environment MEMS applications. Table 6.6 summarizes
some of the key mechanical properties of GaN in comparison to SiC and Si. GaN is
stiffer and has higher fracture toughness than Si, though SiC is even more rigid. Fur-
thermore, the hardness of GaN remain relatively constant up to 1200 °C and macro-
scopic dislocation motion and plastic deformation is observed only above 1200 °C
[O1].

Realization of GaN microsystems requires high purity materials, reasonable fab-
rication methodology, and device technology for each component of the system.
Research has primarily focused on GaN for optoelectronics. Growth of crystalline
substrates, deposition of epitaxial films, controlled doping, and metal contacts are at
a relatively mature stage, making it possible for device fabrication. These advances
in materials stimulate the GaN electronics industry. At its current stage, the GaN
electronics industry enjoys a similar status to SiC electronics, and many discrete de-
vices have been developed. GaN high electron mobility transistors (HEMT) are now
available on the commercial market. However, from the microsystem prospective,
development of integrated circuits is critical, and a research initiative to develop
circuits relevant to microsystems is needed.

To date, the primary focus of GaN based development was on electronics and op-
toelectronics devices; few efforts have been reported on MEMS device fabrication.
The limited works reported on GaN based MEMS mainly focus on applying on an
AlGaN/GaN heterostructure as a sensing element. The interface properties of an Al-
GaN/GaN heterostructure is very sensitive to changes in the electrostatic boundary
conditions caused by the adsorption of ionic species, interactions with polar liquids,
adsorption of gaseous species, and the piezoelectric polarization due to mechanical
strain [92]. This phenomenon could be exploited for many transducer applications;
however, from the prospective of GaN MEMS, research has to be focused on mate-
rials optimization of thin-film mechanical properties for MEMS device fabrication.
Furthermore, micromachining strategies need to be developed in order to fabricate
free standing functional structures. Some limited work has been reported on fabri-
cating a released GaN MEMS device. One such example is given in Figure 6.17,
showing various GaN suspended structures [93].



224 6 System Integration

— 10 pm

AlGaN/GaN -

piezosensitive beams

210 pm

< GaN preof iass

[T T T

Fig. 6.17 [93] SEM micrograph of various GaN suspended structures. (a) Flexible piezoresistors.
(b) Top view of long microbeams. (c) Array of suspended microdisks. (d) MEMS accelerometer
featuring a large-area proof mass of 250 by 250 um? with four suspended piezoresistive beams
(©IEEE 2009), reprinted with permission.

From the materials prospect, GaN is a well-matched material platform for mi-
crosystem applications in demanding environments. The current state of GaN based
electronics is extremely encouraging; however, GaN MEMS technology is at an in-
fant stage. Early results on AIGaN/GaN heterostructure sensing elements motivates
further research on standalone GaN MEMS as well as GaN integration with SiC
MEMS. Thus, GaN should be explored as an alternative or complementing material
technology to SiC for harsh environment applications.

6.6 Current state and Future Prospective

In terms of SiC microsystems, the basic components, electronics and MEMS, have
shown tremendous progress during the last two decades. Figure 6.18 graphically
summarizes the current state of key components of SiC electronics and MEMS in
terms of technological maturity. To realize microsystems, an accurate understanding
of the current state of each technology at the component level is needed to develop
pathways to mitigate shortcomings and remove the roadblocks.



6.6 Current state and Future Prospective 225

Electronics

Integrated Circuit
JFET and BJT

MOSFET, MESFET, and Diode

I Pressure Sensor
I Strain Sensor
| Position Sensor

Microsystem

MEMS

Fig. 6.18 Current state of research and development of SiC devices and systems.

From SiC electronics standpoint, the development of high quality SiC wafers
and epitaxial thin films along with the demand for high power and high frequency
electronics made SiC based MOSFETs, MESFETs, and Schottky diodes commer-
cial commodities [94, 95]. In parallel, low-resistance ohmic contacts that are stable
over thousands of hours above 500 °C have been achieved, allowing fabrication
of devices capable of operating at high temperatures [20]. From the perspective of
high temperature operation, SiC JFETs are more promising over MOSFETs and
MESFETs because they are unipolar devices that do not rely on a high quality
semiconductor-dielectric interfaces [96, 97]. Despite the success at individual de-
vice level, the integrated SiC circuit aspect is overlooked. From the microsystem
aspect, supporting electronic circuits are a critical area that requires immediate at-
tention.

Paralleling electronics development, design, fabrication, and testing of SiC MEMS
technology are inching towards the realization of harsh environment compatible
sensors and actuators. MEMS grade poly-SiC thin films are routinely deposited in
multi-wafer, high-throughput LPCVD reactors [98, 99]. High fidelity micromachin-
ing techniques are available with standard etch chemistries and etch masks [100].
These advances in poly-SiC microfabrication technology make it possible to batch
fabricate complicated SiC MEMS structures [84]. Some SiC based sensors are ready
for real world applications [3]. To push SiC MEMS technology from feasibility to
commercial products, long term reliability has to be established. Standardization of
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SiC MEMS processes is one particular area that needs focus, which can have high
impact on the perception of SiC as viable sensor and actuator platform.

It is clear that the long term path forward is to develop a monolithic MEMS
and zero-level encapsulation scheme. However, it is not yet clear as to whether a
MEMS-first or IC-first approach, with respective start with LPCVD or epitaxial
SiC for the device and scaffold layers, will become the preferred method to further
integrate SiC circuitry with MEMS. If temperature is less of a concern for a given
application, SiC coatings are shown to be easily integrated with more traditional
device materials to achieve chemical survivability and will surely continue to be a
useful tool for these particular applications. As discussed throughout this chapter,
SiC microsystems, integration, power, and communications are still quite immature
and require significant investment of resources.

In order to go from feasibility to useable products, it is clear that many challenges
and issues need to be solved. However, SiC is well-suited for these applications and
significant technological advances continue to be made. These advances, combined
with unprecedented commercial and scientific interest will drive SiC harsh environ-
ment microsystems from a dream to a reality.
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