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ABSTRACT

A LOW-DRIFT SILICON
MEMS RESONANT ACCELEROMETER

Gavcar, Hasan Dogan
Doctor of Philosophy, Electrical and Electronic Engineering
Supervisor: Prof. Dr. Tayfun Akin

January 2023, 142 pages

This thesis presents the design, fabrication, and experimental verification of low
temperature drift silicon resonant accelerometers for tactical grade applications. The
working principle of a silicon resonant accelerometer is based on force sensing, in
which the sensor output is a frequency proportional to the input acceleration. The
stress-insensitive sensor design prevents the thermal stress produced by the
mismatch of the thermal expansion coefficients (CTE) of glass and silicon from

transmitting to the DETF resonators.

In the scope of this thesis, three different silicon resonant accelerometer structures
are sequentially designed, fabricated, characterized, and tested with the frequency
readout circuit. The first sensor structure consists of two differential DETF
resonators and a large proof mass connected to a stationary outer frame. The second
sensor structure utilizes microlevers to magnify the inertial force acting on the DETF
resonators in addition to the sensor frame of the first sensor structure. Although
specially designed stress release beams are implemented in the first and second
sensor structures, they suffer from thermal stress caused by the stationary outer frame

after fabrication. In the third sensor design, the sensor structure is placed on a



specially designed single anchor to overcome the stress problem encountered in the
first two sensor designs. The FEM simulations are performed to analyze and
optimize the mode shapes, force sensitivity, and temperature sensitivity of the sensor
structures. The designed resonant accelerometers are fabricated using the aMEMS1
process with wafer-level hermetic encapsulation. The fabricated sensor chips are
integrated with the capacitive preamplifier and digital signal processor (DSP)-based
phase-locked-loop (PLL) system implemented on a Zurich Instrument HF-2 lock-in
amplifier. The functionalities of the accelerometers are verified by the resonance and
4-point tumble tests, and their performances are experimentally evaluated in terms

of thermal sensitivity and bias stability by temperature and Allan variance tests.

Test results show that the single-anchor silicon resonant accelerometer achieves a
bias instability of 1.25 ng, a bias stability of 2.8 g, a bias repeatability of 6.6 ug, a
velocity random walk of 6.1 pug/\Hz for the sensor bandwidth of 33 Hz at room
temperature, and a maximum bias change of 4.3 mg for the temperature range from
-40 °C to +85 °C. It has a measurement range up to +60 g with a 500-ppm deviation
from the linear scale range. Compared to the commercial capacitive MEMS
accelerometer developed by Mikrosistemler, the silicon resonant accelerometer
developed in this work exhibits at least a 20-fold improvement in bias temperature
sensitivity, a 7-fold improvement in bias instability, a 112-fold improvement in bias
stability, and a 2-fold improvement in noise floor. More importantly, although the
bias of the commercial capacitive MEMS accelerometer tested in this study moves
1.7 mg in 50 minutes at constant 25°C, the bias of the silicon resonant accelerometer
shifts less than 0.25 mg in 10 hours at ambient temperature.

Keywords: MEMS, Resonant Accelerometer, Bias Drift, Temperature Sensitivity
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DUSUK SABIT KAYMA HATASI KAYMASINA SAHiP
SILISYUM TABANLI REZONANT iVMEOLCER

Gavcar, Hasan Dogan
Doktora, Elektrik ve Elektronik Mithendisligi
Tez Yoneticisi: Prof. Dr. Tayfun Akin

Ocak 2023, 142 sayfa

Bu tez calismasi, taktik seviye uygulamalar igin sabit kayma hatasi sicaklikla az
degisen silisyum tabanli rezonant ivmedlgerlerin tasarimini, iiretimini ve deneysel
olarak dogrulanmasini sunmaktadir. Silisyum tabanli rezonant ivmedlgerin ¢aligma
prensibi kuvvet algilamaya dayanmaktadir ve sensor ¢ikisi uygulanan ivme ile
degisen bir frekans degeridir. Stresten etkilenmeyen bir sensor tasarimi, silisyum ile
camin sicaklikla genlesme katsayisi farkindan dolay1 olusan stresin ivmeye duyarl

rezonatOrleri etkilemesini Onler.

Bu tez kapsaminda, ii¢ farkli silisyum tabanli rezonant ivmedlger yapisi tasarlanmas,
tiretilmis karakterize edilmis ve frekans okuma devresi ile test edilmistir. Ilk sensor
tasarimi, diferansiyel olarak yerlestirilmis iki adet rezonatér ve sabit bir dis
cerceveye baglh biiyiik bir ataletsel kiitleden olusmaktadir. ikinci sensér yapist ise,
ilk sensor yapisina ek olarak algilama yapan rezonatore etkiyen kuvveti artirmayi
saglayan mikro kaldirag yapilarii igermektedir. Ilk iki sensor yapisi stresi
sonlimleyen 6zel tasarlanmis yaylar igermesine ragmen, iiretim sonrasi sabit dig

cercevenin ataletsel kiitle iizerinde yaratti1 stresten oldukea etkilenmistir. Ugiincii

vii



sensOr yapisinda, ilk iki sensOr tasariminda karsilasilan stres problemini ortadan
kaldirmak amaciyla ataletsel kiitle tek bir sabit ¢apa lizerine 6zel bir sekilde
yerlestirilmistir. Sensor tasarimlari sonlu elemanlar yontemi ile mod yapilari, ivime
hassasiyeti ve sicaklik hassasiyeti bakimindan simiile edilmistir. Tasarlanan
sensOrler aMEMSI {iretim prosesi ile pul seviyesi vakum paketlenerek tiretilmistir.
Uretilen sensér ¢ipleri, kapasitif &n okuma devresi ve sayisal isaret isleyici tabanli
faz kilitlemeli dongii devresi ile birlestirilmistir. ITvmedlgerlerin fonksiyonelligi
rozanans ve dondiirerek yer ¢ekimi ivmesi uygulama testleri ile dogrulanmus,
performans degerleri ise sicaklik ve Allan varyans testleri ile sabit kayma hatasi

kararlilig1 ve sicaklikla degisimi bakimindan 6lgiilmiistiir.

