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Supervising Professor: Dr. Siavash Pourkamali

Within the past few decades, various micro-electromechanical (MEMS) accelerometers,
magnetometers and vibration sensors utilizing different actuation and sensing mechanisms have
been demonstrated. Such sensors are integral to various consumer, industrial, military,
environmental and biomedical applications. Although abovementioned sensors based on MEMS
technology have been successfully developed and commercialized and are widely used, this
dissertation focuses on exploring novel approaches to significantly improve the performance of
such sensors.

In most cases for the MEMS accelerometer, the large power consumption of MEMS sensors is
attributed to the analog front end needed for reading, processing, and analog to digital conversion
of the sensor output, which is typically responsible for most to all the power consumption of the
whole sensor. The proposed effort in this dissertation aims at development of a new class of
digitally readable MEMS accelerometers allowing significant power reduction by eliminating the
need for the analog front-end.

Conventional magnetometers that offer high sensitivities for fields smaller than a few nT’s are not

MEMS compatible and cannot undergo miniaturization. MEMS Magnetometers have an edge over



conventional counterparts due to their unique features such as small size, low cost, lower power
consumption and simplicity of operation. Such properties offer unrivalled advantages, especially
when it comes to medical applications, such as magneto-encephalography, where compact arrays
of ultra-sensitive sensors are desirable. This dissertation demonstrates ultra-high sensitivities
(noise floor in pT/v/Hz) for a Lorentz force resonant MEMS magnetometer enabled by internal-
thermal piezoresistive vibration amplification. A detailed model of the magneto-thermo-electro-
mechanical internal amplification is also developed and studied. Frequency output Lorentz force
MEMS magnetometers with enhanced sensitivity using a leverage mechanism have also been
explored.

Currently no low cost, low power, and compact vibration sensor solution exists that can provide
frequency distribution data for the measured vibrations. This dissertation shows implementation
and characterization of building blocks of a low-power miniaturized vibration spectrum analyzer
with a resolution of 1mg over a wide frequency range (0-10kHz) using a standard CMOS process,
without adding any complex post processing fabrication steps.

In summary, under this work, digitally operated MEMS accelerometers, ultra-sensitive Lorentz
force MEMS magnetometers, and building blocks of low power wideband CMOS-MEMS

vibration sensors have been successfully designed and implemented.

Vi
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CHAPTER 1

INTRODUCTION

1.1 MICRO-ELECTROMECHANICAL SYSTEMS (MEMS)

Micro-Electro-Mechanical Systems, or MEMS, is a technology that in its most general form can
be defined as miniaturized mechanical and -electro-mechanical elements embedded on
semiconductor chips that are made using the techniques of micro fabrication. Their size also makes
it possible to integrate them into a wide range of systems. Feature sizes may be made with size on
the order of the wavelength of light, thus making them attractive for many optical applications [1].
Microsensors (e.g., accelerometers for automobile air bag deployment and pressure sensors for
biomedical applications) and micro-actuators (e.g., for moving arrays of micromirrors in
projection systems) [2] are examples of commercial applications of MEMS.

MEMS researchers have demonstrated that many of the micromachined sensors have
performed exceptionally better than their macro-scale counterparts. Not only is the performance
better but their method of production has an advantage over the same fabrication techniques used
in the integrated circuit (IC) industry- which can translate into lower per-unit device production
cost. Such miniaturized microsystems thus have the advantage of portability, lower power
consumption, less harm to the environment and practically more functionality in a smaller amount
of space without any addition of weight. Needless to say, silicon based discrete microsensors found
its way into a number of applications which include but are not limited to- accelerometers [3],
gyroscopes [4], magnetometers for navigation purposes [5], pressure sensors [6], Inkjet printer
heads [7], Pacemakers [8], and for Defense systems (Surveillance, arming and data storage) [9].

The following dissertation focuses on:



e Development of a new class of electromechanical self-computing digital binary output
MEMS accelerometers or that can be operated directly by a digital processor without the
need for an analog front end. Elimination of the analog front end for such digitally operated
accelerometers can significantly lower the sensor power consumption by orders of
magnitude.

e Achieve ultra-high sensitivities for Lorentz Force resonant MEMS magnetometers
enabled by internal thermal-piezoresistive vibration amplification and via a mechanical
leverage mechanism.

e Design and implement low-power chip scale CMOS-MEMS vibration sensors with
~1mg resolution over a wide frequency range of 0-10kHz.

1.2 MEMS ACCELEROMETERS

Inertial sensors are among of the first and most commercially successful MEMS devices. The first
MEMS accelerometer was demonstrated in the early 1970’s. In the 1990’s, MEMS inertial sensors
(accelerometers and gyroscopes) revolutionized the automotive air-bag system industry.
Gradually, they started to find use in providing signals for stability control and anti-lock braking
systems as well. In consumer electronic products such as laptops and smart phones MEMS inertial
sensors are used for free fall detection, image stability and auto-screen rotation as well as gesture-
based command functions. Micro-machined accelerometers are a highly enabling technology with
a huge commercial potential. They provide lower power, compact and robust sensing. Multiple
sensors are often combined to provide multi-axis sensing and more accurate data [10]. During
recent years, MEMS inertial sensor technology has continued to evolve by entering the area of

health care and ambient assisted living [11,12].



Over the past few decades, MEMS accelerometers based on different sensing mechanisms
have been demonstrated. Some of the most popular detection mechanisms used in MEMS
accelerometers include piezoresistive [13], piezoelectric [14], capacitive [15], and electron
tunneling readout [16]. Most commercially successful MEMS accelerometers work based on
capacitive detection, which involves measuring the change in the capacitance between stationary
electrodes fixed to the substrate and movable electrodes on a suspended mass. The suspended
mass, also called the proof mass, must be relatively large (typically in the millimeter range) to
have adequate accelerometer sensitivity for most consumer applications. With aggressive power
reduction in digital electronics in recent years, MEMS sensors remain one of the most power-
hungry components in integrated systems. For example, Lee et al have demonstrated a wireless
sensor network (WSN) for monitoring the health and performance of motors which includes
MEMS sensors, two signal processors, and the communication modules. The total nominal power
consumption of the WSN is as high as 35mW, out of which close to 62% (21.6mW) is the power
required for operation of the MEMS sensors, with the wireless link and signal processing unit

being responsible for only close to a third of the total power consumption [17].

When it comes to power consumption in MEMS accelerometers specifically, in most
commercial accelerometers, an analog-front-end is required to detect and interpret the output. Such
circuits (generally switched-capacitor circuits) should be capable of measuring capacitance
changes in the femto-Farad to atto-Farad range and turning it into an analog voltage that in most
cases needs to be turned into a digital output using an on-board analog to digital converter. This
leads to power budget in the few mW to hundreds of uW range [18-20]. Therefore, by eliminating

the analog front end, significant power savings, in some cases close to zero static power



consumption, can be achieved. To achieve very low power consuming MEMS inertial sensors, a
fully digital MEMS accelerometer by utilizing the concept of MEMS acceleration switches has
been developed. This has been accomplished by designing digitally operated MEMS sensors
comprising of acceleration switches that can perform quantitative acceleration measurements with
the help of a microprocessor or a digital controller [21-22]. In an effort to further reduce the power
consumption of MEMS inertial sensor and eliminate the need for the digital controller, a fully
digital self-computing coupled switch MEMS accelerometer has also been developed and
demonstrated.

1.3 MEMS MAGNETOMETERS

In simple words, a magnetic sensor is a device that has the capability to detect and quantify
magnetic fields. Depending on the magnitude of the measured field, the requirement on the
sensitivity is determined-e.qg. If the value of the measured magnetic field is greater than the Earth’s

magnetic field, the sensitivity if the device need not be that aggressive.

Magnetic field sensors have numerous industrial, biomedical, and consumer applications
such as Magnetoencephalography [23], Magnetic resonance imaging (MRI), magnetic anomaly
detection and munitions fusing for military applications, mineral-prospecting [24], magnetic
compass for GPS navigation systems [25], automotive sensors, respiratory measurements [26] and
space research [27]. Various magnetic field measurement techniques exist covering different
ranges of fields that need to be measured for different applications. Hall Effect sensors are a
common category of magnetic field sensors which are capable of measuring magnetic fields in the
upper nT to T range. Another category of magnetic field sensors is the Giant Magnetoresistance

(GMR) sensor that works based on the principle of anti-ferromagnetic coupling. GMR’s are



capable of detecting fields in the sub-micro Tesla range [28]. Fluxgate sensors that work based on
the principle of magnetic saturation are quite popular. Although they can measure fields in the
upper pT range, their high-power dissipation, large size and narrow operation range limits their
use for very specific applications [29]. Search Coils (used widely as metal detectors) [30] and
Superconducting Quantum Interface devices (SQUID) [31] also possess the capability to detect
extremely small fields, down to the femto-Tesla range. However, search coils are quite bulky and
unable to detect static magnetic fields, and SQUIDs on the other hand require cryogenic cooling
and have a high sensitivity to electromagnetic interference, thus requiring a sophisticated
infrastructure (e.g. liquid helium supply, glass fiber- reinforced epoxy Dewar vessels, and
electromagnetic shielding). Sheng et. al have demonstrated a magnetometer with sub-femtotesla
resolution by utilizing the principle of Scalar atomic magnetometry [32], the most sensitive

magnetic sensor demonstrated to date.

While the above-mentioned magnetometers offer high sensitivities for fields smaller than
a few nT’s, they are not MEMS compatible and cannot undergo miniaturization. MEMS
Magnetometers [33-36] have an edge over the abovementioned conventional counterparts due to
their unique features such as small size, low cost, lower power consumption and simplicity of
operation. Such properties offer unrivalled advantages, especially when it comes to medical
applications, such as magneto-encephalography, where compact arrays of ultra-sensitive sensors

are desirable.

Most MEMS magnetometers offering compact size and low cost operate based on
measurement of Lorentz force resulting from magnetic fields. Lorentz force is the force acting on

a current carrying conductor in presence of a magnetic field. Different detection mechanisms can



be used to turn this force into an electrical signal. One of the main challenges for such sensors is
the relatively small amplitude of Lorentz force, especially when targeting magnetic fields in the
uT range and below. The Limit of detection (LOD) for such sensors is simply not sufficient for
most medical applications, which include detecting magnetic fields in the order of lower pT’s to
fT’s inside the brain (Magnetoencephalography). Therefore, highly sensitive force sensors and/or

force amplification mechanisms are required to demonstrate high sensitivities.

Resonant Lorentz force magnetometers are one of the most common categories of MEMS
magnetometers that can be implemented on silicon without the need for any special magnetic
materials. Hence, unlike magnetoresistive and fluxgate sensors, the external field that needs to be
measured does not get distorted (due to hysteresis), thus requiring less sophisticated electronics
for measurement. Such devices either make use of structural mechanical force amplification or
take advantage of high Quality factors (Q) microscale resonant structures to turn small Lorentz
Forces into measurable vibration amplitudes. Resonant systems with high quality factors can
achieve large vibration amplitudes when actuated by small actuation forces. The vibration
amplitude of a resonator at its resonance frequency is Q times larger than its displacement
amplitude resulting from the same actuation force applied as a static force. Therefore, most of the
MEMS-based Lorentz Force Magnetometers rely on actuation of a high-Q resonance mode of a
MEMS resonator and measuring the resulting vibration amplitude. The vibration amplitude can be
detected electronically as an output voltage via capacitive sensing [37,38] or piezoresistive readout

[39-40].

A number of other approaches have been reported by researchers to amplify the Lorentz

force and thus boost the sensitivity of such sensors. This includes using novel topologies wherein



the magnetometer shaped like a horseshoe was designed to boost the quality factor of the device,
thus increasing the sensitivity [41]. Parametric amplification has also been used to increase the
force-to-displacement transduction of a resonant sensor via artificially increasing the resonator
quality factor through modulation of the spring constant of the device at twice its natural frequency.
Sensitivity was amplified by 50X using this approach to 39nT/\'Hz [42]. However, operation of
such parametrically amplified devices as practical sensors is quite challenging due to sophisticated
electronics required for their operation. Another technique to enhance sensitivity has been

achieved by utilizing a multiple loop design for current recirculation in the device [43-44].

The previously demonstrated internal thermal-piezoresistive amplification within a DC
biased microscale silicon beam has been used to reach much larger vibration amplitudes for the
same Lorentz force actuation, consequently achieving much higher sensitivity [45]. Utilization of
the thermal-piezoresistive internal amplification phenomenon to enhance the sensitivity of Lorentz

Force MEMS magnetometers has been explained and discussed in Chapter 5.

However, the inherent bandwidth-sensitivity trade-off in an open loop operation (explained
in Chapter 5), as well as sensitivity changes due to temperature, have led researchers to explore
other techniques for Lorentz Force MEMS magnetometers. By operating the sensor at a frequency
slightly lower than the mechanical resonance frequency packaged at a low pressure, the
bandwidth- sensitivity concern has been resolved to some extent [46-48]. Alternatively, Lorentz
force can be used to modulate the resonant frequency of a MEMS resonator [49,50]. Sensors with
frequency modulated output are generally more desirable as frequency measurements offer
significantly improved noise and interference robustness and the output can be directly fed to a

digital counter without the need for extensive signal conditioning and analog to digital conversion.



However, the benefit of amplification by resonator Q-factor is not available for a frequency output
resonant sensor and other means of amplifying the force are to be considered. In [51], the device
design was perfected to make use of a fulcrum-lever based micro-leverage mechanism which
increased the sensitivity of the sensor by 42X. Yet another method to enhance sensitivity in
frequency modulated magnetometers is by utilizing quadrature frequency modulation (QFM),
where an external force having the same frequency as, but in quadrature, the self-sustaining force
creates a phase shift in the oscillation loop. The phase shift then results in a change in the
oscillation frequency, since oscillation always occurs at the frequency that satisfies 0° phase shift

around the loop [52].

This dissertation also focuses on a new design for frequency modulated MEMS magnetometers
that utilizes a leverage mechanism to amplify the Lorentz force and uses it to distort and therefore
modulate the frequency of a dual plate thermally actuated MEMS resonator [49]. Design
optimization has been carried out to enhance the sensor’s performance further which is discussed
in Chapter 6.

1.4 CMOS-MEMS VIBRATION SENSORS

Measurement and spectral analysis of mechanical vibrations is required in various
domestic, geophysical and industrial applications such as intrusion detection, identification of
mechanical faults in machines, and monitoring structural health [53-55]. Undesirable vibrations
can lead to accelerated aging and fatigue which could prove to be detrimental to the life of the
machine. In addition, the vibrating mechanisms of most machineries and structures are
fundamentally well known, giving rise to the possibility of detecting many faults in accordance

with the characteristics of the vibration responses. Vibration responses are processed and



interpreted in a variety of ways such as peak values and variance of the signal in the time domain,
and power spectral analysis in the frequency domain [56]. Therefore, monitoring and detecting

such vibrations could be crucial for many systems.

State-of-the-art micro fabricated vibration sensors based on capacitive [57] and
piezoelectric mechanisms [58] have undergone several advances. Vibration sensed via
piezoelectric mechanisms are accurate and reliable but are difficult to integrate with existing
foundry processes, difficult to mass produce and have high source impedance, due to which their
signals need to be carefully amplified. Also, piezoelectric vibration sensors provide an output
transient charge in response to stress and therefore their detection at lower frequencies — especially
DC —is challenging (extremely small currents). Capacitive sensors have the advantage of no exotic
materials, low noise, and compatibility with CMQOS readout electronics. However, since very small
changes in capacitance are detected, such systems require a sophisticated analog front end and are
incapable of handling high frequency measurements above ~200Hz. Other mechanisms to sense
vibrations include geophones [59], tunneling [60-61], and optical sensors [62-63]. Vibration
sensors based on tunneling mechanisms are shown to have low noise floor, but due to the small
allowable displacement at the tip require a very stiff feedback loop, which reduces the useful
bandwidth and dynamic range. EXisting vibration sensors are also discrete elements with relatively

large sizes (~ 1cm) and require supporting electronics.