Test sonuglarina gore, tek ¢capa yapisina sahip silisyum tabanli rezonant ivmedlgerin
oda sicakliginda, 33 Hz bant genisligi i¢in sabit kayma hatasi kararsizligi degeri 1.25
ng, sabit kayma hatasi kararlilig1 degeri 2.8 pg, sabit kayma hatasi tekrarlanabilirligi
degeri 6.6 ng, hiz rastgele yiiriiyiis hatasi degeri 6.1 ug/NHz, -40 °C ile +85 °C
arasinda sabit kayma hatasinin sicaklikla maksimum degisimi 4.3 mg’dir. Tasarlanan
sensOr Olgiim araligl, 500-ppm dogruluktan sapma sinir1 iginde minimum +60g’ye
kadardir. Elde edilen sonuglar Mikrosistemlerin iiriin olarak gelistirdigi kapasitif
MEMS ivmeolgerler ile karsilastirildiginda, sabit kayma hatasinin sicaklikla
degisiminde en az 25 kat, sabit kayma hatas1 karasizlig1 degerinde 7 kat, sabit kayma
hatasi kararliligi degerinde 112 kat, giiriiltii degerinde ise 2 kat iyilesme vardir. Daha
da onemlisi, test edilen kapasitif MEMS ivmedlgerin sabit kayma hatas1 degeri
kontrollii 25 °C sicaklikta 50 dakika i¢inde 1.7 mg kayarken, bu g¢alismada
gelistirilen silisyum tabanli rezonant ivmedlcerin sabit kayma hatasi degeri sicaklik

kontrolsiiz ortamda 10 saat sonunda 0.25 mg’den daha az kaymaktadir.

Anahtar Kelimeler: MEMS, Rezonans Tabanli I[vmedlger, Sabit Kayma Hats1

Kaymasi
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CHAPTER 1

INTRODUCTION

Micro-electro-mechanical systems (MEMS) refer to microdevices or systems which
integrate microtransducers, microactuators, and microstructures with signal
processing and control circuits. Their manufacturing process originates from the
fabrication technology of integrated circuits (IC). Over the last three decades,
continuous developments in microelectronic and micromachining technologies have
generated precise, compelling, and advanced microsystems for applications in a wide
range of fields, including consumer products, agriculture, food industry, automation,
bioengineering, and even military electronic products [1]. Compared to bulky
traditional sensors, MEMS products provide lower cost, smaller size, higher
reliability, and compatibility with high-volume batch fabrication. Thus, they have
already taken the place of their macro-scale counterparts in low-to-medium-end
applications and drive the market for new products such as smart glasses, smart
phones, self-driving cars, and drones. Rising popularity of the Internet of Things
(IoT), strong demand in the automation area, and advancements in the portable
electronics market all contribute to the expansion of the overall MEMS sensor
industry [2]. MEMS inertial sensors, particularly micro accelerometers and micro

gyroscopes, are located at the core of this technology transformation.

Since the commercialization of MEMS accelerometers in the 1990s, they have
enabled unique features and applications in consumer, automotive, and industrial
applications such as automotive airbag systems, platform stability, and motion
sensing. With the rapid growth of micromachining technologies, tactical and
navigation-grade MEMS accelerometers have been developed for high-end

applications including gravimetry, inertial navigation, and seismometry. There are



various types of MEMS accelerometers based on their operating principles, such as
capacitive, piezoresistive, optical, piezoelectric, or resonant beam accelerometers.
Research on capacitive MEMS accelerometers has been intensely conducted for
tactical-grade applications since the early 2000s in the METU-MEMS Center [3].
Although these sensors have reached performance values below 20 ng/Hz of velocity
random walk, they have suffered from the long-term drift of bias, which restrains
their utilization in long-term flight control and navigation. The temperature drift
characterization and day-to-day repeatability of an accelerometer are vital for the
reliability of many systems requiring high performance. On the other hand, silicon-
based MEMS resonant accelerometers are promising for high-end applications due
to their high-sensitivity, wide dynamic range, and direct frequency-to-digital
conversion [4]. The need for low-drift MEMS accelerometers and the inadequacy of
capacitive MEMS accelerometers to meet this demand force the research towards
developing a low-drift silicon-based resonant accelerometer to replace the capacitive

ones in short-term and long-term navigation applications.

This thesis reports the design and implementation of a low-temperature drift silicon
MEMS resonant accelerometer. The stress induced by the thermal expansion
coefficient difference between the silicon and glass is minimized by placing the
sensor structure on a specially designed single anchor. The sensors are fabricated
using the aMEMS1 process with vacuum packaging [5] and experimentally verified
in terms of bias stability and thermal sensitivity.

The content of this chapter is as stated below: Section 1.1 presents the overview of
the silicon-resonant accelerometer. Section 1.2 briefly gives the performance
parameters and grades of accelerometers. Section 1.3 mentions the challenges for the
development of high-performance silicon resonant accelerometers. Section 1.4
provides the literature review for the silicon resonant accelerometers. Section 1.5
introduces the silicon resonant accelerometer structures designed in this work.

Section 1.6 gives the research goals and the organization of the thesis.



1.1  Operation Principle of Silicon Resonant Accelerometers

Micromechanical silicon resonant accelerometer (SRA) belongs to the accelerometer
class known as vibration beam accelerometer (VBA), whose direct output is a
frequency proportional to the input acceleration. The working principle of silicon
resonant accelerometers are based on force sensing. Figure 1.1 shows a simplified
structural view of a silicon resonant accelerometer. In most SRAs, two identical
double-ended tuning fork (DETF) resonators are connected to a single proof mass
such that the proof mass axially loads to the resonator pairs. Each DETF resonator is
kept vibrating at its out-of-phase mode natural frequency by electrostatic actuation.
Under the applied load, the accelerating proof mass loads one resonator in tension
while loading the other one in compression. As a result, the tension loading increases
the resonance frequency of one resonator, and the compression loading decreased
the resonance frequency of the other resonator. The acceleration is measured by

taking frequency difference of two DETF resonators.
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Figure 1.1. The structural diagram of a silicon resonant accelerometer.

A differential configuration doubles the mechanical sensitivity to the acceleration

and suppresses common-mode error such as temperature, nonlinearity and off-axis




acceleration. The movable proof mass is connected to the stationary anchors with
beams. The beams are flexible in the direction of the input axis, but they are rigid

along the other axes so that the proof mass can move only along the sense axis.

Utilizing a microlever mechanism in the device structure may greatly decrease the
dimension of the proof mass while maintaining high sensitivity. In a microlever
mechanism, mechanical translation is accomplished by elastic deformation of its
flexure beams. A pin-joint allowing for free rotation may be used to create a pivot

structure like in the macroworld.

1.2 Metrics and Performance Grades of Accelerometers

The performance of an accelerometer is specified by a variety of parameters. Since
micromachined accelerometers are employed in a broad range of applications, their
performance requirements are dependent on the application. The complete
definitions and standards for evaluating accelerometer performance may be found in

[6] some of which are simply given below:

Bias: It can be defined as the offset of an accelerometer’s output signal from the

actual value. It can be expressed in the unit of “pg” or “mg”.

Short-term stability of bias: It is defined as the standard deviation of bias from its
mean value over a period time in the range of second, minute hour or day under

constant conditions. It can be expressed in the unit of “pg” or “mg”.

Long-term stability of bias: It is defined as the standard deviation of bias from its
mean value over a period time in the range of hour, day or year under constant

conditions. It can be expressed in the unit of “pg” or “mg”.

Bias repeatability: It is the standard deviation of bias from the mean of a certain
number of successive measurements taken under constant conditions. It can be

expressed in the unit of “pg” or “mg”.



Bias instability: It indicates the random fluctuation in bias as estimated across given
limited sample time and averaging time intervals. It is represented in the unit of ug.

It is measured using Allan variance method.

Temperature sensitivity of bias: It specifies the sensitivity of the bias to the

temperature variation. It can be expressed in the unit of “ug/°C” or “mg/°C”.

Scale factor: It is the measure of the accelerometer output variation to the
corresponding input acceleration. It is generally obtained vias a tumble test. It can be

expressed in the unit of “LSB/g”, “mV/g”, or “Hz/g”.

Scale factor error: It is the deviation of the scale factor for its calibrated value. It

can be expressed in the unit of “%” or “ppm”.

Scale factor short-term stability: It is the standard deviation of the scale factor from
its mean value over a period of time [second, minute, hour or day] of continuous

operation under constant conditions.

Scale factor long-term stability: It is the standard deviation of the scale factor from
its mean value over a period of time [hour, day, year] of continuous operation under

constant conditions.

Scale factor repeatability: It is the standard deviation of the scale factor from the
mean of a certain number of measurements taken under constant conditions. It can

be expressed in the unit of “%” or “ppm”.

Temperature sensitivity of scale factor: It specifies the sensitivity of the scale factor
to the temperature variation. It can be expressed in the unit of “ppm/°C”.

Velocity random walk (VRW): It is the accumulation of velocity inaccuracy over
time owing to white noise in acceleration. It is represented in the unit of “m/sec/vhr”

or ng/NHz.

Measurement Range: It is the highest amount of acceleration that an accelerometer
can detect. It is expressed in the unit of “+g”.



Vibration Rectification Error (VRE): It is defined as the shift in accelerometer bias

due to the applied vibration. It has the unit of “ng/g®” or “mg/g®”.

Although all the design specifications mentioned above should be regarded to
develop an accelerometer, the priority of these parameters are determined by the
application. There is no agreed-upon criteria or standards for high, medium, and low-
grade performance for the inertial sensors, thus what one expert thinks high-end can
be low-end to another. In general, however, inertial sensors fall into four

performance categories described below [7]:

» Automotive/Consumer grade
» Industrial grade

» Tactical grade

» Navigation grade

These performance categories are often determined based on the in-run bias stability.
Although several system-derived performance criteria are defined for inertial-grade
accelerometers, accelerometer performance may be described in general terms by
two factors: bias and scale factor stability. Figure 1.2 show the accelerometer
performance grades [7]. As shown in Figure 1.2, there are two major types of
accelerometers that comprise the various accelerometer performance categories:
mechanical accelerometers and quartz/MEMS accelerometers. Quartz and MEMS
accelerometers have in-run bias stability ranging from 1000 pg to 1 pg and cover all
four performance categories, whereas mechanical accelerometers can achieve in-run
bias stabilities less than 1 g but are typically only used for navigation grade
applications due to their large size and high cost. Similarly, Table 1.1 shows the
performance goals of an accelerometer for missile guidance and high-performance

navigation [7].
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Figure 1.2. Accelerometer performance grades [7].

Table 1.1 Accelerometer specifications for missile guidance and high-performance

navigation [8].

. Missile High-Performance
Parameter Units : .
Guidance Navigation
Bias Long-Term Stability | K9 1-100 1
Bias Short-Term Stability | 19 1-5 0.5
Scale Factor.S_hort-Term opm 1-100 10
Stability
Scale Factor'l_'ong-Term opm 1-5 5
Stability
Velocity Random Walk ft/svh 0.014-0.030 0.0014




1.3 Challenges for Silicon Resonant Accelerometers

There are several design concerns for a silicon resonant accelerometer to achieve the
requirements for high-end applications. A large-scale factor is desired for a silicon
resonant accelerometer because the acceleration-equivalent noise of the readout
circuity decreases with increasing sensor sensitivity. There are two straightforward
ways to increase the scale factor: by increasing the proof mass area and by narrowing
and extending resonating flexures to increase their force sensitivity. However, these
device parameters are usually restricted by the process limits. Adding a microlever
mechanism to the structure of a resonant accelerometer is another way to improve its
scale factor. Microlevers are utilized to increase the inertial force acting on the
resonator beams. A multistage microlever mechanism can be used to increase the

scale factor even more, but this method might make the device less stable.

The resolution of the silicon resonant accelerometers is determined by the amplitude
noise and phase noise related to the frequency readout circuit. The noise in the
amplitude control circuit itself, specifically the flicker noise, should be mitigated.
Moreover, a high-gain and low-noise front-end interface circuit is required to achieve
good bias stability and a low noise floor. High quality factors in silicon resonators
(~100,000) substantially decrease the frequency noise by improving the signal-to-
mechanical-noise ratio of the accelerometer and reducing phase jitter. To achieve
very high mechanical quality factors in silicon resonant accelerometers, the sensor
structure should be in vacuum ambient. In addition to these techniques, increasing
the oscillation amplitude improves the resonator's signal-to-noise ratio by decreasing
the frequency of the noise. However, there is a trade-off between signal-to-noise ratio

and stiffness nonlinearity for oscillation displacement.