The piezoresistive effect that operates on the principle that the electrical resistance changes
with deformation is an alternative phenomenon that can be utilized to overcome such challenges,
especially when it comes to integration with CMOS technology. N-well piezoresistive gauges [64,

65] are usually insensitive to environmental degradation, are easily available in any existing



CMOS technology, are easy to miniaturize and package and have a straightforward detection
mechanism. Depending on the particular semiconducting material properties, piezoresistive effects

allow direct and convenient signal transduction methods for electrical and mechanical properties.

Currently, no low cost, low power, and compact vibration sensor solution exists that can
provide frequency distribution data for the measured vibrations. In this dissertation, building
blocks of a low-power miniaturized vibration spectrum analyzer with a resolution of 1mg over a
wide frequency range (0-10kHz) using an existing Texas Instruments CMQOS process has been
built and implemented, without adding any complex post processing fabrication steps.

The dissertation is organized in 8 chapters. The outline of the chapters is given below:
Chapter 1: Discusses the importance of MEMS technology and introduces the sensors covered in
the dissertation- MEMS Accelerometers, MEMS Magnetometers and CMOS-MEMS Vibration
Sensors.

Chapter 2: Discusses the operating principle for a new digital output inertial sensor along with
initial characterization efforts.

Chapter 3: Presents the implementation of the acceleration switch sensors for low power, binary
output linear and rotational accelerometers with the use of a digital controller.

Chapter 4: Takes the project one step further to eliminate the digital controller and show as a
proof of concept, a zero-static power self-computing binary output accelerometer.

Chapter 5: Discusses the operating mechanism and results for sensitivity enhancement of an
amplitude modulated Lorentz force MEMS magnetometer via internal thermal piezoresistive

amplification phenomenon.
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Chapter 6: Addresses problems associated with amplitude modulation and presents a new design
for sensitivity enhancement of frequency modulated Lorentz Force MEMS Magnetometers.
Chapter 7: Discusses design, optimization, fabrication and measurement results for building
blocks of a low power, wideband vibration spectrum analyzer.

Chapter 8: Briefly summarizes the contributions of this dissertation and gives recommendations

for future direction.
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CHAPTER 2

ULTRA-LOW POWER DIGITALLY OPERATED MEMS ACCELEROMETERS!

2.1 PRINCIPLE OF OPERATION

Acceleration switches are simple devices with an output that can be high (ON) or low
(OFF) depending on the predetermined acceleration threshold of the device and the acceleration
the device is subjected to [66]. Most acceleration switches are comprised of a suspended mass
anchored to a substrate with flexible tethers. If the device is subjected to an acceleration higher
than its threshold value, the suspended mass will come in contact with a fixed electrode closing
the circuit and signaling that the acceleration threshold has been reached. Hence, such devices
require close to no power for operation and their output can be directly fed to a digital processor
without any further processing. However, an acceleration switch can only indicate whether the
applied acceleration is higher or lower than the set threshold and cannot provide quantitative
information about how much acceleration is applied to the device at each moment. In fact, an
acceleration switch can be referred to as a single bit digital accelerometer. However, since a
threshold accelerometer triggers at a single threshold, an array is necessary to cover a wide
acceleration range [67-70] making implementation of high resolution accelerometers extremely

complex.

A variety of acceleration switches have already been demonstrated for various applications

like air-bag activation in automobiles [71] and shock monitoring systems [72]. Tunable

1©2015 IEEE. Portions Adapted, with permission, from V. Kumar, X. Guo and S. Pourkamali, “Single-
Mask Field Emission Based Tunable MEMS Tunneling Accelerometer”, IEEE Nano, May 2015.
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acceleration switches using the concept of pre-stressed bimorph micro-beams have been reported
wherein the gaps between the bimorph beam and fixed electrode can be varied by adjusting the
‘snap-on’ voltage [73]. In [74], a set of comb drives has been utilized to increase the gap size and

thus increase the acceleration threshold of the device.

The following section focuses on the initial characterization effort for such designs using
tunneling current as a mechanism for detecting the acceleration range. The above-mentioned
concept of acceleration switches (based on contact) has also been utilized to develop both linear
and rotational digital MEMS accelerometers with and without the need for a digital controller
(micro-processor) which will be discussed in Chapters 3 and 4.

2.2 MEMS TUNNELING ACCELEROMETER

2.2.1 BACKGROUND AND MOTIVATION

Simmons et. al. [75] developed a model for the description of the current-voltage behavior
of tunneling junctions. As per the model, electron tunneling can only be observed when the applied
bias is smaller than the barrier height. In other words, electron tunneling exists only when the gap
between electrodes is nearly the order of 10 A. A feedback loop is required to maintain a constant
tunneling gap between the tip and the electrode. The current-voltage relationship for such a system

is given by:

I < Vy exp(ai\[oxey) (2.1)

Where I, is the Tunneling Current, V,, is the Tunneling Bias Voltage, «; is a constant (1.025 A-

1eV-0.5), ¢ is the Effective height of tunneling barrier and x. is the gap between the probe tip
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and the counter electrode. One of the challenges for the operation of a sensor in the direct tunneling
mode is the fabrication process where the gaps need to be fabricated in the order of A.

In the other case when the applied bias exceeds the barrier height, the electron transport mechanism
changes from direct tunneling to field emission (cold emission) tunneling, the Simmons Equation

for such a regime can be written as:

ln( ! ) o ZHIV2me? 1 2.2)

vz 3hq %4
where | is the tunneling current, V is the tunneling bias voltage, d is the gap between tip and counter
electrode, m is the Electron Effective Mass, and ¢ is the Effective height of tunneling barrier. It is
evident from the equation that in case of the field emission mechanism, In (1/V?) depends linearly
on 1/V for a fixed gap. A change in the gap between the electrode tip and the counter electrode due
to acceleration modulates the tunneling current passing through the gap. The change in tunneling
current can be measured to determine the acceleration.

2.2.2 DEVICE DESCRIPTION AND FABRICATION

Monocrystalline silicon with a relatively thick coating of gold was used as the structural
material for the accelerometers. Figure 2.1 shows the fabrication process used to fabricate the
devices on an SOI substrate having a 15 um thick device layer and 1um thick buried oxide layer.
The fabrication procedure utilizes a two-mask micromachining process. The accelerometer silicon
skeleton was first defined in the SOI device layer via deep reactive ion etching (DRIE) all the way
down to the buried oxide layer as shown in Figure 2.1(a). The substrate backside was then

patterned and etched to avoid any potential stiction issues for the large proof masses. Devices were

then released by removing the buried oxide layer in hydrofluoric acid (HF) as shown in Figure

14



2.1(b). To further narrow down the gap between the proof mass and the output electrode tip, a
thick layer of gold with slight sidewall coverage was sputtered on the fabricated devices. The
sputtered gold on the sidewalls also provides a high-quality metal-metal electrical contact between
the proof mass and the output electrode tip (Figure 2.1(c)). Thickness of the deposited gold on the
sidewalls was thoroughly monitored to adjust the gap size between the contact tip and the proof
mass in the deep submicron range without the need for nanolithography or any sophisticated
processing.

The fabricated accelerometer as shown in Figure 2.2 consists of three parts: the tuning and
the tunneling electrode (E1 and E2 respectively), the proof mass that is connected to electrode E1
and an array of parallel plate electrostatic actuators (200um x 5um x 15um each) that control the
gap between the tip and the counter electrode as shown in Figure 2.2. By varying the voltage

between the proof mass and the actuator electrodes, the gap between the two tunneling electrodes

€)] Device Layer Etch

Contact Gap <=
100 I_l

Backside etch and HF
(b) release

Narrower contact «
| I I O ]

Gold deposition with
() sidewall coverage

Figure 2.1. Schematic cross-sectional view of the process flow for the fabrication of the
accelerometer.
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Figure 2.2.(a). SEM View of the Tunneling Current Accelerometer.
(b). Zoomed-in view of the gap between the tip and the counter electrode.
(c). SEM view of the tunable electrodes.

can be controlled. The application of a bias voltage between the two tunneling electrodes causes a
tunneling current to flow through the nanoscale gap. A change in the gap between the electrode
tip and the counter electrode due to acceleration of the proof mass modulates the tunneling current
passing across the nanoscale gap.
2.2.3 MEASUREMENT SETUP AND RESULTS

To test the device of Figure 2.2 as a Field Emission Mode Tunneling Accelerometer, the
device was wire bonded on to a PCB and two independent bias voltages were applied

simultaneously to the electrode array (V¢) and the tunneling probe electrode (Vp) (Figure 2.3) with
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Figure 2.3. Schematic view of the test setup electrical connections.

the accelerometer body grounded. The bias voltage applied to the parallel plate actuators, Ve,
controls the gap between the probe and the counter electrode (proof mass). The current voltage
characteristics of the accelerometer were plotted by varying the bias voltage between the tunneling
electrodes for a fixed gap. The current and thus resistance of the gap was also measured by varying
the gap for a fixed bias voltage. To subject the device to different accelerations and study the effect
of acceleration on the gap and therefore tunneling current, the PCB was tilted to various angles
with respect to the horizontal direction. The resulting acceleration at each angle can then be
calculatedbya = (g/Sin @) where g is the acceleration due to gravity and ¢ is the angle between
the device and the horizontal surface on which it rests.

Figure 2.4 shows the current-voltage characteristics of the tunneling gap for a fixed gap of
~43nm which was achieved by applying a voltage of 9V to the parallel plate electrodes (V¢). The
final gap size was determined by subtracting the displacement that occurred due to the application
of V¢ from the total gap size as seen in SEM pictures. From the linearity of the In(I/V?) versus

1/V graph, it is evident that the sensor follows the Fowler Nordheim tunneling theorem thus
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proving the existence of a field emission tunneling current across the gap upon application of the
bias voltage. A maximum current of 12.5 HA was obtained for a bias voltage of 6V.

To investigate the dependence of the tunneling current to the gap and the probe bias voltage
independently, the gap between the tip and the counter electrode was varied by varying V¢ while
the bias voltage Vp was kept constant at 5.35V. The experiment was repeated for different values

of Vp (5.35V-6.85V) and the results are illustrated in Figure 2.5. Figure 2.6 shows the tunneling

-14.5
60 -
~Ne Linear Fit ~+-Vp=5.35V
o 50 - |-e=\/p=5.85V
- \ / 2::; a0 | Vp=6.35v
>1ee 4 = ~=-\/p=6.85V
2 \ % -
c -16 g
B =20
(@]
-16.5 ? \ 10

-17 0
0165 017 0475 018 0185 0.19

Ve (V)

Figure 2.5. Tunneling current versus gap
linearity of the Fowler Nordheim Theorem voltage for different probe bias voltages.

v
Figure 2.4. In (I/V2) versus 1/V plot depicting

fitted with a straight line.
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Figure 2.6. Measured tunneling current for Figure 2.7. Measured tunneling current
different probe bias voltages having constant for different accelerations due to variation
gap control voltage. in tilt angle of the device.
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current amplitudes for different probe bias voltages at a fixed gap. The PCB was then tilted to
various angles, thus causing the tunneling gap to change due to the gravitational force acting on
the proof mass of the structure. Figure 2.7 shows the variation in tunneling current due to variation
in the acceleration due to the tilt of the setup. A sensitivity of 6.5 pA/g has been achieved for the
accelerometer in the field emission mode for a gap of ~40nm.

In brief, a tunable MEMS tunneling accelerometer based on the field emission principle was
demonstrated. The other purpose in doing so was to characterize the accelerometer structure
parameters like tether stiffness, reliability, fabrication tolerances on the widths of the beams, and
capacitive gaps to understand and implement them in the design for binary output accelerometers

discussed in the next chapter.
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CHAPTER 3

BINARY TUNABLE INERTIAL SENSORS WITH USE OF DIGITAL CONTROL??

3.1 LINEAR ACCELEROMETER
3.1.1 DEVICE DESCRIPTION

Figure 3.1 shows a simplified schematic view of a single axis 3-bit accelerometer operating
based on the principle of acceleration switches with digitally tunable threshold. The structure
consists of a number of electrostatic tuning electrodes that can apply an assistive force to the proof-
mass, thus changing its acceleration threshold over a wide range. The bulky proof mass moves

back and forth in the horizontal direction because of the applied acceleration. The proof mass is

Acceleration GND
Direction
v Bit 1
oN electrode
% MSB: Most Significant Bit
v Proof Mass LSB: Least Significant Bit
/ GND: Ground Electrode
Contact Point
Bit 0
electrode

Tuning Electrodes

. MSB Middle LSB | GND
Bit

Figure 3.1. Simplified schematic view of a 3-bit digitally operated accelerometer.

202016 IEEE. Portions Adapted, with permission, from V. Kumar, R. Jafari and S. Pourkamali, “Ultra-
Low Power Digitally Operated MEMS Accelerometer”, IEEE Sensors Journal, Vol 16, Issue 24, Dec 2016.

%©2017 IEEE. Portions Adapted, with permission, from V. Kumar, A. Ramezany, S. Mazrouei, R. Jafari
and S. Pourkamali, “A 3-bit digitally operated MEMS rotational Accelerometer” IEEE MEMS, Jan 2017.
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connected to ground (GND). The stationary output electrode Vout which is biased with a bias
voltage (Von) through a large resistor has a metallic tip that comes in contact with the proof mass
once the acceleration exceeds the threshold, hence setting the output electrode voltage to zero.
Application of an assistive force to the electrostatic tuning electrodes which pulls the proof mass
towards the metallic tip will lower the acceleration threshold (and thus the gap between the proof
mass and the metallic tip) and vice versa. In this manner, having an arrangement of multiple
electrostatic actuators with appropriate electrode finger size and number around the proof mass
and selectively turning them ON or OFF, a binary search can be performed to find the value of the
applied acceleration. The accelerometer utilizes a MEMS acceleration switch with a number of
electrostatic tuning electrodes that can tune the gap size changing its acceleration threshold over a
wide range and add digital control ability via electrostatic tuning to turn them into multi-bit digital
accelerometers.
3.1.2 DESIGN CONSIDERATIONS

The mass of the proof mass and stiffness of the tethers should be chosen in a way that when
the device is subjected to full-scale acceleration and all the electrode voltages are set to zero, the
proof-mass displacement is equal to the gap size between the metallic tip and the proof mass, i.e.,

K x =m Ay (3.1

where K is the overall stiffness of the tethers, x is the gap size between the metallic tip and the
proof mass, m is the mass of the proof mass and Ags is the full-scale acceleration.