Stiffness-related nonlinearity is another important concern affecting the resonators’
frequencies [9]. This situation can be described as a spring softening or stiffening as
the displacement amplitude of the flexure increases. As a consequence of the
stiffness change of the flexure, the resonator frequency decreases or increases. If the

springs get stiffer as the amplitude rises, the resonance frequency will increase.



Therefore, the nonlinearity of the flexures' stiffness should be minimized for a stable

sensor output.

The temperature stability of MEMS resonant accelerometers is a great concern
because the sensitivity of the resonator output to temperature variation destroys the
long-term stability of the sensor. A change in the temperature of the accelerometer
causes complicated coupled effects in material properties such as the coefficient of
thermal expansion (CTE) and elastic modulus, deformation of the structure, and
thermo-mechanical stress [10]. Temperature change affects the resonator frequency
in two significant ways. Firstly, the elastic modulus of silicon changes with
temperature, which directly leads to a drift in the resonator's natural frequency.
Secondly, thermal stresses inevitably arise because of the different thermal
expansion coefficients (CTE) of the silicon structure and the substrate. The
temperature drift of the elastic modulus can be greatly reduced by a differential
structure design with two symmetric resonators, in spite of small manufacturing
differences between the two oscillators. Thus, the thermal stress on the sensor
structure should be minimized the output stability of the silicon oscillating

accelerometer.

1.4 Overview of Silicon Resonant Accelerometers

Certain advantages over other types of MEMS accelerometers, such as high
sensitivity, wide dynamic range, and direct frequency-to-digital conversion, have
pushed the research on silicon resonant accelerometers for high-end applications.

In 1994, AlliedSignal Inc. (which merged with Honeywell in 1999) published their
early findings for the development of a silicon vibrating beam accelerometer that
was intended to be implemented into a system with a navigational accuracy of one
knot [11]. This challenging objective corresponds to an accelerometer with a bias of
50 pg and a long-term scale factor accuracy of 50 ppm. Over a temperature range of

-40 °C to 70 °C, the accelerometer demonstrates a bias performance of 318 pg.



In 1996, Honeywell introduced sealed-cavity resonant micromachined
accelerometers with a scale factor of 700 Hz/g and resonance frequencies between
500-700 kHz [12]. The device structure was fabricated from thin films of fine-
grained polysilicon with vacuum packaging. The temperature decency of the

frequency output is about 45 ppm/°C.

In 1997, T. A. Roessig et al. showed the feasibility of vibrating beam accelerometers
in a surface-micromachining technology using the BIMEMS foundry process. [13].
The sensor has a resonance frequency of 68 kHz. The sensitivity of accelerometer is
45 Hz/g with a microlever structure. However, the spring stiffening was a problem

for this sensor structure.

Draper Laboratory was among the first research groups to work on the silicon
resonant accelerometers. The results of their work are still at the frontline of research
for the silicon vibrating beam accelerometers. [8, 14]. Figure 1.3 depicts the
geometry of the silicon resonant accelerometer sensor developed by Draper
Laboratory. The sensor structure consists of a pair of double-ended tuning-fork
oscillators connected to a single proof mass. It does not employ a microlever
structure to amplify the applied force, and the sensors were fabricated on the silicon-
on glass with the bulk dissolved-wafer process of Draper Laboratory. In this study,
they achieved the bias instability of below 1 pg, the standard deviation in the scale
factor of 3 ppm, and the standard deviation in bias of 5 ppm, which is close to the

performance required of the strategic missile applications.
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Figure 1.3. The geometry of silicon resonant accelerometer developed by Draper

Laboratory [8].

Seoul National University demonstrated a differential resonant accelerometer with
lateral drive (DRXL). This structure utilizes the gap-sensitive electrostatic stiffness
change effect [15]. Figure 1.4 depicts the SEM picture of the fabricated laterally-
driven resonant silicon accelerometer developed by Seoul National University. The
electrostatic force reduces the mechanical stiffness of the spring, resulting in a
change in output frequency. The resonance accelerometer includes a DETF resonator
centered between two identical proof masses. The sensor was fabricated using a
pyrex glass substrate, single crystal silicon with 40-um thickness, and a glass cap for
wafer-level vacuum packaging. The manufactured accelerometer demonstrates a
sensitivity of 64 Hz/g per resonator at a resonance frequency of 24,888 Hz, a bias
instability of 5.2 pug and a bandwidth of 110 Hz. The same research group also
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presented vertical-type and lateral-type differential resonant accelerometers
consisting of one out-of-plane accelerometer and two in-plane accelerometers using
the same process with single crystal silicon [16].

Figure 1.4. The SEM image of the fabricated laterally-driven resonant silicon

accelerometer developed by Seoul National University [15].

In 2009, D. Pinto et al. showed a compact, sensitive, resonant accelerometer with a
surface area of 0.05 mm?[17]. The frequency readout circuit is implemented using
a phase lock loop (PLL) constructed with a computer-controlled lock-in amplifier
(LIA). The observed sensitivity is 22 Hz/g, and the resolution is better than 5 mg. In
2010, C. Comi et al. reported an in-plane resonant accelerometer with a sensitivity
455 Hz/g and a resonance frequency of about 58 kHz [18]. The size area of device is
0.25 mm? with a thickness of 15 um. In 2016, the same research group reported
another study about a new polysilicon resonant accelerometer for out-of-plane

measurements [19].

Stanford University reported the first resonant accelerometer fabricated with the
Stanford epitaxial polysilicon encapsulation process in 2013 [20]. They improved
their fabrication process in 2016 to allow for narrow and wide lateral transduction
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gaps in-plane and out-of-plane electrodes, and to eliminate the need for release etch-
holes in the device layer [21].In 2017, they demonstrated a temperature-
compensated resonant accelerometer with a scale factor of 427 Hz/g and a bias
instability of 0.16 pg [22]. The device employs a single-point anchor to reduce
frequency changes caused by environmental and packaging stress. Figure 1.5 shows
the SEM picture of the resonant accelerometer studied in [22]. In [23], they
integrated a micro-oven with the resonant accelerometer in [22] to enhance the scale
factor and bias stabilities.

Figure 1.5. The SEM picture of the resonant accelerometer using a single-anchor
point developed by Stanford University [22].