The other design component for such devices is the electrostatic electrodes. The main

challenge in working with such electrostatic electrodes is that the forces and thus the displacements
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generated by them are very small for small bias voltages. The parallel-plate electrostatic force is
given by:

neAV?

where n is the number of electrodes, ¢ is the permittivity of free space (8.854e-12 F/m), A is the
electrode area, V is the bias voltage and d is the electrostatic gap size. Larger forces can thus be
generated by having multiple electrostatic electrodes and larger electrode area for tuning the gap
size and thus, the acceleration range. Parallel plate actuators are highly nonlinear and get pulled in
and snap together when the displacement resulting from application of the bias voltage, is more
than one-third of the initial gap size. Therefore, the electrostatic gap size d should at least be 3X
larger than the metal-electrode gap x in order to avoid severe nonlinearity and pull-in.
3.1.3 DESIGN SPECIFICATIONS

The actuator associated with the most significant bit (MSB), which is Bit 2 in this case
(Figure 3.1), has twice the number of identical parallel plate actuator fingers compared to the next
most significant bit (Bit 1). In other words, the combined Bit 2 electrodes in Figure 3.1 provide an
actuation force which is exactly twice that of Bit 1 electrode when turned on. Similarly, the number
actuator fingers go down by a factor of two from each more significant bit to the next less
significant bit and the least significant bit (Bit 0) has the minimum number of actuator fingers.
Therefore, in a 3-bit design, if the MSB actuator is designed to have 8 electrode fingers, the middle
bit will have 4 finger electrodes (2X smaller than MSB) and the LSB actuator will have 2 finger
electrodes (4X smaller than the MSB). The number of electrodes, electrostatic actuator gap size,
and electrode areas are to be chosen so that upon application of the ON voltage to the MSB

actuator, a force equal to 50% of the full-scale acceleration force is applied to the proof mass.
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3.1.4 BINARY SEARCH FOR ACCELERATION MEASURMENT

Figure 3.2 shows a sample flow-chart for performing a binary search in the previously
explained 3-bit accelerometer. The binary search to find the acceleration begins by activating the
MSB electrode (Bit 2 electrode), i.e., biasing it with a predetermined voltage. This effectively
reduces the gap size between the proof mass and the metallic tip and lowers the acceleration
threshold of the switch to 0.5As. If the switch closes when the MSB is activated, i.e., the proof
mass and the metallic tip come in contact due to the activation of MSB alone, the acceleration is
larger than 50% of the full-scale acceleration. In this case, the first digit (MSB) in the binary
acceleration output is “1”. In this case, the MSB electrode is turned OFF and the next bit, Bit 1

electrode, is turned ON. Now, if the Bit 1 electrode alone is enough to keep the switch closed, the

Activate MSB AfS: FU”' Scale

Acceleration
" - No Yes " -
| Acceleration < 0.5 Afs @ Acceleration > 0.5 Afs |
MSB-0 MSB -1

MSB stays ON Turn off MSB
Turn on Bit 1 Turn on Bit 1

Acceleration < No Yes Acceleration > Acceleration >
0.25 Afs 0.25 Afs <0.50Afs 0.50 Afs <0.75Afs

Bit 1 ON Turn off bit 1 Bit 1 ON
Turn on LSB Turn on LSB Turn on LSB

Acceleration >

0.75 Afs

Turn off bit 1
Turn on LSB

Acceleration >
0.875 Afs

Acceleration <
0.625 Afs <0.75

Acceleration <
0.125Afs

Acceleration >
0.25 Afs <0.375

Acceleration > Acceleration > Acceleration < Acceleration >
0.125A1s <0.25Afs 0.375A1s <0.5Afs 0.50Afs <0.625Afs 0.75Afs <0.875Afs

i ]
|LSB—0| |LSB-1| |LSB-I]| LSB-1 | LSB-1 LSB-0 LSB-1

Figure 3.2. Flowchart showing algorithm for binary search in a 3-bit digital accelerometer.
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acceleration is above or equal to 75% of the full-scale acceleration and the second digit (Bit 1) in
the binary acceleration output will be “1” as well. If there is no contact, the acceleration would be
between 50% and 75% of full scale acceleration and Bit 1 in the binary output would be “0”. In
this case, Bit 1 electrode stays “ON” and the LSB clectrode (Bit O electrode) is now activated. If
activation of this electrode closes the switch, the acceleration would be between 62.5% and 75%
of full scale acceleration, i.e., a binary output of “101”. If not, the acceleration would be between
50% and 62.5% of full scale acceleration (binary output of “100”). In the case where the Bit 2
electrode doesn’t initiate contact, the MSB bit in the response is “0” and the associated electrode
stays “ON” while the electrode associated with the next bit is activated. If with all actuators ON,

contact still does not occur, then acceleration applied to the device is below 12.5% of full-scale

Table 3.1. Mapping of the linear Acceleration Binary Output to the Range of the Measured
Acceleration.

MSB | Bitl | LSB Acceleration Range
0 0 0 a<0.125Ax*
0 0 1 0.125A1s <a < 0.25As
0 1 0 0.25A% < a < 0.375A¢
0 1 1 0.375A1s < a < 0.5As
1 0 0 0.5A1 <a < 0.625A¢
1 0 1 0.625A1 <a < 0.75As
1 1 0 0.75A5 < a < 0.875A¢s
1 1 1 a>0.875FSg

* Ass: Full-Scale Acceleration
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and the binary output is “000”. The mapping of the binary output of such a 3-bit accelerometer to
the applied acceleration is as shown in Table 3.1. The same concept and operation procedure can
be enhanced to higher number of bits to realize accelerometers with higher resolutions, e.g. 4-bit,
8-bit, etc.

3.1.5 DEVICE FABRICATION

Device fabrication for the sensors remains the same as explained in Section 2.2.2. Figure
3.3 (a), (b) and (c) show SEM views of the accelerometer structure fabricated using the described
fabrication sequence. Regular lithography and plasma etch constraints restrict the gap size between
the proof mass and the metallic tip to ~1.5um. By depositing a thick layer of gold with side wall
coverage, gap sizes as small as 270 nm were achieved as shown in Figure 3.3(c).

In the current design, eight identical electrostatic actuator finger sets are included in the
device shown in Figure 3.3(a) allowing operation of the device as a 3-bit accelerometer with 4 of
the electrode sets associated with the most significant bit, 2 electrode sets for the middle bit and 1
electrode set for the least significant bit while the remaining electrode could be used for tuning the
device operating range.

3.1.6 MEASUREMENT SETUP AND RESULTS- DETERMINATION OF ELECTRODE
VOLTAGES

For the specific device tested in this work, due to the relatively small proof mass (5.5e-9
Kg) and high stiffness of tethers (~5 N/m), a very high bias voltage would be required to bring the
proof mass in contact with the output electrode for accelerations less than 1g that could easily be
applied to the device by tilting it. The alternative is to use sophisticated high-g test equipment for

lower bias voltages. Due to the unavailability of such equipment and for ease of measurement, five
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Figure 3.3. (a). SEM view a fabricated digital accelerometer also showing device electrical
connections for testing its performance;
(b). Zoomed in view of the output electrode tip area and the parallel plate actuators;
(c). Zoomed-in side view of the gap between the proof mass and the output electrode showing
the gap narrowed down by gold deposition.

of the available eight actuators were used as tuning electrodes to bring the proof mass closer to the
output electrode tip and the full-scale acceleration of the device was set to 1.33g. This effectively
altered the design from a 3-bit accelerometer to a 2-bit accelerometer in which five of the electrode
sets were used as tuning electrodes, two of the electrode sets were used as the MSB electrodes and
the remaining electrode was used as the LSB electrode.

To calibrate the device for a 0-1.33 g operation, i.e., to determine the bias voltages for the

electrodes, the device was placed on a printed circuit board and subjected to an acceleration of 1g,

which is the acceleration required for a “11” output. In order for the proof mass to make contact
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to the fixed electrode at 1g, the gap size needs to be reduced to ~12nm (based on the tether stiffness
and mass of proof mass). The voltage that needs to be applied to the five electrodes to tune the gap
size from ~270nm to ~12nm is calculated to be ~52V. On measurement, a bias voltage (Vbpias)
applied to the 5 tuning actuators was gradually increased until contact was detected between the
proof mass and the metallic tip. It was determined that by applying a voltage (Vbias) of 47.2V to
each of the five actuators (Figure 3.3(a)), which closely agrees with its theoretical value. This small
variation in the theoretical and measured value could be attributed to the fact that the gold
deposition added more mass to the device and reduced the gap size between the capacitive
electrodes as well. In this case, while the other 3 actuators are OFF, an acceleration of 1g would
bring the proof mass in contact with the output electrode. The contact was identified by monitoring
the current at the output electrode. A very large resistor was connected from the output electrode
to ground to avoid high currents flowing through the device upon contact. The minimum voltage
of the tuning electrodes required to achieve contact under 1g is the bias voltage to be maintained
during device operation. The device was then subjected to an acceleration of 0.66g, which is half
the full-scale acceleration, with the bias voltages to the five electrodes turned “ON”. Since the
applied acceleration is less than 1g, there will be no contact between the proof mass and the
metallic tip. With the tuning voltage Vyias left “ON”, another independent bias voltage (Von) was
applied to the two MSB electrodes, and the voltage was gradually increased to detect contact at
the output electrode. Once again when the contact was observed, the voltage corresponding to
contact (5.7V) was determined to be the operating voltage for the MSB electrodes. Since the LSB
actuator has exactly half the number of fingers as that of the MSB, the voltage given to the MSB

electrodes required for making contact would be the same as the voltage needed by the LSB
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electrode to make contact at 0.33g when the MSB electrode is kept “ON”, i.e., 25% of full scale
acceleration. Thus, to validate the pre-determined voltages, the voltage found for the MSB
electrodes was given to the LSB electrode with the other 7 electrodes turned “ON” as well. Upon
application of an acceleration of 0.33g, contact was observed, thus validating all of the pre-
determined voltages. After determining the bias and operating voltages, the device shown in Figure
3.3(a) was tested in the zero to 1g range simply by tilting the Printed Circuit Board to various
angles with respect the horizontal direction. This sets the “11” binary output of the accelerometer
to 1g, i.e., full-scale acceleration of 1.33g.

Device performance was validated by monitoring the output while turning different bits
ON or OFF as followed in the flowchart shown in Figure 3.4. For the device tested in this work,
the control signals for altering the states of the MSB and LSB were applied manually instead of
using a controller for its operation. Results of the above-mentioned tests are tabulated in Table 3.2
showing that the device can distinguish between acceleration in the ranges of 0-0.38g (00 binary
output), 0.38g-0.67g (01 binary output, 0.67g-1g (10 binary output), and >1g (and 11 binary
output), which are very close to the theoretically expected ranges. Although the device has a full-
scale acceleration of 1.33g and was never tested at accelerations higher than 1g, the transition point
from output of 10 to 11, which is to occur at 1g (75% of full-scale), was successfully detected.
Also, it should be noted that the MSB, LSB (State) values in Table 3.2 indicate the required
ON/OFF state for the two actuator electrodes to maintain contact over the associated acceleration
range. The binary acceleration output of the sensor that is to be provided by the digital processor

is the exact opposite of the MSB, LSB actuator state.
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Figure 3.4. Flowchart showing algorithm for binary search in a 2-bit digital accelerometer.

Table 3.2. Measurement results of the linear accelerometer along with the expected values.

Acceleration Acceleration
MSB, LSB ) _ )
(Theoretical) (Measured) Binary Acceleration Output
(State)
(9) (9)
00 >1 >1 11
01 1>g>0.66 1>g>0.67 10
10 0.66>g>0.33 | 0.67>g>0.38 01
11 033>g>0 0.38>g>0 00

3.1.7 OPERATING POWER CONSUMPTION

The device itself is just a passive switch operating as a result of the acceleration it is

subjected to. In addition to the power consumed by the MEMS sensor, the digital processor
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responsible for turning “ON” and “OFF” the electrodes will require some power for its operation
as well. During each measurement cycle, each actuator or electrode needs to be turned “ON” once.
The overall electrode capacitance for all the eight electrodes in the device shown in Figure 3.3(a)
is calculated to be 0.62pF. Assuming a conservative scenario where each electrode has 1pF of
parasitic capacitance along with it, the total capacitance to be charged up to the system operating
voltage and eventually depleted during each measurement cycle is 8.62pF. With an operating
voltage of 5V, the required energy for each measurement cycle would only be 108pJ. For taking
100 measurements per second, i.e., a sampling rate of 100Hz, the consumed energy for operation
of the sensor will be 10.8 nW of power consumption only, which is orders of magnitude lower
than the power budget for a regular Analog front end for MEMS accelerometers.
3.2 ROTATIONAL ACCELEROMETERS
3.2.1 DEVICE DESCRIPTION

Figure 3.5 shows an alternative rotational mode structure that can be used as a gyroscope.
As opposed to well established MEMS gyroscopes that provide an output proportional to the
rotation rate, the output of this gyroscope is proportional to the rotational acceleration (time
derivative of rotation rate). When the substrate of such device is subjected to a rotational
acceleration, the suspended massive ring will slightly lag by bending the tethers due to its mass
inertia. As a result, if the rotational acceleration is large enough, the metallic tip and stationary
output electrode will contact each other setting the output voltage to “high”. Similar to the
previously discussed accelerometer design, electrostatic forces from closely spaced parallel plate
electrodes can tune the acceleration threshold of the device and be used to determine the applied

acceleration via the same discussed strategy (by turning them ON and OFF one by one and
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Figure 3.5. Simplified schematic of the 3-bit digitally operated rotational accelerometer.

performing a binary search). The output of such gyroscope should be integrated twice to provide
angular position information (as opposed to mainstream gyroscopes requiring only one
integration), which is undesirable and could lead to extra errors.
3.2.2 DEVICE FABRICATION

Device fabrication for the sensors remains the same as explained in Section 2.2.2. Figure
3.6 shows SEM views of the rotational accelerometer fabricated using the described fabrication
sequence. Four identical electrostatic actuator finger sets (six 100um x 10 um x 35um fingers on
each set) surround the silicon proof mass (~1mm in diameter) in the device shown in Figure 3.5
allowing the operation of the device as a 3-bit accelerometer. Three of the four electrode finger
sets are associated with the most significant bit (MSB), the middle bit (MID) and the least
significant bit (LSB), while the remaining fourth electrode set (tuning electrode) could be used for
tuning the device operating range. A 1.5 um gap between the proof mass and the metallic tip was

obtained after the mask-less sputtering the 200nm gold onto the device.

31



Proof Mass MSB

tuning \

@,
5
=)
=

Vmse —— /

Figure 3.6. SEM views of the fabricated digital rotational accelerometer.

3.2.3 DEVICE PERFORMANCE

A DC motor capable of generating a maximum rotational acceleration of 392 rad/s® was
utilized to apply different angular accelerations to the sensor. It was determined that a bias voltage
of 57.4V is needed for the tuning actuator (while the other actuators are OFF) so that the proof
mass comes in full contact with the output electrode when the device was subjected to maximum
acceleration (full scale acceleration- Ass). This sets the <111 binary output of the accelerometer to
343rad/s? (0.875 As), i.e., full-scale acceleration of 392rad/s?. Furthermore, it was determined that
voltages of 26.00V, 18.40V and 13.04V are to be applied to the MSB, middle bit and the LSB
actuators respectively to lower the threshold acceleration by 1/2, 1/4 and 1/8 of Ass, respectively.
Also, it is evident from the values of the bias voltages that Bit 2 provides a force ~2X larger than

the middle bit and ~4X larger than the least significant bit. Device performance was validated by
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applying different accelerations and monitoring the output while manually turning different
actuators ON/OFF. Measurable device sensitivity in this case was limited by the minimum
acceleration that the motor could provide reliably (~98rad/s?). For the device tested in this work,
the control signals for altering the states of the three-bit electrodes were applied manually instead
of using a controller for its operation. Results of the above-mentioned tests are tabulated in Table
3.3 showing that the device can distinguish between different accelerations in the desired range,

which are very close to the theoretically expected ranges. Much better device sensitivity can be

Table 3.3. Measurement results of the rotational accelerometer versus the expected values.
(Bit values in the Table indicate the ON/OFF (1/0) status of the actuator of the respective bit
when contact occurs, which are opposite to that of the sensor digital binary output)

s o L5 | A | Atron
(Ass) (Ass)

000 a=>0.901 a=>0.875

001 0.901 >a>0.765 | 0.875>a>0.75
010 0.765>a>0.629 | 0.75>a>0.625
011 0.629>a > 0.502 0.625>a>0.5
100 0.502>a>0.361 0.5>a>0.375
101 0.361 >a>0.205 | 0.375>a>0.25
110 0.205>a>- 0.25>a2>0.125
111 - a<0.125
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achieved by simply increasing the tuning actuator bias voltage (e.g. 70.5V for 8rad/s?). By
changing the value of Vbias and Von, the accelerometer full-scale value can be tuned to a wide
range of accelerations. Also, it should be noted that the MSB, MID and LSB values in Table 3.3
indicate the required ON/OFF state for the two actuators to maintain contact over the associated
acceleration range. The binary acceleration output of the sensor that is to be provided by the digital
processor is the exact opposite of the MSB, MID, LSB actuator state.
3.2.4 RESONANCE RESPONSE

To estimate the settling time required for each measurement step, the mechanical resonance
frequency of the device was also measured under vacuum. Two out of the four electrodes were

utilized to act as the AC input and the AC output electrode while the anchor/proof mass is biased
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Figure 3.7. Measured sensor frequency response for polarization voltage of 10V along with
finite element modal analysis of the structure showing the sensor’s resonance mode shape.
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with a DC voltage (Vdc). The resonance frequency for the device tested in this work was measured
to be 2.386kHz (with a quality factor of ~600 when operated in ~20mTorr of pressure). This agrees
with its simulated frequency value as shown in Figure 3.7. This value of frequency corresponds to
a ~1.6ms settling time, i.e., ~4.8ms for a 3-bit measurement, consequently allowing a maximum

measurement frequency of ~200Hz.
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CHAPTER 4

BINARY TUNABLE INERTIAL SENSORS WITHOUT USE OF DIGITAL CONTROL*

4.1 SELF-COMPUTING COUPLED SWITCH INERTIAL SENSORS
(ELIMINATES DIGITAL CONTROLLER FOR OPERATION)

Figure 4.1 shows a highly simplified schematic of a 3- bit coupled switch accelerometer
comprised of three acceleration switches. Each acceleration switch corresponds to one of the bits

of the binary output and consists of a mass-spring combination and a stationary output electrode.

Acceleratlo
Dlrectlon Blt 1
Bit 0
(LSB) Bit 2
Actuators
f—
Bit 1 I Bit 2
f—
k/2
Bit 2 I
(MSB)

k

Figure 4.1. Simplified schematic of a 3-bit coupled switch accelerometer with digitized binary
output.

4©2016 IEEE. Portions Adapted, with permission, from V. Kumar, X. Guo, and S. Pourkamali, “Ultra-
Low Power Self-Computing Binary Output Digital MEMS Accelerometer”, IEEE MEMS, Jan 2016.
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The switches are to be designed so that the acceleration threshold of each switch is 2X larger or
smaller than the next corresponding switch. The highest and the lowest acceleration thresholds
belong to the switches associated with the Most Significant Bit (MSB) and the Least Significant
Bit (LSB) respectively. Each corresponding bit after the MSB has an acceleration threshold 2X
smaller than the previous bit, i.e., in Figure 4.1, Bit 1 has an acceleration threshold 2X smaller
than the MSB (Bit 2) switch and the LSB (Bit 0) switch has an acceleration threshold 4X smaller
than the MSB switch. The output of every switch is electrically connected to and therefore controls
an electrostatic actuator acting on every switch associated with bits with lower significance. For
instance, in Figure 4.1, the MSB bit controls an actuator acting on Bit 1 switch and another actuator
acting on the LSB switch, whereas Bit 1 only controls an actuator acting on the LSB switch. The
tether spring constant and mass of the MSB switch are to be chosen so that the acceleration
threshold of the MSB switch is half of the full-scale acceleration (0.5As). If the applied
acceleration in the direction shown in Figure 4.1 has an intensity higher than half of the full-scale
acceleration, the MSB switch will turn ON by making contact to its electrode on the left. As a
result, the electrostatic actuator electrodes on the right-hand side of switches for Bit 1 and Bit 0,
which are electrically connected to the output of the MSB switch, will turn ON, pulling their
masses away from the contact electrodes, hence increasing the threshold for those switches. In
other words, when the MSB turns ON, the actuators acting on Bit 1 and the LSB switches turn
ON, effectively subtracting half the full-scale acceleration force from the acceleration force acting
on the lower bits by generating a counteracting force. If the remaining acceleration is larger than
the threshold of the Bit 1 (4X smaller than full scale acceleration), Bit 1 also turns ON leading to

subtraction of another 0.25A¢s from the last switch. Depending on the intensity of the remaining
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acceleration, the LSB will now turn ON or OFF. In this way, the electromechanical system
automatically computes a digitized binary output without involvement of any electronics.
Basically, the device itself is just a passive switch requiring energy only for charging and
discharging the actuators which would be given to it by the acceleration it is subjected to. Such
devices can eliminate the need for the readout circuitry all together leading to stand-alone fully
electromechanical accelerometers with digital binary output and close to zero power consumption.
4.2 DEVICE FABRICATION

Device fabrication for the sensors remains the same as explained in Section 2.2.2. Figure
4.2 shows SEM views of the 2-bit coupled switch accelerometer fabricated using the described
fabrication sequence. The device consists of two acceleration switches coupled to one another
providing a 2-bit resolution binary digital output. In addition to the array of coupling parallel plate
actuators connected to the output of the MSB switch that acts on the LSB switch, another array of
similar parallel plate actuators has been embedded in each of the MSB and LSB switches for tuning
purposes. Applying voltages to the tuning actuators can further bring the proof mass closer to the
output electrode to reach the desirable acceleration threshold for each switch (V1 and V3 for the
LSB and the MSB respectively).
4.3 MEASUREMENT SETUP AND RESULTS

For the specific device tested in this work, different magnitudes of tuning voltages were
required due to the similar stiffness of tethers used for both the MSB and the LSB switches.
Consequently, the tuning volt ages were set so as to have a full-scale acceleration of 1g so that the
device could be tested by holding the device at different angles, utilizing the Earth’s gravity. Table

4.1 summarizes device dimensions and electrical parameters used in measurements. For the device
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Figure 4.2. SEM views of the two-bit digital accelerometer along with the zoomed-in views of
the contact gap.
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Table 4.1. Device Dimensions and electrical parameters of the self-computing coupled
switch linear accelerometer.

Parameter Value
Stiffness of each tether 4.5 N/m
Proof mass on each bit 3.055e-9 Kg
Number of electrodes on the MSB 112
Number of electrodes controlled by the MSB on the -
LSB
Number of electrodes on the LSB 56
Length of each parallel plate actuator electrode 200um
Width of each parallel plate actuator 5um
Device Layer thickness 15um
Capacitive gap between parallel plate actuators 3um
Electrode Proof-mass gap on each bit 400nm
Output electrode voltage for LSB-V 5V
LSB Tuning Voltage-V1 49V
Coupling Actuator voltage/Output electrode voltage 28V
for MSB-V?2
MSB Tuning Voltage-V3 10.8 V

in question, with the proof masses grounded, the actuation voltages Vi, V2 and V3 are to be
determined such that the MSB switch makes contact at 0.5g, while the LSB switch make contact

at 0.25g when MSB switch is OFF, and at 0.75g when MSB switch is ON. In contrast to the
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schematic demonstration in Figure 4.1, the force from the array of coupling parallel plate actuators
connected to the output of the MSB switch does not oppose the acceleration force applied to the
device but in fact helps it. In other words, the array of parallel plates of the coupling actuator helps
the LSB in making contact when the MSB is OFF. To determine the required bias voltages, the
device is first subjected to an acceleration of 0.75g. With V2 and V3 set to zero, V1 should be just
large enough for the LSB switch to make contact right at 0.75g. Leaving V1 ON, the device is then
subjected to 0.5g and V3 is determined so that the MSB switch makes contact right at 0.5g. To
determine V2, an acceleration of 0.25g was applied and V2 was set to a value just large enough so
that the LSB switch makes contact right at 0.25g. The contact made by the movable masses to the
stationary electrodes is determined by reading the current at the output of the MSB and the LSB
stationary electrode (Voutvse) and VouT(Lsg)).

Once the voltages have been determined, device performance was validated by rotating the
device from Og (0 degree with respect to the horizon) to 1g (90 degree with respect to the horizon)
range. The MEMS device in Figure 4.2 was wire bonded to a printed circuit board and was
subjected to different accelerations ranging between 0 and 1g by tilting the board to various angles
while maintaining the tuning and coupling actuator voltages and monitoring the output of the MSB
and LSB switches for each acceleration. Upon reaching 0.25g, contact was observed at the LSB
switch turning the digital output from 00 to 01. Tilting the device further, upon reaching 0.5g, the
contact was observed at the MSB switch, effectively negating the effect of the coupling actuator
voltage V2, thus turning off the LSB (Digital output 10). Upon application of 0.77g, contact was
observed at both the LSB and the MSB switch indicating a digital output of 11. The results are

summarized in Table 4.2 showing that the device can distinguish between accelerations in the
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ranges of 0-0.23g, 0.23g-0.5g, 0.5g-0.77g and >0.77g which are very close to the theoretically
expected ranges. By changing the values of the tuning actuation voltages, the accelerometer can
be tuned to measure any desired range of acceleration.

It was demonstrated that the concept of contact-based acceleration switches can be
enhanced to perform higher resolution quantitative acceleration measurements. A tunable digitally
operated MEMS accelerometer with a 2-bit resolution was successfully demonstrated. Also, the
concept of utilizing electrostatically coupled acceleration switches as ultra-low power digital
MEMS accelerometer was demonstrated. A coupled switch accelerometer consisting of two
electrostatically tunable acceleration switches was fabricated using a 2-mask fabrication process
and successfully tested as a binary output 2-bit digital accelerometer. The same device principle
can be utilized to implement higher resolution (higher number of bits) binary output digital
accelerometers. Elimination of the need for an analog front-end and signal conditioner can lead to

significant power savings and leap forward towards ultra-low power MEMS inertial sensors.

Table 4.2. Measurement results of the Switched Coupled accelerometer along with
expected values.

Acceleration Acceleration
_ MSB LSB
(Theoretical)(g) (Measured) (g)
g<0.25 9<0.23 0 0
0.25<g<0.5 0.23<g<0.5 0 1
0.5<g<0.75 0.5<g<0.77 1 0
g>0.75 g>0.77 1 1
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CHAPTER 5
SENSITIVITY ENHANCEMENT OF AMPLITUDE MODULATED OF LORENTZ

FORCE MEMS MAGNETOMETERS®

5.1 INTERNAL THERMAL PIEZORESISTIVE AMPLIFICATION

The resonant structure of the device proposed in this work consists of a piezoresistive beam
that is connected to two suspended mass plates on each side. In response to an alternating
longitudinal force, in this case the alternating Lorentz force created by a DC current and an AC
magnetic field, the structure can be actuated in its in-plane extensional resonance mode, wherein
the piezoresistive beam undergoes consecutive compression and expansion as depicted in Figure
5.1(a). Consequently, due to the piezoresistive effect, the fluctuations in beam resistance (R,.)
created by the alternating compression and expansion can be detected through an output voltage.
An alternating excitation force applied at the resonance frequency can induce vibration amplitudes
Q.. times larger compared to a DC force creating a much larger output signal through the
piezoresistor in response to the same external magnetic field, where Q,, is the mechanical quality
factor of the resonant structure. MEMS magnetometers can take advantage of such resonance
behavior to gain sensitivity amplification by a factor of Q,,.

The sensitivity of the magnetometers has been further improved significantly through the
previously demonstrated “Internal Thermal Piezoresistive Amplification Effect” [76]. Internal

amplification is a self-amplifying mechanism resulting from coupling of electro-thermal effects

%©2016 10P. Portions Adapted, with permission, from V. Kumar, A. Ramezany, M. Mahdavi and S.
Pourkamali, “Amplitude Modulated Lorentz Force MEMS Magnetometer with Pico-Tesla Sensitivity”,
Journal of Micromechanics and Microengineering, Vol 26, Number 10, 105021, Sep 2016.
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and piezoresistivity of the silicon beam. The alternating resistance R, created by the external
magnetic field at resonance along with the DC bias current passing through the piezoresistor can

induce an internal source of thermal actuation through Joule’s heating. If such internal force is in
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Figure 5.1.(a). Finite element modal analysis of the resonator showing its in-plane resonance
mode due to magnetic field actuation.
(b). Expansion and contraction of the piezoresistive beam due to the alternating heating and
cooling half cycles.
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phase with the external Lorentz force, it can increase the vibration amplitude of the resonator by
orders of magnitude through an internal positive feedback.

To elaborate, for an N-type doped silicon piezoresistor with a negative piezoresistive
coefficient, the resistivity increases upon longitudinal contraction. If biased with a constant DC
current, the contracted piezoresistive beam will heat up through Joule heating (T, ¢ Pi,; =
1. X R,.), Where T, is the temperature fluctuations created in the piezoresistive beam due to the
internal fluctuating power P;,,; generated by the constant DC current I;. and R,.). Expansion, on
the contrary, causes the piezoresistor to cool down due to the decrease in resistivity. At resonance
as depicted in Figure 5.1(b), the drop-in temperature of the expanded piezoresistor helps contract
the beam in the next half cycle, while the raise in temperature of the contracted beam assists the
expansion in the next half cycle through thermal expansion.

Through this positive feedback loop the resonator absorbs power from the DC source and
converts it into vibration amplitude, and therefore the modulated output voltage. Increasing the
DC bias current passing through the beam (1;.) augments the internal power (P;,,;) created by the
Internal Thermal Piezoresistive Amplification. Consequently, a significantly larger vibration
amplitude and output signal in response to the same input magnetic field can be achieved.

As the output signal at resonance frequency grows in response to increase in 1,;.), the off-resonance
output signal remains constant. Therefore, the effective quality factor Q defined as w0/(w — 3db)
increases through the internal amplification. In other words, the electrical energy pumped into the
system by the internal amplification can compensate for loss in the system and raise the effective
quality factor. While the effective quality factor significantly improves by the internal

amplification, the mechanical quality factor Q,, defined as the ratio of mechanical energy stored
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in the piezoresistor to energy loss in the system per cycle, which is only a function of device
geometry and physical properties, remains constant.

5.2 ELECTRO-THERMO-MECHANICAL MODEL

Figure 5.2 shows the schematic diagram of the resonant magnetometer. A magnetic field applied

at the resonance frequency creates a vibration with amplitude X; through Lorentz force.

X IL,

L
HS) = B = s+ bs + K GD

where I; and L; are the DC current applied to the device for Lorentz force generation and length

of the current carrying path as depicted in Figure 5.1, M the resonator effective mass, K the

HL : Lorentz Force HO : Current Modulation
HP : Piezoresistive Effect
B X, X R, I,
> H ) > H, H, >
+A X

th

H_  : Internal Amplification
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Figure 5.2. Schematic diagram for the resonant magnetometer highlighting the interactions
between different domains involved (Magnetic, Thermal, Mechanical and Electrical) and the
resulting feedback loop. Amplification occurs when the feedback loop has a positive overall

gain less than unity.
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piezoresistor stiffness, and b is the resonator damping factor. Due to the piezoresistive effect, the

stress inflicted on the beam by the vibration will create a fluctuating resistance R,..

Ry, 2R,mE
H = —=
P—x L

(5.2)

where R, is the electrical resistance of the piezoresistor at rest, r; is its longitudinal piezoresistive
coefficient, E is the Young’s modulus of the structural material, and L is the length of the
piezoresistor.

The combination of the R,. and the bias current passing through the piezoresistor I;. forms a
fluctuating internal thermal power source (Equation 5.3).

P:
int ac — Ic%c (53)
Rac

Hinpr =

Through Joule’s heating this source will cause fluctuations in the piezoresistor temperature
(T,.) according to equation (4), in which R;, and C,, are the thermal resistance and thermal
capacitance of the piezoresistive beam respectively. At high enough frequencies where typically,
the mechanical resonance period is much shorter than the thermal time constant i.e.,
R_th C_th w0 >> 1, Equation 5.4 can be further simplified and will be independent of thermal

resistance.

Tac Rth

1
" _ _ ~ 5.4
th(s) Pint ac (1 + RtthhS) Cths ( )

Subsequently, thermal expansion turns the fluctuating temperature T,. into displacement X,

through Equation 5.5 that will be added to the displacement created by the Lorentz force (a
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thermal expansion coefficient, and A cross sectional area of the beam). Depending on the sign of
the piezoresistive coefficient X,, and X, can be in or out of phase. For n-type doped silicon as
depicted in Figure 5.2, the internally generated displacement X,, adds to the externally generated
X, hence amplifying the vibration amplitude [76].