The University of California, Berkeley demonstrated a vacuum-packaged surface
micromachined resonant accelerometer with a noise floor of 40 p/vHz for an input
acceleration frequency of 300 Hz in 2002 [4]. As a follow-up to this first study, the
University of Cambridge reported a high-resolution MEMS tilt sensor based on the

resonant sensing principle with a temperature sensitivity of nearly 0.007 °/K and a
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dynamic range of 90 ° [24]. The microfabricated prototype has a bias stability of less
than 500 ng for an average time of 0.8 s. In 2019, they presented a high-performance
resonant MEMS accelerometer with a bias stability of 56 ng and a noise floor of 98
ng/\VHz for a dynamic range of +1g [25]. The device comprises of a single force-
sensitive resonating beam placed between two proof masses. In the same year, they
reported another high-resolution resonant MEMS accelerometer with a bias stability
of 17ng and a noise floor of 17.8ng/\Hz for a dynamic range of +1g [26]. In 2021,
the collaboration of the University of Cambridge and Silicon Microgravity Ltd.
developed a navigation-grade MEMS resonant accelerometer with a size of 3.5 mm
x 3.5 mm, a bias instability of 0.123 pg, a velocity random walk of 0.7ug/\Hz, a
scale factor of 1110 Hz/g for a range of +25g [27]. One drawback of this work is that
it is encapsulated at the die level, which could affect the sensor's long-term stability

and vacuum level.

Several research institutions in China have also published work on micromechanical
silicon resonant accelerometers. Nanjing University of Science and Technology
reported a wafer-level vacuum packaged silicon resonant accelerometer with a bias
instability of 10 pg, a resolution of 10 pg/\NHz, a scale factor of 120 Hz/g, a resonance
frequency of 25 kHz, and a measurement range of +50g [28]. The same research
group presented another silicon vibrating beam accelerometer with a bias instability
of 1 pg, a resolution of 13 pug/VHz, a bias stability of 10 ug (1o, one hour), a scale
factor of 160 Hz/g, a resonance frequency of 22.1 kHz, and a measurement range of
+20g [29]. They also established the nonlinear vibration models of the micro-
resonator to optimize the design of silicon resonant accelerometer [30]. The State
Key Laboratory of Transducer Technology reported a method to enhance sensitivity
of MEMS resonant accelerometer by using electrostatic softening effect [31].
Zhenjiang University developed a biaxial resonant micro accelerometer with a single
proof-mass [32]. They also reported a MEMS resonant accelerometer with a method
for adjusting sensitivity. [33]. This prototype consists of a proof mass, a pair of
fishbone-shaped clamped beams serving as sensing components, a pair of single-

stage microlever mechanisms for magnifying the inertial force
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Some research groups have focused on the CMOS read-out electronics of silicon
resonant accelerometer to improve its performance. National University of
Singapore presented a fully differential CMOS readout circuit for silicon resonant
accelerometer with a resolution of 20pg /\ Hz and a bias instability of 4ug in 2008
[34]. They presented an ultra-low-noise CMOS read-out circuit for MEMS
oscillating accelerometer in 2015. The accelerometer with a fully differential CMOS
continuous-time read-out circuit achieves a bias instability of 0.6 pg, a bias stability
of 6.3 pg (1o, one hour), and a noise floor of 2 pg/VHz with a scale factor of 140
Hz/g for £20g full range [35]. In 2017, they demonstrated the improved version of
the previously reported CMOS read-out circuit [36]. They also constructed a phase
noise model for a silicon resonant accelerometer [37]. Nanjing University of Science
and Technology developed a silicon resonant accelerometer with an ASIC read-out
circuit [38].

Micromachined resonant accelerometers, particularly those manufactured with
silicon-on-glass technology, are susceptible to temperature drift due to inherent
thermal stress. It is still a great concern because the sensitivity of the resonator output
to temperature variation destroys the long-term stability of the sensor. Several
methods to reduce the temperature drift of silicon-based resonant accelerometers
have been reported in the literature. External temperature sensors or additional
resonator have been integrated next to the accelerometer to sense temperature and
calibrate the sensor output [39, 40, 41, 42]. However, this method is often inadequate
for determining the real local temperature because of the distance between the
position of the accelerometer and temperature sensor. Self-compensation techniques
are also implemented without using additional temperature sensors to minimize the
temperature drifts [43, 44]. These techniques enhance the temperature sensitivity of
the resonant accelerometers up to a certain point, but they are not adequate to obtain
a navigation-grade accelerometer. Using a micro-oven or micro-cooler within the
sensor structure for active temperature correction is another technique to mitigate the

temperature drift of a resonant accelerometer [23]. Although this method is effective
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for temperature compensation, the operating temperature range of a micro-oven is

limited by its size and power consumption.

Some research groups focused on the optimization of the sensor structure to
minimize the temperature drift of resonant accelerometers. J. Cui et al. reported a
silicon resonant accelerometer with a stress isolation frame and axis-symmetric
anchoring to enhance temperature performance. [45]. Figure 1.6 shows the SEM
picture of the fabricated SRA. The accelerometer demonstrates a scale factor of 516
Hz/g for a resonance frequency of 138.4 kHz, nearly matched temperature
coefficients of frequency of 5.72 Hz/°C and 5.92 Hz/ °C, and a bias thermal
sensitivity of 0.42 mg/°C for the differential reading over the temperature range from
-40 °C to 40 °C.

!

DETF1 DETF2

f1=138195Hz f2=138519Hz
Q1=19766 Q2=19712

Figure 1.6. The SEM picture of the silicon resonant accelerometer with a stress
isolation frame [45].
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Stanford University presented a differential resonant accelerometer with a single-
point anchor [23]. This design may significantly reduce frequency variations caused
by package stress. Still, the structure might be weak and have a large cross-axis

coupling error because a small anchor was used to hold up the proof mass.

Tsinghua University reported two different sensor structures with a reduced thermal
stress sensitivity either utilizing optimized anchor locations [46] or a single anchor
isolation frame [47,48]. Figure 1.7 shows the schematic of the structure with single-
anchored isolation frame. The die size is 8.7 mm x 8.7 mm x 0.58 mm, which means
the device has a quite large proof mass for a large-scale factor. The accelerometer
fabricated on a single-anchored isolation frame shows a bias temperature drift
coefficient of 4.4 ng/°C for differential reading (0.55 Hz/°C for single resonator)

over the temperature range from 20 °C to 60 °C.
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Figure 1.7. The silicon resonant accelerometer structure mounted on single anchored
isolation frame [48].
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In conclusion, many research institutions and companies have already reported
different studies for a silicon resonant accelerometer aimed at high-end applications.
Although silicon-based resonant accelerometers have a high potential to replace
quartz accelerometers in navigation-grade applications, bias temperature drift

remains the most significant source of error, limiting long-term stability.