Xth aAE

T,w:Msz+bs+K (5:5)

Hinez(s) =

Eventually, the overall fluctuating resistance R, is translated into a change in output voltage v,

which can be calculated as:

_ Vout _&

H, = —— = I 5.6
(0] Rac Ra dc ( )

where R; is the load resistance. The overall transfer function of the resonant magnetometer defined

as the ratio of output AC voltage to the input magnetic field can be calculated as:

Vout HP
H =——=H —H 5.7
r(s) B LT _ HpHppy 0 (5.7)

where Hine(s) = Hine1Hinez Hines

At the resonance frequency, the overall transfer function will be:

RymECipwoj

“Ea2c,ELA
V2Qn

in which @,,, is the mechanical quality factor defined as the energy stored in the structure over the

I
R, (5.8)

a

Hr(jwo) = 4L
+ 2pLmE%al?,

energy loss per cycle and calculated as Q,,, = M;"". Equation 5.8 suggests that the motional current

is 90° behind the actuating magnetic field. As the bias current increases, and the loop gain H, H;y;
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at resonance approaches unity, the output voltage increases. In this fashion, the increase in the bias
current I;. will raise the output signal at resonance frequency above the feedthrough level
progressively, improving the sensitivity and the effective quality factor until the device is pushed
towards an ultimately unstable state. The effective quality factor Q of the device can be estimated

by [77]:

Q= (5.9)
(4 o 154

Where 1, = 1/g;m and g < 1Z,.

5.3 DEVICE FABRICATION AND DESCRIPTION

Dual plate monocrystalline silicon resonant structures were fabricated on an SOI substrate
using a single mask micro-machining process. The 15um thick device layer (0.01Q-cm resistivity)
was first patterned using standard photolithography. The silicon device layer was then etched using
deep reactive ion etching (DRIE). The 2um buried oxide layer was removed by wet etching in
Hydrofluoric acid. Holes on the resonator plates were provided to facilitate and accelerate removal
of the buried oxide underneath the large resonator plates.

Figure 5.3 shows the SEM view of the fabricated structure. The 800pm x 800um resonator
plates are connected by a 30um long, 1.5 um wide piezoresistive beam. The set of comb-drives
and parallel plate electrodes located around the resonator plates were included in the design for
characterization purposes via capacitive actuation and sensing, if needed, and were not utilized
when operated as a Lorentz Force magnetometer. The drive pads (D1 and D2) located on the two

sides of the resonator plates are used for application of the Lorentz Force actuation DC current
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Figure 5.3. SEM view of the 400kHz dual plate in-plane resonant magnetometer.
Right- Zoomed-in view of the piezoresistor (30umx1.5umx15um).

(I;). In addition to this, the piezoresistive beam is biased with a DC current (I;.) (across pads S1
and S2).
5.4 MEASUREMENT RESULTS
541 TEST SETUP

Figure 5.4 shows the measurement setup and the electrical connections for testing the
device as a Lorentz force magnetometer along with the mode shape of the in-plane resonance
mode. To test the resonator as a Lorentz Force magnetometer, a relatively long current carrying
wire was placed along the device, perpendicular to the piezoresistive beam. This wire acts as the
source of the magnetic field for in-plane actuation of the resonator. The magnitude of magnetic

field generated by the wire is a function of the current flowing through the wire and the distance

between the wire and the device, given by B = ZO—HI: where o is the magnetic permeability of free

space (4 X 1077 N A~?), 1, is the current flowing through the wire and 7 is the distance between
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Figure 5.4. Finite element modal analysis of the resonator showing the in-plane resonance mode
and the measurement setup and its electrical connections.
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the wire and the device. A separate DC current was applied to the device for Lorentz force
generation (V;.), and an AC magnetic field at the device resonant frequency was used to actuate
the device. To generate the AC field, the RF output of the network analyzer was connected to the
wire as shown in Figure 5.4. One advantage of using an AC field for characterization of the device
is that the device can operate impervious to the interference from Earth’s magnetic field. The
resonator frequency responses were obtained for different magnitudes of magnetic fields by
changing the current and the distance of the wire from the device.
5.4.2 RESULTS

Figure 5.5 illustrates the resonant frequency response of the magnetometer for a field
intensity of 3.5 nT for different piezoresistor bias currents (in the range 5.164mA-7.245mA). It is
evident from the graph that the output signal amplitude increases by increasing the DC bias current

given to the piezoresistive beam. An increase in the DC bias current through the internal
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Figure 5.5. Resonant responses of the device with different bias currents under constant
magnetic field intensity of 3.5 nT for bias currents in the range 5.164mA-7.245mA. Inset
shows the resonant response of the device at 5.164mA having a quality factor of ~680.

Bottom: Resonant responses of the device with different bias currents under constant
magnetic field intensity of 3.5 nT for bias currents in the range 7.008mA-7.245mA.
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amplification increases the vibration amplitude, and therefore the output modulated signal at
resonance.

Figure 5.6 shows the measured effective quality factor of the device for bias currents
ranging from 5.164mA-7.245mA. It can be seen that the effective quality factor of the resonator
increases from its intrinsic value of 680 at 5.164mA to 1.14X106 at 7.245mA under atmospheric
pressure. The measured data has a close fit to the quality factors as predicted by the mathematical
model in the previous section as shown in Equation 9. The inset in Figure 5.6 shows the frequency
response of the device as seen on the network analyzer for the magnetometer operating at a DC

bias current of 7.245mA with a magnetic field of 3.5nT. An output voltage amplitude of 7.55mV
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Figure 5.6. Graph showing measured effective Quality Factor versus the bias current
demonstrating the Q and vibration amplification effect.
Inset- Network Analyzer response for piezoresistor bias current of 7.245 mA.
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is measured in this configuration (peak level of -17.4 dB) leading to a maximum sensitivity of

2.107mV/nT.

Figure 5.7 illustrates the measured output voltage amplitudes (left y-axis) at resonance

versus the magnitude of magnetic field for different piezoresistor bias currents. There is a ~2400X

improvement in sensitivity (from 0.9 pV/nT to 2.107 mV/nT) when the bias current is increased

from 5.164 mA to 7.245mA. The increase in output amplitudes (and thus sensitivity) at higher

currents is partly due to higher piezoresistive sensitivity (higher piezoresistor bias current) and

partly due to internal vibration amplification (artificial Q-amplification). To demonstrate the effect

of internal amplification alone, sensitivity figure of merit (FOMS) has been defined as sensitivity

divided by the piezoresistor bias current. Figure 5.7 (secondary y-axis) illustrates the different
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Figure 5.7. Graph showing the output voltage amplitude and the FOMS values versus the
magnetic field intensity for different bias currents.
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output voltage over their respective bias currents, the slope of which represents the FOMS,
showing a ~1620X improvement as a result of internal amplification alone.
5.4.3 NOISE FLOOR, STABILITY AND SENSOR FIELD RESOLUTION

The internal thermal piezoresistive amplification effect can also amplify the thermo-
mechanical noise. However, analysis shows that since amplification and filtering occur at the same
time within the same component, i.e., the amplification factor itself has a narrow band response, it
thus amplifies only the noise components within its narrow bandwidth [78]. Therefore, the overall
signal to noise ratio of the sensor is expected to improve by increase in the amplification factor
and reduction in the bandwidth. Hydrofluoric acid. Holes on the resonator plates were provided to

facilitate and accelerate removal of the buried oxide underneath the large resonator plates.

The noise magnitude in this case is a function of both temperature and mechanical
damping. To study and compare the amplification rate in noise and the output signal due to the
effect of internal amplification, the noise floor was measured for various bias currents, and the
increase in its amplitude was compared with the output signal amplitudes. Figure 5.8 and 5.9 show
the output spectrum of the sensor in response to a 3.5nT magnetic field input (blue lines) given at
DC bias currents of 5.164mA and 7.245mA, respectively, along with their measured output noise
spectrum when the input AC magnetic field input is turned off (red dotted lines). At a bias current
of 7.245mA, the sensor noise is measured to be 0.3uV/VHz in contrast to the output of 377.39
wV/NHz for an input field of 3.5nT which corresponds to a sensor field resolution of 2.8 pT/VHz.
When the bias current is increased from 5.1mA to 7.2mA, it is shown that the output signal due to
the presence of a magnetic field is increased by a factor of x1000, while the noise signal added to

the output by the device is increased by 50% (most likely due to increased thermal noise at higher
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Figure 5.8. Output spectrum of the sensor for an input magnetic field of 3.5nT along with its
measured noise floor for a bias current of 5.164mA.
Inset: Output noise spectrum for the sensor measured at the bias current of 5.164mA.
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Figure 5.9. Output spectrum of the sensor for an input magnetic field of 3.5nT along with its
measured noise floor for a bias current of 7.245mA. Inset: Output noise spectrum for the sensor
measured at the bias current of 7.245mA.

bias currents). The measurement results are summarized in Table 5.1 which highlights the

sensitivity, FOMS, effective Q, and Sensor field resolution for different bias currents.

56



Table 5.1. Sensitivity, FOMS, Quality Factor and Sensor Resolution for the
Magnetometer at Different Bias Currents

Bias Current Sensitivity FOMS Quality Factor | Resolution
(MA) (v/nT) (Q/uT) (pT/NHz)
5.164 0.89 0.18 680 2340.3
6.733 17.87 2.7 1x104 264.64
7.141 90.73 12.7 2.8x104 61.71
7.196 145.44 20.2 7.9x104 39.34
7.236 542.05 74.9 28.5x104 10.72
7.239 818.23 113 45x104 7.11
7.243 1188 164 6.3x105 4.9
7.244 1535.7 212 8.3x105 3.79
7.245 2107.8 291.2 1.1x106 2.76

Although the device was never operated as an oscillator, to present a measure of random
drift error in the resonance frequency of the sensor, the Allan deviation was measured at a bias
current for which the device is pushed to self-sustained oscillation. Figure 5.10 shows the
measured Allan deviation for the sensor operating at a bias current of 7.25mA slightly above
7.245mA for which the maximum sensitivity was reported with maximum quality factor of

1.1x10°% A minimum Allan deviation of less than 0.001 ppm change in frequency was achieved in

less than 2 minutes.
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Figure 5.10. Measured Allan Deviation for the sensor output at a DC bias of 7.25mA.

At higher bias currents where the quality factor is extremely high, and the bandwidth is
very small, the stability of the resonance peak is of utmost importance. Therefore, the stability of
the resonance response for various bias currents was also measured. The resonance peak
frequencies were monitored for 30minutes with a large IFBW of 1kHz. Figure 5.11 illustrates the
measured standard deviation of the resonance peak frequency compared with the -3dB bandwidth
for various bias currents. As is evident from Figure 5.11 that the drift error in the peak frequency
of the sensor is almost always less than the measured-3dB bandwidth at its respective bias current.
As for the considerations of temperature on the resonance frequency itself, the large negative TCF
(Thermal coefficient of Frequency) of single crystal silicon can be highly suppressed by doping

the devices with high concentrations of an n-type dopant as demonstrated in [79].
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CHAPTER 6
SENSITIVITY ENHANCEMENT OF FREQUENCY MODULATED OF LORENTZ

FORCE MEMS MAGNETOMETERS®

6.1 PRINCIPLE OF OPERATION-LEVERAGE MECHANISM

As discussed in the previous chapter, the existing problem in most Lorentz force
magnetometers is that large forces are required to cause the slightest amount of distortion in the
resonator structure and change its frequency significantly (due to the relatively large stiffness of
the structure). Lorentz forces are generally very small and therefore amplification of the force is
required to enhance the device sensitivity. For example, a magnetic field of 10uT acting on a
1500pm long beam, carrying a current of 10mA would create a Lorentz force of just 0.15nN
leading to a displacement of less than 0.01 pm in the resonator (having a stiffness of ~9000), which
is undetectable. To alleviate this problem, the resonator stiffness should be lowered as much as
possible, and a Lorentz force generator with a high gain leverage mechanism is to be utilized.
Figure 6.1(a) illustrates the amplification mechanism for boosting the lateral Lorentz force (F;)
into an amplified axial force (F,).
6.2 DEVICE DESCRIPTION

Figure 6.1(b) illustrates the device structure and the finite element static force analysis of
the frequency modulated resonator. The 60pum long, 2 um wide beam in the middle of the resonator

connecting the 300 um x 300 um resonator plates acts as the piezoresistor as well as the thermal

6©2017 IEEE. Portions Adapted, with permission, from V. Kumar, S. Sebdani and S. Pourkamali,
“Sensitivity Enhancement of a Lorentz Force MEMS Magnetometer with Frequency Modulated Output”,
Journal of Micromechanical Systems, Vol 26, Issue 4, Aug 2017.
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Figure 6.1(a). Simple schematic showing the basic concept of the amplification mechanism.
(b) (c) (d) Finite element static force analysis of the frequency modulated resonator showing
the force amplification due to the leverage mechanism for three different beam structures
(Type A, Type B and Type C).

actuator [80]. To reduce the overall stiffness of the device, two curved designs of the piezoresistor
(Type B and Type C) as opposed to a straight beam (Type A) have been utilized as shown in Figure
6.1(c) and 6.1(d). When the resonator resonates in its in-plane mode, the piezoresistor acts as a
strain gauge that undergoes periodic tensile and compressive stress. Type A structure with the
perfectly straight piezoresistive beam resonates in just one single axis (£X axis) at its in-plane
resonance mode, whereas Type B and Type C structures exhibit some movement in the +Y axis as
well due to the nature of the shape of the beams. The Lorentz force generator is comprised of two

long silicon beams (1500 pm each) located perpendicular to the piezoresistor. Upon introducing a
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magnetic field perpendicular to the direction of current flowing through the beams, the beams bend
laterally in opposite directions due to the presence of a Lorentz force. This Lorentz force is turned
to an amplified axial force due to the leverage mechanism as described before, acting perpendicular
to the piezoresistive beam, thus modulating the device stiffness and consequently, its resonance
frequency. In addition to this, the Lorentz force acting on the long silicon beams deflects them in
opposite directions such that the amplified axial forces add up, further enhancing the sensitivity.

Based on the finite element static force analysis for the specific design used in this work, a
1nN lateral force (in the positive and negative X direction) applied to the Lorentz force beam for
the structure shown in Figure 6.1(b) has been translated to an amplified axial force (positive Y
direction) of ~30nN at Point A in the inset of Figure 6.1(b). The axial force is thus ~30X larger
than the lateral force caused by the magnetic field applied to the device, increasing the sensitivity
significantly. In contrast, a 1nN lateral force applied to the Lorentz force beam for the structures
shown in 6.1(c) and 6.1(d), the axial force has been amplified by ~55X at Point B and Point C as
shown in the inset of Figure 6.1(c) and 6.1(d). This is mainly because of the much lower lateral
stiffness of the piezoresistive beams of structures in Type B and Type C.
6.3 LORENTZ FORCE BEAM DESIGN

Figure 6.2 shows the schematic view of the bending of the Lorentz force beam and the
piezoresistive beam due to an applied Lorentz Force F;. To develop the relationship between the
effect of the leveraged force on the piezoresistive beam based on the geometrical dimensions and
the axial and lateral stiffness’s of the structure, the deformation angle 6 is assumed to be very

small. Therefore, the deformed Lorentz force beam Ly can be written as:

Ly =L +X, (6.1)
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Figure 6.2. Schematic showing the bending of the Lorentz force beams and the piezoresistive
beam due to the applied Lorentz Force F,.

where X, is the lateral displacement of the piezoresistive beam due to the applied force F;. Due to

the very small deformation angle 6,

L 2 LI 2
g 2
=] == X 2
() = (3) +% (62
where X, is the displacement in the Lorentz force beam caused due to the Lorentz Force F; given
by

F,
x = b

= 6.3

where K, is the lateral stiffness of the Lorentz Force beam. Substituting the value of X in

Equation 6.2 and rearranging the terms, L' can be written as:

8- e

The Lorentz force acting on two Lorentz force beams of lengthL, can be given by:
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F, =2xBIlL, (6.5)
Where B is the magnetic field intensity and I, is the current flowing on the Lorentz force beams.

Substituting the value of F; and L' in Equation 6.1:

L2 (2BI,L,\°
L, =2 (—g) (=22 +x 6.6
g \/ ) < Klg + b ( )
Thus, the lateral displacement X, of the piezoresistive beam can be written as:
4BI;\?
Xp=1Lg—Lg [1=|—2— (6.7)
lg

In addition to the displacement caused in the piezoresistive beam due to the Lorentz force F; in
the Lorentz force beams, another additional Lorentz force is created due to the current flowing in
the piezoresistive beam itself which is given by:

Fip = BlyesLy (6.8)

Therefore, the total displacement caused due to the presence of the magnetic field is given by:

2
4Blg> 4 Blresly

Xprotal = Lg - Lg 1- ( K, Ky, (6.9)
g

The Lorentz force beam can be assumed to be a clamped-clamped beam whose lateral stiffness
can be written as:

3 16Ew3t

9= 3 (6.10)
9

Where E is the Young’s modulus of the silicon, w and t are the width and thickness of the Lorentz

force beam respectively. The displacement X1, Causes a change in the geometrical dimensions
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as well as Young’s modulus of the piezoresistive beam which consequently gets reflected in the
overall stiffness of the piezoresistive beam given by:

_16Ew,3t

Ky, = 6.11
lb Lb3 ( )

where wy, and L,, are the width and length of the piezoresistive beam, and t is the thickness of the
structure. Assuming a linear relation between the frequency shift and the displacement of the
piezoresistive beam, the change in frequency can be given by:

Af = KXprotal (6.12)
where K is a constant coefficient that depends on the stiffness of the piezoresistive beam among
other factors, which can be determined experimentally. For a fixed magnetic field given to the
Lorentz force beams, the value of the constant parameter K has been simulated to be 1.1x10%°
Hz/m, 4.1x10%* Hz/m, and 7.2x10'? Hz/m for Type A, Type B, and Type C designs respectively.
To estimate the input dynamic range of the magnetic field intensity for which the change in
frequency is linear, Equation 6.9 was linearized mathematically. In a general case, if the term
(4Bl /K;4)? is less than 4.5%x108, the relationship between the output frequency shift and the input
magnetic field is found to be linear with a 10% tolerance.
It is evident from Equation 6.9 and 6.12 that to maximize the sensitivity of the device, the length
of the Lorentz force beam L, needs to be maximized, and the Lorentz force stiffness K;, and the
piezoresistive beam stiffness K;;, need to be lowered.
6.4 PIEZORESISTIVE BEAM DESIGN
Figure 6.3 shows the schematic view of the different types of piezoresistive beams used in this

work. A regular straight piezoresistive beam has been used to actuate the resonator in its in-plane
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mode. To reduce the overall stiffness of structure, a curved beam, as opposed to a straight beam,
was also designed. A lower stiffness beam has the advantage that the same amount of Lorentz
force will cause a much larger displacement of the piezoresistive beam, modulating the stiffness
further, consequently enhancing the sensitivity. However, reducing the stiffness increases the
physical resistance of the structure, increasing the power consumption for the same operating
current. Due to the inherent design of the Type C structure where the forces in the X and Y
directions are equally distributed, coupling motions in both directions were observed distorting the
in-plane resonance mode shape. To reduce the effect of the motion in the Y direction while
maintaining the lower stiffness, Type B beam was designed as shown in Figure 6.3. Although
coupling motions in X and Y directions will reduce the mechanical quality factor of the structure,
it should be noted that the enhanced sensitivity is due to the influence of the much lower stiffness

of the piezoresistive beam and the force amplification mechanism as explained earlier.

L/3 L/3 L/3
L — >
L Ll

Type A Type B

Figure 6.3. Schematic view of the different types of piezoresistive beams used in this work.

6.5 DEVICE FABRICATION

The monocrystalline silicon resonant structures of Figure 6.1 were fabricated on a SOI substrate
(15um thick n-type 0.01Q-cm device layer, 2um thick buried oxide layer) using a three-mask
micromachining process as shown in Figure 6.4. First, a thin layer of ~300 nm oxide was thermally

grown on the silicon device layer. The oxide layer acts as an insulating layer between the Lorentz
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force generator silicon beams and the metallic traces to be used for passing the Lorentz force
current. This assures complete isolation between the Lorentz force current passing through the
metal traces and the current used for thermal actuation of the resonator central beam. Due to the
very low resistance of the metal traces, much higher currents can also be passed through the
Lorentz force beams without increasing the power consumption to increase the device sensitivity.
Photoresist (PR) is then patterned on the surface using Mask 1 to form the metal traces via lift-off.
A 300 nm thick gold layer is deposited via e-beam evaporation and lift-off is performed leaving
behind Lorentz force generator gold traces as shown in Figure 6.4(a). A thin layer of ~300nm low-
temperature LPCVD oxide was then deposited to protect the metal layer during the fore-coming
device layer etch step (Figure 6.4(b)). The silicon structure device layer patterns were then
transferred onto the oxide mask (Mask 2). The handle layer was then patterned using Mask 3 from
the backside and etched all the way to the buried oxide layer via Deep Reactive lon Etching (DRIE)
of silicon. The BOX layer was also dry etched from the backside as shown in Figure 6.4(c) to
follow a fully dry process. The backside silicon etch not only allows access to the BOX layer using
a dry process but also eliminates any stiction issues after device fabrication that such a long, low
stiffness structure would be prone to. Finally, the device layer was etched via DRIE followed by
dry etching of the oxide layer protecting the metal traces (Figure 6.4(d)).

Figure 6.5 shows the SEM views of all three fabricated magnetometers. The beam
connecting the two resonator plates are fabricated with three different shapes with all other
parameters in the structure remaining constant. Zoomed-in views of the 60um long, 2 um wide
piezoresistive beams are shown on the right-hand side which acts as the resonator thermal actuator

in their respective structures. The long silicon beams covered with oxide isolated from the 300nm
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Silicon Gold Si0O,

Figure 6.4. Process flow used for the fabrication of the Lorentz force magnetometer.

thick gold (Lorentz force beams) are 1500um each to increase the Lorentz force. Table 6.1
summarizes the force amplification factors due to the leverage mechanism, device dimensions,
beam stiffness’s in the in-plane and lateral directions, and the electrical parameters for all three

designs tested in this work.
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Figure 6.5(a). SEM view of the fabricated structure along with the test electrical connections.
The piezoresistive beam has three different designs- Type A, Type B and Type C. Zoomed in
views of all the piezoresistors are shown on the right-hand side.

6.6 MEASUREMENT RESULTS
6.6.1 MEASUREMENT SETUP

To test the fabricated device of Figure 6.5 as a frequency modulated magnetometer, a
permanent magnet was used as the source of magnetic field. The magnetic field was varied by
moving the magnet closer to/away from the device. Two separate, independent and non-interfering
bias currents were provided to the device. V., along with an AC voltage Vin from the RF output
of network analyzer was provided to the piezoresistive beam to actuate it in its in-plane resonance
mode and Vg was applied across the gold trace for Lorentz force generation. Figure 6.5(a) shows
the electrical connections used for testing the device. The ranges of currents for the thermal
actuator and the Lorentz force current are summarized in Table 1. The resonator frequency
responses were obtained for different piezoresistor bias currents (I,..s) and Lorentz force generator
currents (I,) for different magnetic fields generated by a strong permanent magnet kept at a
specified distance from the device. The Lorentz force was thus varied not only by changing the

distance of the magnet but also by changing the current in the Lorentz force beams.
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Table 6.1. Device Properties, dimensions and electrical parameters for the Lorentz
force magnetometer.

Type A Type B Type C
Parameter
Amplification Factor
_ 30 55 55
(Leverage mechanism)
K, beam
tacerat (DE2I) 25906 13145 | 13297
(N/m)
K, i beam
extensionat (0EaM) 101010 | 10152 9523
(N/m)
Resonator Plates
300 x 300 | 300 x 300 | 300 x 300
(MM x um)
Piezoresistive Beam
60 x 2 60 x 2 60 x 2
(HmMxpm)
Lorentz force beam length
1500 1500 1500
(Hm)
Gold Wire Width
4 4 4
(Hm)
Actuator current (I,..5) (MA) 21-40 11-27 11-27
Gold Wire current ((I5) (mA) 0-10 0-8 0-17
Power required for Actuation (mW) 350-1000 | 120-730 145-875
Power required for Lorentz force generation
0-3 0-2 0-9

(mW)
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6.6.2 RESULTS

Figure 6.6 shows the measured frequency shifts under a fixed field of 0.3T for different
resonator (I..s) and Lorentz force currents (I,). The small shift in frequency observed at a Lorentz
force current of OmA is due to the Lorentz force generated by the resonator bias current itself. Due
to the very large stiffness of the resonator beam, only shifts as small as ~22Hz were obtained for
a resonator bias current of 40mA and a Lorentz force current of 10mA for an applied field of 0.3T.
This translates to a sensitivity of 7.73ppm/mA.T for a baseline frequency of ~948kHz.

Figure 6.7 shows the resonant responses obtained from the device with Type B beam by
applying different magnetic fields for a fixed resonator bias current of 27mA and Lorentz force

current of 8mA, leading to a maximum frequency shift of ~7.6 kHz (~14,298 ppm) for a 0.3T field.

Piezoresistive Structure: Type A
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Figure 6.6. Overall Frequency shift under a constant field of 0.3T for different Lorentz force
and resonator bias currents for Type A design.
Inset: The frequency shift at an |, of zero due to the Lorentz force caused by the resonator

bias current.
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The frequency response was recorded for different magnetic fields by varying the distance of the
magnet from the device. Figure 6.8 illustrates the frequency response of the same device for
different Lorentz force currents while keeping the actuator bias current constant at 11mA. An
increase in the Lorentz force current increases the Lorentz force and consequently the shift in the
resonator frequency. It can be seen from Figure 6.7 and Figure 6.8 that different orientations of
the magnetic poles result in opposite shifts due to change in the direction of the Lorentz force
acting on the device. The sensitivity of the device is measured to be ~5957 ppm/mA.T with a
baseline resonance frequency of ~532 kHz. Figure 6.9 shows the measured frequency shifts under
a fixed field of 0.3T for different resonator (I,..;) and Lorentz force currents (I). Figure 6.10, 6.11
and 6.12 show the similar resonance responses of the structure having Type C piezoresistive beam
as shown for the previous device. For a 0.3T magnetic field, a maximum frequency shift of 12.85
kHz (~36,800 ppm) has been obtained from the completely curved piezoresistive beam device
(Type C) operating at a fixed resonator bias current of 27mA and Lorentz force current of 17mA.
The sensitivity of the device is measured to be ~7200 ppm/mA.T with a baseline resonance
frequency of ~349 kHz which is ~950X larger than the Type A structure. This is mainly because
of the amplified Lorentz forces on the less stiff beam of the Type C structure.

The intrinsic quality factors for the Type A, Type B, and Type C structures were measured
to be ~1452, ~1328, and ~1010 respectively. The decrease in the quality factor in the Type B and
Type C designs is due to the presence of the coupling motions in the X and Y directions of the
piezoresistive beams. Although the quality factors in Type B and Type C designs are ~1.1X and
~1.5X lesser than the Type A design, the sensitivity in Type B and Type C structures is ~780X

and ~950X better than Type A. Therefore, the overall minimum detectable field in Type B and

72



Piezoresistive Structure: Type B
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Figure 6.7. Type B- Measured resonance responses under different magnetic field intensities
for a fixed Lorentz force current of 8mA and resonator bias current of 27mA.
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Figure 6.8. Type B- Resonance responses for different Lorentz force currents under constant
field of 0.3T and resonator bias current of 11mA.
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Figure 6.9. Type B- Overall Frequency shift under a constant field of 0.3T for different
Lorentz force and resonator bias currents.
Inset: The frequency shift at an 1g of zero due to the Lorentz force caused by the resonator
bias current.
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Piezoresistive Structure: Type C
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Figure 6.10. Type C- Measured resonance responses under different magnetic field intensities
for a fixed Lorentz force current of 17mA and resonator bias current of 27mA.
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Figure 6.11. Type C-Resonance responses for different Lorentz force currents under constant

field of 0.3T and resonator bias current of 11mA.

Shift in Frequency (kHz)

15 @ Ires = 11mA Ires = 16mA
Ires =21mA Ires =27mA
12
L T
6 T ey et s
ll ’/ ,,,,,,
3 Fi /’, —r gttt
.’:;_fj’_'_,-r- """ o
0f i
0 3 6 9 12 15
1, (mA)

18

Figure 6.12. Type C- Overall Frequency shift under a constant field of 0.3T for different

Lorentz force and resonator bias currents.

Inset: The frequency shift at an Ig of zero due to the Lorentz force caused by the resonator

bias current.
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Type C structures is still ~700X and ~630X better than the Type A design. Based on the
linearization of Equation 6.9, the input magnetic field intensity for which the output frequency will
have a linear relationship with it for the Type C design (best sensitivity) is found to be between 0T
and 0.5T. It should be noted that the sensitivities for all three different sensors were measured in
the resonance mode of the device. An important criterion for putting such devices into self-
oscillation is by obtaining higher gains (g,,) upon increasing the I,.c,current [81]. However, the
device designs were not intended to achieve self-oscillation but only show as a proof of concept,
the force amplification mechanism. Self-oscillation can be achieved by scaling down the
dimensions of the piezoresistive beams to obtain larger vibration amplitudes (and thus higher gm’s)
for the same amount of bias current as shown in work [81]. Using a much larger load resistance
(instead of the 50-ohm load used in this work) can also facilitate self-oscillation for the designs
shown in this work.

The sensitivity values show a good agreement with its simulated finite static force analysis
values as shown in Table 6.2. The slight change in sensitivities could be due to any errors that
might have occurred during fabrication. Table Il also compares this work to some of the other
works on Lorentz force MEMS magnetometers with frequency modulated output.

6.6.3 NOISE ANALYSIS

To measure the drift in the resonance frequency due to thermal actuation, the short-term
noise floor was measured for about 30 minutes by examining the output operating with a large
IFBW of 400Hz in the absence of the external field. Figure 6.13(a) and (b) illustrate the measured
standard deviation in the resonance frequency of the device for different resonator bias currents

for Type A, B, and C. Type A device is most stable due to its perfectly symmetric structure. Type
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Table 6.2. Comparison of FM Lorentz Force Magnetometers.