1.5  Silicon Resonant Accelerometers Developed in This Thesis Study

In the scope of this thesis, three different silicon resonant accelerometer structures
are sequentially designed, fabricated, characterized, and tested with the frequency
readout circuit. The same DETF resonator design is used as the sensing element in
all sensor designs. Moreover, the stationary parts of the DETF resonators are
connected to the stationary anchors using specially designed stress release structures
to mitigate the thermal stress effect. Figure 1.8 shows the simplified structure of the
first design, namely “SRA Design-1”, consisting of a large proof mass and two
DETF resonators. This design does not employ a microlever structure. The proof

mass is connected to the stationary outer frame.

Figure 1.8. Simplified structural view of the “SRA Design-1” accelerometer.
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Figure 1.9 depicts the simplified structure of the second design, namely “SRA
Design-2”, consisting of a large proof mass, two DETF resonators and four
microlevers. The second sensor structure utilizes microlevers to magnify the inertial
force acting on the DETF resonators in addition to the sensor frame of the first sensor

structure.

Figure 1.9. Simplified structural view of the “SRA Design-2” accelerometer.

The stress-related problems of the first and second sensor designs after fabrication
leads to a silicon resonant accelerometer structure mounted on a single anchor,
namely the third silicon resonant accelerometer design (SRA Design-3). Figure 1.10
demonstrates the simplified structure of the third design consisting of a large proof
mass, two DETF resonators and four microlevers. As opposed to “SRA-Design-2”,
the proof mass is connected to a single anchor located in the center of the sensor

structure to minimize the thermal stress on the DETF resonators.
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Figure 1.10. Simplified structural view of the “SRA Design-3" accelerometer.

1.6 Research Objectives and Thesis Outline

The capacitive MEMS accelerometers developed at METU have reached
performance values below 20 ug/Hz of velocity random walk [49,50]. However,
these sensors have suffered from the long-term drift of bias, which restrains their
utilization in long-term flight control and navigation. The temperature drift
characterization and day-to-day repeatability of an accelerometer are very important
for the short-term and long-term accuracy of many military systems requiring high
performance. The main goal of this study is to develop a silicon resonant
accelerometer with low bias drift and a comparable noise level to its capacitive
counterparts to replace them in tactical and navigation-grade applications. The
following are the particular goals of this research:

1. Design and analysis of the silicon resonant accelerometer structures. The

mechanical model of the silicon resonant accelerometer should be analyzed.

20



The resonant accelerometer design should have a high acceleration
sensitivity and a low temperature sensitivity. The thermal stress on the sensor
structure should be minimized. Integration of microlevers into the
mechanical structure is needed to increase force sensitivity. The secondary
effects such as stiffness nonlinearity should be considered.

Fabrication of the designed silicon resonant accelerometer with a vacuum
packaging process based on silicon-on-glass process (SOG). The silicon
resonant accelerometers should be operated in vacuum to minimize the phase
noise, so the sensors should be wafer-level hermetically encapsulated in the
vacuum environment. The problems related to sensor fabrication process
should be analyzed and solved.

Design and implementation of the frequency read-out circuit for the silicon
resonant accelerometers. The DETF resonators of the silicon resonant
accelerometers should be oscillated at a constant amplitude by a control
circuit. The front-end electronics and gain stage of the systems should be
carefully designed to maximize the signal-to-noise ratio of the sensor output.
The controller values for the PLL and PID system of the frequency read-out
circuit should be optimized.

Characterization and tests of the silicon resonant accelerometers integrated
to the frequency read-out electronics. The resonance characteristics of the
fabricated sensor chips integrated with the front-end electronics should be
obtained. The acceleration sensitivity, bias stability, noise level, and
temperature sensitivity of the silicon resonant accelerometer should be tested.
It should be verified that the sensor has a low bias drift and low temperature

sensitivity.

The structure of thesis and the contests of the subsequent chapters are given below:

Chapter 2 discusses the theory of the silicon resonant accelerometer and provides the

analytical model of the accelerometer developed in this work. Firstly, the basic

operating principle of the silicon resonant accelerometer is described, followed by

the derivation of analytical solutions for the force sensitivity of the DETF resonator.
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The microlever mechanism is then described, and the microlever amplification factor
and system amplification factor are determined. Next, the sensor structures studied
in this work are demonstrated. Finally, the finite element simulations performed
during the design, including modal analysis, force simulations, and temperature
simulations for predicting the performance of the silicon resonant accelerometer

prior to fabrication, are presented.

Chapter 3 provides information on the fabrication process for the silicon resonant
accelerometers. The SOG process and wafer-level vacuum packing process for

sensor fabrication are explained. Then, the results of the fabrication are given.

Chapter 4 explains the details of the control electronics for the silicon resonant
accelerometers. The analog front-end electronics is introduced. Then, the operation
and design of the phase-locked loop are mentioned. Next, the automatic gain control

loop is explained.

Chapter 5 presents the test results of the silicon resonant accelerometers. Firstly, the
resonance characterization results of the studied sensors are given. Then, the 4-point
tumble test results for scale factor measurements of the resonant accelerometers are
demonstrated. Next, the temperature test results of the corresponding accelerometers
are provided. Finally, the Allan variance test results of the accelerometers are

presented.

Chapter 6 concludes with a summary and presentation of the findings of the study.

In addition, it proposes a potential future study direction for related topic.

22



CHAPTER 2

MECHANICAL DESIGN OF SILICON RESONANT ACCELEROMETER

This chapter discusses the theory of the silicon resonant accelerometer and provides
the analytical model of the accelerometer developed in this work. Section 2.1 gives
information about the mechanical model of the silicon resonant accelerometer. In
this section, firstly, the basic operating principle of the silicon resonant
accelerometer is described, followed by the derivation of analytical solutions for the
force sensitivity of the DETF resonator. The microlever mechanism is then
described, and the microlever amplification factor and system amplification factor
are determined. Next, the temperature sensitivity and stiffness nonlinearity of the
DETF resonator are examined. After that, the mechanisms of capacitive sensing and
actuation are explained. Section 2.2 describes the sensor structures studied in this
work. Section 2.3 presents the finite element simulations performed during the
design, including modal analysis, force simulations, and temperature simulations for
predicting the performance of the silicon resonant accelerometer before sensor

fabrication. Section 2.4 summarizes this chapter.