FM Sensor PARAMETER
This work fo Il Max Measured Sensitivity
Type A 948 kHz 10 mA 7.73 PPM/mA.T
) Measured Noise ] o
Measured Drift Simulated Sensitivity
0.12 PPM/NHz
2.27 Hz 8.08 PPM/mA.T
1581 pUT/NHz
This work fo Il Max Measured Sensitivity
Type B 532 kHz 8 mA 5960 PPM/mA.T
) Measured Noise ) o
Measured Drift Simulated Sensitivity
0.64 PPM/NHz
6.83 Hz 6324 PPM/mA.T
13.54 uT/NHz
This work fo Il Max Measured Sensitivity
Type C 349 kHz 17 mA 7220 PPM/mA.T
) Measured Noise ) o
Measured Drift Simulated Sensitivity
1.69 PPM/NHz
11.85 Hz 7446 PPM/mA.T
13.81 uT/NHz
fo Il Max Measured Sensitivity
Li et al. [26]
105 kHz 0.9 mA 5270 PPM/mA.T

Measured Noise
0.5 uT/\Hz
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Table 6.2. (continued) Comparison of FM Lorentz Force Magnetometers.
FM Sensor PARAMETER

fo Il Max Measured Sensitivity
Zhang et al [24]
47.2 kHz 10 mA 21.5 PPM/mA.T

Measured Noise

20PPB
9uT
fo Il Max Measured Sensitivity
Li et al [25]
21.9 kHz 4 mA 6750 PPM/mA.T

Measured Noise
0.5 PPM/VHz
20 uT/NHz

B and Type C designs are less stable due to their imperfect in-plane resonance mode and any
asymmetry in the piezoresistive beam that might have occurred during fabrication. The Brownian

limited resolution for such a design is given by [52]:

J4k,Th
B = (6.13)

IL

where k,, is the Boltzmann constant (1.38E-23 m?kgs2K™), T is the absolute temperature, I is the
bias current, L is the length of the beam and b is the damping coefficient. The theoretical Brownian
limited resolution for the Type-C beam is found to be ~0.18PPM for a 1 Hz bandwidth which is
~10X smaller than the measured noise floor. Therefore, it is believed that the electronic noise

dominates the noise floor in the setup. One of the prominent factors contributing to the electronic

77



25

~ @) Type A
=8 ,
sy
€ g
= 215
L 9
a =
<>
S e 1
-
= 2
g =
£ 205
w3
M~
0 1 1 N
21 25 30 40
Bias Current (mA)
14 ;
= (b) o TypeB o TypeC 1.69 PPM/\VHz
= E 12 F27 s <
S0 L e 11.857
g 21 8.281 ..o 579,974
R
I T U UUPORTPPPPPPPP P o
g% 6 5.237 Y eeerenes N R 4@'6607 6.831
32 & 5.987 .
g 4 4.670 0.64 PPM/\Hz
% g 2
=
0 s . .
11 16 21 27

Bias Current (mA)

Figure 6.13.(a) (b). Measured standard deviations of the resonance peak frequency at various

bias currents for Type A, B and C designs.
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noise is the physical resistance of the piezoresistive beam. Since the Type C beam has a larger
resistance than the Type A and Type B design, the Type C structure exhibits the largest noise floor
among the three structures (in terms of PPM/VHz). However, when this value is converted to a
uT/NHz value, due to the very slight difference between the sensitivities of Type B and Type C
design, the noise floor for the Type B design is slightly lesser than the Type C in design (in

uT/NHz). One possible reason for only a slight improvement in the Type C design when compared




to the Type B design is the larger coupling motion in the Y direction for the Type C design which
gives it a slightly more distorted resonance mode.
6.6.4 TEMPERATURE COMPENSATION

Axial loading due to temperature variations is clearly an issue in the Type B and Type C
designs. If we increase or decrease the operating temperature, an extra component of force will be
created in the Lorentz force beams due to the presence of the gold and oxide layers. The
combination of the layers will cause an extra component of stress in the Lorentz force beams which
will contribute to the sensitivity/resolution of the sensor. Due to the opposing nature of the effect
of TCF of gold and the oxide layer on silicon, the combined TCF of the gold-oxide layer can be
optimized (by adjusting the thickness of the deposited gold and oxide layers) to cancel out the
effect of the TCF of the silicon layer. However, the stiffness of the gold-oxide layer needs to be
considered as well and the best optimal thickness combination needs to be utilized to negate the
effect of TCE (Temperature Coefficient of Young’s Modulus) of the gold and oxide layers.
Therefore, the only effect of temperature present would be the TCE of silicon, which is inherently
exhibited in all silicon resonators and can be compensated for by doping the sensor with high

concentrations of an n-type dopant as shown in work [79].
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CHAPTER 7

LOW POWER, WIDEBAND, CMOS COMPATIBLE MEMS VIBRATION SENSORS

7.1 PRINCIPLE OF OPERATION

The proposed approach is based on utilizing the electronic chip itself as the
mechanical component responding to vibrations in form of slight bending that leads to tensile and
compressive stresses at different locations on the chip surface. Figure 7.1 shows a simplified view
of the proposed chip assembly. To increase sensitivity of the sensors it may be needed that the
processed CMOS chips are thinned down to ~50-100um in order to make them more compliant so
that the stress induced on the surface due to vibrations increases. As shown in Figure 7.1, a flip-
chip bonded substrate bridges between solder bumps on the two sides leaving behind a cavity at
the center of the chip. An additional mass may or may not be needed to be added to the backside
of the chip for increased sensitivity. This mass can be a high density metallic piece simply glued
or bonded to the backside of the chip or could be an electroplated thick film (tens of microns thick).
The exaggerated view of Figure 7.1 shows bending of the chip due to vertical acceleration applied
to the chip caused by vibrations. Bending of the chip in the shown direction induces tensile stress
to the chip surfaces closer to the edge, and compressive stress to the surfaces towards the middle
of the chip. This can be utilized to perform differential measurements in a Wheatstone bridge
configuration to cancel the effect of temperature drift and other undesirable environmental
parameters.
7.2 STRESS SENSING

The most conventional way to sense stress is by utilizing on-chip piezoresistors. Although

any on-chip resistor can act as a piezoresistor, crystalline silicon offering much higher
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Figure 7.1. Schematic view of the single chip vibration sensor that utilizes a standard CMOS
process to implement stress sensors. The thinned down silicon substrate turns vibrations into
surface stress (compressive and tensile) that is detected by n-well or p-well silicon
piezoresistors within the CMOS chip designed in a Wheatstone’s bridge fashion.

piezoresistivity compared to polysilicon and metal alloys would be an ideal choice. Crystalline
silicon piezoresistors can be formed in p-wells or n-wells within the CMOS chip, or using MOS
transistor channels. The piezoresistors will be arranged in a Wheatstone bridge configuration with
two resistors closer to the mounting edges of the chip and the other two closer to the central part
of the chip where the maximum bending occurs. In this manner, the two-resistor pair will undergo
opposite polarity of stresses due to vibrations and the output can be measured differentially.
7.3 MECHANICAL DESIGN AND THEORETICAL ANALYSIS

A suitable TI based CMOS process was thoroughly studied to envision the process flow,
design rules and system requirements for fabricating the low power vibration sensor. Extensive
simulations were performed to determine optimal chip dimensions, mounting and other design
parameters. To gain hands-on experience with the chosen TI process, a simple test structure with
piezoresistive material located at the maximum stress points was designed. The chip dimensions

and other design parameters (resistor lengths and widths) were chosen taking into consideration
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not just the sensitivity and bandwidth of the sensor but also the TI-CMOS process platform design
specifications.

Figure 7.2 shows the COMSOL simulation of a very simple CMOS compatible test
structure. The test structure is simply the entire CMOS structure with piezoresistors located close
to the fixed end of the CMQOS chip. On applying a vibration, the CMOS chip would bend, thus
modulating the resistance of the piezoresistor. A 2mmx2mmx200um silicon chip is chosen for
this purpose so that the requirements of the TI fabrication process are met. On applying a vibration
amplitude of 1mg at DC, a PPM shift of 1.2x10* is obtained for the device with the resonance
frequency at ~67kHz. Figure 7.2(b) shows the stress profile for such a design and it is evident that
the device is not sensitive enough to measure vibrations in the mg range.

To enhance the sensitivity of the device, a high-density mass (Copper mass assumed in
simulations) was then added at the edge of the chip as shown in Figure 7.3. Adding the Copper

mass not only reduced the resonance frequency of the device from ~67kHz to ~23kHz, the

Max

l Vibration direction  (b)

Min

PPM shift: 1.2e-4
Resonance Frequency: 67kHz

Figure 7.2.(a). Simple piezoresistive cantilever -based vibration sensor.
(b). COMSOL modal analysis showing stress profile on application of a 1mg vibration at DC.
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Max 1 Vibration direction  (b)

Min

PPM shift: 6.5e-4
Resonance Frequency: 23kHz

Figure 7.3.(a). Simple piezoresistive cantilever-based vibration sensor with added mass.
(b). COMSOL modal analysis showing stress profile on application of a 1mg vibration at DC.

sensitivity of the device was improved by ~4X to 6.5x10* PPM, which still isn’t detectable by
using regular electronics.

To boost the sensitivity of the device further, a deep trench was added on the backside of
the electronic chip exactly underneath the piezoresistor where stress on the chip due to vibration
would be maximum as shown in Figure 7.4. The sensitivity of the device was enhanced by ~100X
to 0.07PPM for a 1mg vibration at DC. In this case, although the sensitivity was significantly
enhanced, the resonance frequency dropped to ~450Hz. The frequency response for the device
shown in Figure 7.4 is illustrated in Figure 7.5(a). Although the device shows a decent measurable
sensitivity for vibrations <~500Hz, the sensitivity drastically reduces past the resonance frequency
of the device. Thus, there is a tradeoff between the bandwidth and the sensitivity of the vibration
sensor which exists in most traditional vibration sensors as well as shown in Figure 7.5(b). Thus,
this technique of creating a single trench would have sufficient sensitivity only for a narrow

bandwidth depending on the Quality factor of the sensor.
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Figure 7.4. COMSOL modal analysis showing stress profile on application of a 1mg
vibration at DC for a device with added mass and deep trench under the piezoresistor.
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Figure 7.5(a). Resonance response of the vibration sensor with the attached mass and
backside trench.
(b). Trade-off between bandwidth and sensitivity of the device.
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One of the potential solutions for solving the bandwidth-sensitivity trade-off is by
introducing multiple trenches on the backside of the CMOS chip. Figure 7.6(a) shows the structure
of the device with two trenches positioned to have a wider bandwidth (two resonance modes as
shown) as compared to devices shown in Figures 7.2 to Figure 7.4. Figure 7.6(b) shows the
resonance response of the device for a vibration of 1mg applied to it. However, by implementing
this technique, the sensitivity and the bandwidth would depend on the dominance/strength of its
respective frequency mode. Another similar technique that could be implemented to increase the

bandwidth of such sensors is by utilizing a masked etch process for the silicon back-side of the

a = 2.5
( ) = ; == —-=== Response with (b)
: l 2 I Damping
i N 2 15 "
AN N R .
N = I Bandwidth: 0-3.5kHz

e N & )
\\\\' 3 \\
\\ : S

Trerd 2 \:‘\?\\ - —=

Trench 1 ——

Mode 1: 0.4kHz Mode 2: 3.3kHz

Figure 7.6.(a). Device structure with multiple modes/trenches for wider bandwidth operation
along with their respective mode shapes.
(b). Resonance response of the device for a vibration of 1mg.
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Figure 7.7. Multiple trenches on the back-side of the CMOS chip enabling wider
bandwidth of operation.

CMOS chip. This would enable multiple resonance modes on the same chip increasing the
bandwidth of the device as shown in Figure 7.7.
7.4 ASSOCIATED TERMS AND MATHEMATICAL ANALYSIS

Some associated terms to understand the dependence of the physical dimensions on the
sensitivity of the sensor are explained in this section. They were then utilized to optimize the design
of the sensor.
The stiffness of the cantilever k is given by

B Ewt3
T 43

(7.1)

Where E is the Young’s Modulus of Silicon (usually 130-170 GPa), w is the width of the

cantilever, t is the thickness of the cantilever and L is the length of the cantilever.
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The resonance frequency f for such a cantilever is given by

1 |k
f= (7.2)

= 2 mo
Where m, is the mass of the cantilever (m. = Lwt X Density of silcion)

Since we have an added mass at the free end of the cantilever which is much larger than the
cantilever itself, the force due to acceleration/vibration can be considered as a point force. The

maximum stress on a bent cantilever due to an applied point force F is given by

6LF

— (7.3)

O-max =
Where F = ma where a is the amplitude of acceleration/vibration and m is the mass of the added
mass (m = L,, X w,, X t,, X p). Here, L,, is the length of the added mass, w,, is the width of the
added mass, t,,, is the thickness of the added mass and p is the density of the material of the added
mass. The change in resistance of the Whetstone’s bridge network can be written as

AR = ROy, (7.4)
Where R is the resistance and m; is the piezoresistive coefficient of Silicon.
The change in the output voltage can be then written as

AV = AR X I, (7.5)
Where I, is the current passing through the resistor due to bias voltage V4
The sensitivity for the sensor can be defined as the ratio of the change in voltage to the applied

acceleration which can be written as
. Av
Sensitivity S = ” (7.6)

Substituting the value of Av from the previous equations, sensitivity S can be written as
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67TlmLVbias
S=——+ 7.7
2 (7.7)

It is evident from Equation 7.7 that sensitivity can be increased by increasing the mass of the added
mass, length of the cantilever, the input bias voltage or by reducing the thickness or the width of
the cantilever structure.
7.5 INITIAL TEST CHIP FABRICATION

Figure 7.8 shows the images of the CMOS chip (2mmx2mmx240um) and the optical
microscopic images of the vibration sensor fabricated at Texas Instruments in a standard CMOS
process. Both silicon n-wells and Silicon-Chrome (SiCr) piezoresistors were utilized in
Wheatstone’s Bridge network. Although SiCr has a piezoresistive coefficient ~5-10X less than

regular silicon n-wells (thus reducing the sensitivity), they are more temperature stable than

n-well/SiCr
Piezoresistor

Figure 7.8.(a). 2mmx 2mm CMOS chip.
(b): Optical microscopic image of the CMOS Vibration Sensor.
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silicon, thus allowing a wider temperature range of operation. Once the chips were received,
markers were created on the backside of the CMOS chip exactly underneath the piezoresistors
using FIB (Focused ion beam). Trenches were then created along this marker using a laser beam
as shown in Figure 7.9. The sample needed to be exposed to the laser multiple times to thin down
the sample to ~80 um. Due to the very high intensity of the laser, some samples would break
during exposure rendering the process impractical and the sensors inoperable. Using a lower
intensity world resolve this issue but the process would be extremely time consuming. To
overcome such complications, the entire chip was thinned down to about ~80um using a mask-

less DRIE (Deep reactive ion etching) process as shown in Figure 7.10.

Figure 7.9.(a). Right: Trench created by laser on the back-side of the CMOS chip
(b). Broken sample due to high intensity of laser.
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A bulky mass made of solder wire (~156mg) was then attached to the edge of the chip
using high quality glue. The location and magnitude of the solder mass influences the resonance
frequency of the chip. The chip was then carefully attached to the edge of a stiff object with glue

and wire-bonded once the setup was dry as shown in Figure 7.11.

156mg solder
mass

~ CMOS chip

“
e -

Figure 7.11. Experimental setup for the suspended thinned down CMQOS chip.
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7.6 PRELIMARY TEST RESULTS

Static test was first performed by simply rotating the PCB (Printed Circuit Board) to
different angles, thus varying the acceleration, i.e., vibration at OHz. Due to the very high noise
floor level of the sensor, a 24bit ultra low noise analog to digital converter (ADS1232) was used
to measure the changes in the output voltage. An internal power supply of 5V was given from the
ADS1232 to the device. Figure 7.12 illustrates the measured output voltage changes for different
angles of the PCB. A sensitivity of ~4.5mV/g is obtained for such a design having n-well
piezoresistors with a 156mg mass. A similar test was performed for the SiCr piezoresistors located
on the same CMOS chip with the same attached mass. Although, temperature stability
measurements were not performed, the sensitivity obtained from the SiCr vibration sensors was
~0.9mV/g as shown in Figure 7.13.

To measure the effect of vibration on the CMOS chip, a speaker/sub-woofer was used to
create sinusoidal vibrations at different frequencies using a PC. An off-the-shelf commercial
Analog Devices Vibration sensor (ADIS16228) was used to measure the amplitude of the
generated vibrations. Both the sensors were placed in a cardboard box for uniform vibrations to be
transferred to the sensors. The entire experimental setup for the measurement of vibrations is
shown in Figure 7.14.

The vibration amplitude generated by the PC was measured in g’s for every frequency
between 35Hz and 800Hz by using the Analog Devices sensor. The change in output voltage of
the CMOS chip because of the vibrations on the piezoresistors was also recorded. The resonance

peak of the device was obtained at ~240Hz as shown in Figure 7.15. Since the output of the analog
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Figure 7.12. Measured output voltage for various angles/accelerations of the PCB with
respect to the horizon for a silicon n-well piezoresistor.
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Figure 7.13. Measured output voltage for various angles/accelerations of the PCB with
respect to the horizon for a SiCr piezoresistor.

devices sensor is in g’s and the output of the TI fabricated CMOS chip is in mV’s, 1g of measured

vibration was assumed to be 1mV of output to compare the frequency responses of both the

sensors. Figure 7.15 shows frequency response of both the sensors normalized to 1g of vibration.
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Figure 7.14. Experimental setup for measuring the effect of vibrations on CMOS vibration
sensor.
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Figure 7.15. Frequency response of both sensors for 1g of vibration amplitude in the 200-
300Hz frequency range.

Although a sensitivity of ~18mV/g was obtained at the resonance frequency of the device,

a sensitivity of only ~4-6 mV/g was obtained past the resonance frequency up to 800Hz. To further
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increase the bandwidth of the device and improve the sensitivity of the device, three different
CMOS chips with different thickness of chip and mass combinations were used. Both static and
frequency tests were once again performed for the sensor. ADS1232 was no longer used for the
static tests as the sensitivity at 0Hz was significantly enhanced due to the much larger mass and
the thinner CMQOS chip. Figure 7.16 shows the 320mg added mass to the thinned down 60 pm
CMOS chip. Figure 7.17 (a),7.17 (b) and 7.17 (c) illustrates the static and the vibration response
for the three different sensors for different bias voltages given to the device. As expected, the
sensor with the thinnest chip and the largest mass provides the highest sensitivity and although the
sensitivity gradually decreases as the resonance frequency is increased, the sensitivity is sufficient
to measure 1mg of vibrations in its respective bandwidth of operation. Table 7.1 summarizes the
different CMOS chips used in this work along with their resonance frequencies, sensitivities and
bandwidths.

Although the preliminary results show a highly sensitive CMOS compatible vibration
sensor, the bandwidth of such devices was limited to ~50-100Hz. Magnetic and Capacitive
modulation techniques have been explored to increase the bandwidth of such sensors which have
been discussed Section 7.7. Another potential solution that has been explored for a wider
bandwidth of operation is to have an array of cantilevers operating at frequencies within a vicinity

of each other. This has been discussed in Section 7.8.

94



Not a resistor-
used only to
attach the
CMOS Chip

30V Bias
(@)
150 ,
100 Sensitivity: 107 mV/g
G [
E 50
~ 04 320mg Mass
>3 50 55um Chip Thickness
-100
e
-150 >
0 40 80 120 160 200 240 280 320 360
Angle (Degrees)
. a
Normalized for 1g @
1400 , :
1200 » 30V Bias Resonance Frequency: 110Hz
E 1000 + 20V Bias DC Sensitivity: 107mV/g-30V Bias
= 800 Sensitivity at resonance: 1.3V/g
3 600 Q-3dB: 18
S 400 Frequency range (>10mV/g) : 0-175Hz
O 200 -
0 ¢

50 75 100 125 150 175 200

Frequency (Hz)

Figure 7.17.(a). Static and Frequency response for Sensor | for 1g of vibration.
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Table 7.1. CMOS-MEMS Vibration Sensors Characteristics and Bandwidth of Operation.

Parameter Typel | Typell | Type Il
Mass (mg) /Chip Thickness (um) 300/55 | 300/70 60/70
Sensitivity DC
3.56 2.25 0.32
(mV/V.g)
Sensitivity at resonance
2332 1439 236
(mV/g)
Resonance Frequency
109 255 347

(H2)

Bandwidth for sensitivity >10mV/g (Hz) | 0-175 | 140-360 | 315-400

7.7 CAPACITIVE AND MAGNETIC MODULATION FOR EXTENDED BANDWIDTH
To achieve larger operating bandwidths, magnetic and capacitive techniques were
implemented to modulate the resonance frequency of the sensor. Solder masses were replaced by
magnetic nickel masses of the same weight to retain the same resonance frequency. By applying a
magnetic field between OmT-37mT to the nickel mass, the resonance frequency of the sensor is
modulated by ~20%. Figure 7.18 illustrates the change in the resonance frequency for the Type |
sensor for different magnetic fields applied to the nickel mass. The major challenge in working
with magnetic materials is hysteresis, due to which the response time for such sensors is limited.
To overcome this issue, a novel capacitive mechanism was also explored. A piece of doped
conductive silicon was added at the back of the CMOS chip with a thin piece of paper (~50um) in

between that acted as the dielectric material. On applying 120V to the doped silicon chip and
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grounding the CMOS sensor, the electrostatic force acting on the CMOS chip modulates the
resonance frequency by ~3.7% as shown in Figure 7.18. Although the change in frequency is not
as much as due to magnetic modulation, by using a thinner dielectric material/gap and applying

larger capacitive voltages, the operating bandwidths of such sensors could be extended further.

7.8 DESIGN REFINEMENTS FOR EXTENDED OPERATION BANDWIDTH

The next CMOS chip tape-out was designed taking into consideration the preliminary
results to improve stress/strain resolution and the sensing bandwidth. Figure 7.19 shows the
microscopic view of a 7mm x 4mm chip consisting of different vibration sensors. Side A consists
of six different vibration sensors which work on a similar principle as reported Section 7.6 (with

n-well piezoresistors in the Wheatstone bridge varying from 1k-ohm to 100k-ohm). Side B consists

Measured
Measured
Theoretical

Theoretical

Figure 7.18. Shift in resonance frequency due to magnetic and capacitive modulation for Type
| sensor.
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of an identical array of such devices as on side A along with the addition of vias around the
piezoresistors. The vias will be etched all the way through (using Aluminum etchant and Hydrogen
Peroxide successively) to reach the silicon layer underneath. The silicon layer would be then
etched anisotropically to create trenches around the piezoresistors. The advantage of such a design
is to boost the stress acting on the piezoresistors as shown in Figure 7.20.

Vias of different lengths have been added at the center of the chip to create cantilevers of
different lengths (and thus different resonant frequencies) to utilize the chip as a vibration
spectrometer. Five different piezoresistors have been added to each of the cantilevers at their
respective maximum stress locations. Vibrations close to/at the resonance frequency of the
cantilever will actuate the cantilever which can be easily detected by a network analyzer. Figure
7.19 shows an example of such a sensor with vibrations being covered in the 2kHz-10kHz range.
7.9 POST PROCESS FABRICATION

For suspending the cantilever arrays, the center of the CMOS chip where the cantilevers
are located was first thinned down to 54um from the backside (DRIE) using Kapton tape as a mask
(Figure 7.22 (b)). Large vias strategically placed in the CMOS layout around the cantilevers were
then etched by dipping the chips successively in Aluminum etchant and Hydrogen Peroxide
(Tungsten etchant) followed by Inductively Coupled Plasma (ICP) to remove the field oxide
(~500nm) as shown in Figure 7.22 (c). The thick CMOS passivation layer (~2um) protects the rest
of the chip from the acids and the plasma during etch steps. The remaining silicon was then etched
via DRIE from the top to suspend the cantilevers before removing the passivation oxide (via ICP)
to expose the metal wire-bond pads (Figure 7.22(d)). Figure 7.23 shows the SEM view of the

fabricated cantilever arrays.
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Figure 7.19. Optical image of the TI fabricated 7mmx4mm chip.

Side A: Six sensors each having piezoresistors connected in a Wheatstone’s bridge fashion
having resistors varying from 1k-ohm to 100-kohm.
Side B: Identical to Side A along with the addition of vias to increase the effect of stress due
to vibrations acting on the piezoresistors.

Center: Vibration Spectrometer- five cantilevers with different resonance modes covering a
wide range of frequency.

Stress acting on design two shows a 2.5Xincrease in stress at the piezoresistor location due to
the addition of two 100umx=500um trenches.

7mmx4mm

Figure 7.20. COMSOL Simulation showing an increase in stress on the piezoresistor on
introductions of trenches around the piezoresistor.
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Sensing: Piezoresistors
at high stress locations

Figure 7.21. Eigenfrequency and mode shapes for 4 integrated cantilevers, each covering a
small portion of the targeted frequency spectrum.
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Figure 7.22. Post CMOS micro-machining steps for the higher frequency cantilever arrays.
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Figure 7.23. SEM view of the post processed higher frequency chip showing the integrated
cantilever array.

7.10 MEASUREMENT RESULTS

Static and responses due to vibration were recorded once again similar to the previous
sensors as explained in Section 7.6. Although the cantilever arrays are meant to be operated at
higher frequencies, DC sensitivities can provide an insight into the behavior of the operation of
such sensors at DC. To measure the DC sensitivity, a point load was swept along the length of the
cantilever while measuring the changes in the output voltage across the piezoresistor, designed in
a Wheatstone’s bridge fashion. Figure 7.24 shows the changes in output voltage for different forces
applied to the cantilever. The DC sensitivity for the longest cantilever (~2000um) is measured to

be 7.6uV/V.g.
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Figure 7.24. Output voltage vs position on cantilever for different static forces applied to
Cantilever 5.

To measure the effect of vibrations on the CMOS chip, a speaker/sub-woofer was used to
create sinusoidal vibrations at different frequencies using a network analyzer. The frequency
spectrum for the vibration spectrometer was swept and the vibration response for all five
cantilevers was recorded as shown in Figure 7.25. A maximum sensitivity of ~5.3mV/V.g was
achieved for the longest cantilever with its resonance frequency at ~7.2kHz.

Table 7.2 summarizes the sensitivities (at DC and AC), the measured quality factors and
the bandwidth for the five cantilevers.

7.11 SUMMARY

Two different configurations as shown in Section 7.6 and Section 7.8 can be utilized to
cover the lower and higher end of the targeted spectrum. The lower frequency configuration
utilizes the entire CMOS chip as a cantilever with on-chip piezoresistive strain gauges. A high-
density mass is attached to the free end of the chips to lower the flexural resonance frequency

(<500Hz) and achieve sub-mg resolution (Figure 7.26(a)). The higher frequency configuration
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Figure 7.25. Image of the post processed and wire-bonded CMOS cantilevers (high frequency
design) along with their response to vibrations at different frequencies. Each cantilever detects
and measures the amplitude of vibrations at its resonance frequency where the vibration
amplitude is amplified by the cantilever Q-factor.
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Table 7.2. Sensitivity, Q-Factor and bandwidth of operation for the five cantilevers.

Cantilever 5 4 3 2 1
Frequency (kHz) 7.19 8.41 9.54 10.88 12.18
Sensitivity at DC 7.6 6.5 55 4.74 4

(MV/IV.9)
Sensitivity at AC 5.3 4.57 5.03 3.32 2.8
(mV/V.g)
Q 700 700 900 700 700
Bandwidth (Hz) 10.2 10.6 10.6 155 17.4

utilizes arrays of integrated cantilevers within individual CMOS chips. Each cantilever detects and
measures amplitude of vibrations at the vicinity of its resonance frequency (where the vibration
amplitude is amplified by the cantilever Q-factor) (Figure 7.26 (b)). Piezoresistors (CMOS n-well
resistors) on each cantilever are configured as a Wheatstone bridge, and located at the cantilever
anchoring points where the vibrations cause maximum stress. The measured DC and AC
sensitivities for the different cantilevers, in combination, makes it possible to sense very low
amplitudes of vibrations over a large bandwidth by using a larger number of cantilevers (estimated
5 chips for covering DC-500Hz and 15 chips with 40 cantilevers each for covering 500Hz-10kHz)

as shown in Figure 26(c).
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Configuration 1: Utilizing the entire CMOS chip as the mechanical structure. High
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Configuration 2: Multiple post-processed CMOS chips with ‘n’ cantilevers each,
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Figure 7.26.(a). Stress profile for the low frequency CMOS chip using Finite Element
Static force analysis.
(b). Eigenfrequency and mode shapes for 4 integrated cantilevers, each covering a
small portion of the targeted frequency spectrum.
(c). Overall frequency response for the combined configurations.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 CONTRIBUTIONS

The following is a list of contributions that have been achieved in this work.

A tunable MEMS tunneling accelerometer based on the field emission principle was
demonstrated. The tunneling gap was reduced to 170nm from the initial value of 1.5 um
by a simple mask-less gold deposition process with sidewall coverage. Parallel plate
electrostatic electrode array embedded in the design was used to further reduce the
tunneling gap size allowing tuning of the acceleration sensitivity over a wide range. The
preliminary results laid in the pathway for self-computing switched coupled
accelerometers.

It was demonstrated that the concept of contact-based acceleration switches can be
enhanced to perform higher resolution quantitative acceleration measurements. A tunable
digitally operated MEMS accelerometer with a 2-bit resolution was successfully
demonstrated with the help of a micro-controller. The same device principle can be utilized
to implement 6-bit, 8-bit or even higher resolution digital accelerometers. Elimination of
the need for the analog front-end and analog signal conditioning can lead to significant
power savings and a leap forward towards ultralow power MEMS inertial sensors.

The concept of multi-bit contact-based linear acceleration switches was successfully
applied to rotational accelerometers which can be enhanced further to perform higher
resolution quantitative acceleration measurements. A tunable digitally operated MEMS

rotational accelerometer with a 3-bit resolution was successfully demonstrated.
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The concept of utilizing electrostatically coupled acceleration switches as ultra-low power
digital MEMS accelerometer was demonstrated. A coupled switch accelerometer
consisting of two electrostatically tunable acceleration switches was fabricated using a 2-
mask fabrication process and successfully tested as a binary output 2-bit digital
accelerometer without utilizing a micro-controller.

Internal self-amplification of a micro-scale resonant Lorentz Force magnetometer with
piezoresistive readout was demonstrated. The sensitivity of the device made up of n-type
single-crystal silicon was improved by ~2400X. Close to ~1620X improvement in the
magnetometer sensitivity figure of merit was validated. It is expected that by thinning down
the piezoresistive amplifying beam, much higher sensitivities can be obtained, potentially
allowing compact low power sensor arrays for biomedical applications.

A novel approach utilizing a high gain leverage mechanism and a low stiffness dual plate
thermal piezoresistive resonator was successfully demonstrated for a frequency modulated
magnetometer. Three different designs for the piezoresistive beams were explored and
sensitivity was enhanced by ~950X simply by optimizing the design of the piezoresistive
beam. The sensitivity of the device was further improved by ~55X due to the leverage
mechanism boosting the sensitivity to ~7200ppm/mA/T for the best-case design. It is
expected that by optimizing the design to lower the stiffness of the resonator further and
by increasing the force amplification factor by introducing a second stage of the leverage
mechanism, much higher sensitivities can be potentially achieved.

Implementation and characterization of building blocks of a low-power miniaturized

vibration spectrum analyzer was demonstrated. To cover the entire targeted frequency
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range (0-10kHz), two different device configurations, both utilizing piezoresistive strain
gauges on microscale cantilevers, have been fabricated using a standard CMOS process
with minimal mask-less post-CMQOS micro-machining. Sensitivities as high as 9.73mV/g
(at DC for ImW of power consumed) and 14.5mV/g (at 7.2kHz for 1mW of power
consumed) have been obtained for the lower and higher frequency configurations with a
minimum resolution of 1.02mg and 0.2mg (for ImW power consumption) respectively.
The measured DC and AC sensitivities for the different cantilevers, in combination, makes
it possible to sense very low amplitudes of vibrations over a large bandwidth by using a
larger number of cantilevers (estimated 5 chips for covering DC-500Hz and 15 chips with

40 cantilevers each for covering 500Hz-10kHz).

8.2 FUTURE DIRECTION

The concept of acceleration switches can be further enhanced to perform higher resolution
quantitative acceleration measurements. The same principle can be utilized to implement
6-bit, 8-bit or even higher resolution digital accelerometers.

The output of the rotational accelerometers should be integrated twice to provide angular
position information (to be used as gyroscopes). Conventional gyroscopes require only one
step of integration. Two such steps could lead to extra errors which can be fixed via signal
processing and resetting techniques to reach acceptable accuracy for such sensors.

Higher bits of resolution can be implemented for the self-computing coupled switch
accelerometers as well once fabrication challenges associated with such large array of mass

spring combinations have been resolved.
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Lorentz force MEMS resonant magnetometers with internal self-amplification: By
thinning down the piezoresistor beam that can facilitate the self-amplification process as
well as utilizing more compliant structures, much higher sensitivities can be obtained.
The presented technique can also be applied to other sensor systems such as gyroscopes
and accelerometers to boost their sensitivities.

Frequency Modulated Lorentz force MEMS Magnetometers: Another step of leverage
mechanism could be introduced to amplify the stress acting on the beam further and
achieve much larger sensitivities. Further design optimization on the present structure
could also lead to better stresses and higher sensitivities.

Low power CMOS MEMS vibration sensors: The building blocks for a miniature vibration
spectrum analyzer could be utilized to show a highly sensitive, wider-band vibration
analyzer by designing and implementing a more practical version of the array of cantilevers
demonstrated. Signal processing should also be incorporated to estimate the total power
consumption of the entire system.

CMOS-MEMS sensors created via post processing CMOS chips, as presented in this
dissertation, could be explored to fabricate resonant structures which could in turn be used
as vibration sensors. CMOS-MEMS sensors could potentially be used in variety of other

applications as well such magnetometers, particle sensors and accelerometers.
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