2.1 Mechanical Model of Silicon Resonant Accelerometer

The working principle of silicon resonant accelerometer is based on the force
sensing. The sensor output is a frequency proportional to the input acceleration.
Figure 2.1 shows the structure of silicon resonant accelerometer including
microlevers. Silicon resonant accelerometer is comprised of three major parts: a
proof mass, two DETF resonators and four microlevers. Two identical DETF

resonators are coupled to a large proof mass via microlevers such that the proof mass
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axially loads to the resonator pairs. The inertial force is amplified using a single-
stage microlever mechanism. Under the applied load, the accelerating proof mass
loads one resonator in tension while loading the other one in compression. As a
result, the tension loading increases the natural frequency of one resonator, and the
compression loading decreased the natural frequency of the other resonator. The
frequency difference of two resonators is a measure of the acceleration along the
input axis of SRA. A differential configuration doubles the mechanical sensitivity to
the acceleration and suppresses common-mode error such as temperature,

nonlinearity and off-axis acceleration.

—

—

Figure 2.1. The structure of the silicon resonant accelerometer utilizing micro levers.
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The movable proof mass is suspended to the stationary anchors with beams. The
beams are flexible in the direction of the input axis, but they are rigid along the other

axes so that the proof mass is free to move only along the input axis.

The DETF resonators are the core component of the silicon resonant accelerometer.
Each DETF resonator is kept vibrating at its out-of-phase mode natural frequency by
electrostatic actuation and capacitive sensing mechanism in a self-oscillation loop.
The out of phase oscillations of the DETF flexures cancels away the reaction forces

created by the motion of each individual mass.

The acceleration sensitivity of the silicon resonant accelerometer is determined by
the force sensitivity of DETF resonator, the amplification factor of microlever

structure, and the proof mass.

211 Force Sensitivity of DETF Resonator

This section presents the analytical analysis and critical design parameters of the
DETF resonator for a regular operation of the silicon resonant accelerometer.
Figure 2.2 shows the simplified model of the double-ended tuning-fork resonator
consisting of two flexure beams. Referring to Figure 2.2, the stiffness of the axially

loaded with a fixed-end one flexure beam can be approximated as [51]

16EHW3 2.4Fflexure 2.1
kflexure = JE * I

where E is the young’s modulus of silicon<111>, L is the length of the flexure, W is
the width of the flexure, H is the height of the flexure, Fjcxyre is the axial force
acting on the nonfixed end of single flexure. A DETF resonator is consisting of two
flexure beams connected parallel so the resonance frequency of one DETF resonator

can be written as
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2k flexure 2.2
WDETF = “om

where m is the mass of one flexure. Substituting Equation 2.1 into Equation 2.2, the
resonance frequency of the DETF resonator can written in terms of the device

parameters as

16EHW3 4.8 2.3
WpDETF = —mL3 _ﬂ

In Equation 2.3, the first term represents the natural frequency of the DETF
resonator, and the second term corresponds to the frequency shift caused by the
applied force. The loaded resonance frequency of the DETF resonator may be
expressed using the unloaded natural frequency and device parameters by

rearranging the terms in Equation 2.3 as follows:

0.3 2.4
Wperr = WopeTF |1 T Friexure EHW?

where w petr IS the unloaded resonance frequency of the DETF resonator. It should
be noted that Fr;.,re is the axial force acting on one flexure beam, which is the half

of the force acting on one DETF resonator and the quarter of the total force acting
on the inertial mass multiplied by the effective amplification factor of microlevers.
Equation 2.4 implies that the frequency shift of the DETF resonator is proportional
to the axial force acting on the beams and the length of the flexure, but it is inversely
proportional to the width of the flexure. The height of the flexure does not change
the ratio of the scale factor to the nominal resonance frequency of the resonator. The
axial force acting on the flexure is dependent on the inertial mass and the effective

amplification factor of the microlevers.
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Figure 2.2. Simple model of DETF resonator consisting of two flexure beams.

The DETF resonator is operated in the out-of-phase mode to improve the quality
factor and drive efficiency [52]. A separation of at least 10% between the drive mode
(out-of-phase mode) and the parasitic hula mode (in-phase mode) is required to
guarantee that the hula mode doesn't interact with the oscillator drive loop. The
separation between the drive mode and hula mode of the DETF resonator is
determined by the dimension of the base beam connecting two flexures. The detailed
mathematical analysis for the separation of the in-phase and out-of-phase modes of
the DETF resonator can be found in [51]. The frequencies of these modes are

optimized by the modal analysis in FEM simulations for this study.

27



2.1.2 Microlever Mechanism and System Amplification Factor

A single-stage lever system is employed to increase mechanical sensitivity by
enhancing the axial force applied to the two DETF resonators in the silicon resonant
accelerometer structure. In general, a microlever structure includes four major parts:
a lever arm, a pivot, an input system, and an output system. Figure 2.3 depicts the
schematic of the single-stage microlever structure. The pivot and connections are
flexible whereas the lever arm is rigid. In Figure 2.3, the input system refers to the
axial force acting on the inertial mass and the output system is connected to the

nonstationary end of the DETF resonator.

Figure 2.3. Simple model of microlever structure.

The amplification factor of the microlever is the ratio of the output to input force,

and it is expressed as [53],

1
_ k_o(fokro +fokrp) +L1L2 25

1
(7 + k) (fokro + fokrp) + 12
o]

where L, is the length between pivot beam and output beam, L, is the length between
pivot beam and input beam, k, is the axial spring constant of the output system, k.,

the rotational spring constant of the output beam, k, is the axial spring constants of
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pivot beam, k,,, is the rotational spring constant of the pivot beam, f, and f,, are the

functions of the output and pivot beam parameters. The spring constants and other
parameters except the axial spring constant of the output system in Equation 2.5 can

be calculated using the flowing equations:

P 3(lo — L) l§wp 2.6
0 lsw, + Lwg
PR Chd 1T 27

3,3 1 /313
lowy + Lywg

_Ewpty 2.8
14 lp
Et, w3
_Zrp 2.9
™= 121,
= Etows 2.10
o = 121,

where E is the Young’s modulus of the microlever material, t,, is the thickness of
the pivot beam, w,, is the width of the pivot beam, ,, is the length of the pivot beam,
t, is the thickness of the output beam, w,, is the width of the output beam, [, is the
length of the output beam. For maximizing the amplification factor of a single-stage
microlever, the axial spring constants (k,, and k,,) should be as large as possible,
and the rotational spring constants (k., and k,.,) should be as small as possible. For
an ideal lever, the axial spring constant of pivot beam is infinite

(kp =~ o), and the rotational spring constants of pivot and output beams are zero
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(kro = 0,k,, = 0). Thus, the amplification factor given in Equation 2.5 is reduced

to the following form for an ideal lever:

L, 2.11
Aideal = L—
1

The axial spring constant of the output system is calculated by modelling the axial
spring constants of the DETF resonator. Figure 2.4 depicts the axial spring model of
the DETF with the lever structures to visualize the spring model of the output system.
Since the symmetrical design of DETF resonators in the upper and lower parts of the
sensor structure, the axial spring constant of the output system, k,, is the half of the

axial spring constant of the overall system, k,, ,;;, SO it can be expressed as follows:

kikyks 2.12

k.., =2k, =
o,all © " kyky + kyks + kiks

where k; is the axial spring constant of the connection beam between the lever arm
and tuning fork, k, is the axial spring constant of one flexure in DETF resonator, k5
is the axial spring constant of the connection beam between the tuning fork and

stationary anchor.

Inertial Mass (Input System) | F=Ma

DETF
(Output
System)

Figure 2.4. The axial spring model of the DETF resonator integrated to the lever

structure.
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When an acceleration is applied to the silicon resonant accelerometer along the input
axis, the force from the proof mass is amplified by the microlever and then
transferred to the DETF resonators. The effective amplification factor is the ratio
between the axial force of the DETF beam and the input inertial force of the proof
mass [54]. Thus, the effective amplification factor of overall system can be written

as follows:

_ Kin 213
K. + K,

Aeff = A
where K., is the bending stiffness of the input axis and K, is the equal axial stiffness
seen by the input system, i.e., the equal axial stiffness from the input beam of the
microlever to the stationary end of the DETF resonator. The equal axial stiffness

seen by the input system can be approximated as:

K. — ko,allka% 2.14
' ko,all(LZ - Ll)z + ka%
2.1.3 Scale Factor of Overall System

When an input acceleration is applied to the proof mass of silicon resonant
accelerometer, one DETF resonator is loaded in tension and the other is loaded in
compression. The axial force acting on one flexure beam, Fjexyre is the quarter of
the multiplication of the total force acting on the inertial mass by the effective

amplification factor of microlevers:

AgrrMa 2.15
4

F flexure —
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where M is the mass of the poof mass of the silicon resonant accelerometer and a is
the input acceleration acting along the sensitive axis of the sensor. Substituting
Equation 2.15 into Equation 2.4 and taking the frequency difference of the two DETF

resonators, the acceleration sensitivity of the overall system can be expressed as:

AgreMa 0.3L2 AgspMa 0.3L2 2.16
Aw = Wo,perr j1+ Eff} EHW3_\/1_ AW

AgprMa 0.312 AcrrMa 0.3L2 2.17
A =fopere | |1 Y =4 FEwe |1 T4 EEWS

Using the Taylor series and neglecting the higher order terms, Equation 2.17 can be

rearranged as:

AgrfMa 0312 1 AgsrMa 0312\ 2.18
Af:fO,DETF 4  EHWS3 +§ 0,DETF 4  EHWS3

In Equations 2.17 and 2.18, the effective amplification factor, A, is calculated

using the Equations 2.13 and 2.14.

It should be noted that there is a nonlinear relation between the single resonator
frequency and input acceleration. Figure 2.5 shows the nonlinear relation between
the frequency output and input acceleration. Although the differential configuration
suppresses this nonlinearity, it does not completely eliminate. Thus, the
measurement or operation range of the silicon resonant accelerometer is limited by

the acceptable linear region of the frequency output and input acceleration relation.
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Figure 2.5. The relation between the resonator frequency and input acceleration.
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Stiffness Nonlinearity

Stiffness nonlinearity is one of the important properties of the DETF flexures

affecting the resonators’ frequencies. This situation can be described as a spring

stiffening with the displacement amplitude because of the nonlinear restoring force



in the flexures. As the oscillation amplitude rises in the flexure, the stiffness of the
beam increases so the resonator frequency increases. The spring forces resulting

from the transverse motion of a flexure can be represented by

F = kly + kzyz + k3y3 219

where y represents the transverse motion of the flexure. Then, the undamped motion

for the DETF resonator is given as:

mi = kyy + k,y? + k3y3 2.20

where m is the mass of the flexure. For a sinusoidal motion of the flexure, the

transverse motion of flexure can be written as

y(t) = Ysin(wt) 2.21

By substituting Equation 2.21 into Equation 2.20 and rearranging the terms, the

following equation can be obtained:

kl 2 . kZ 2
— —w?|Ysin(wt) + —Y“(1 — cos(2wt))
m 2m 999

ks s (3 . 3 .
+—=Y3 (— sin(wt) — —sm(SWt)) =0
m 4 4
In the resonance condition, the DETF resonator behaves like a sharp bandpass filter

in the vacuum environment; therefore, the higher frequency terms and DC term can

be omitted in Equation 2.22,

k 3k
(—1—w2 +——3Y2)Ysin(wt) =0 2.23
m 4m
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Solving Equation 2.23 for w, the resonance frequency can be approximated as the
function of the displacement amplitude as follows [55]:
3 ks

W = Wy (1 +§?Y2)

2.24

where w is the frequency at the oscillation amplitude Y, k is the linear stiffness of
resonator, k5 is the cubic stiffness coefficient of resonator, and w, is the unloaded

resonant frequency.

In order to improve the frequency stability of the silicon resonant accelerometer, the
nonlinear stiffness of the flexures should be minimized. There is a trade-off between
the signal-to-noise ratio of the sensor output signal and nonlinear stiffness of the
flexure. As the oscillation amplitude becomes smaller, the spring stiffness also
becomes smaller, so the bias stability would be lower; however, this would decrease
the mechanical gain of the sensor. In this study, the oscillation amplitude of the
DETF resonators have been determined by considering these concerns. The cubic
stiffness coefficient of resonator also should be minimized to mitigate the nonlinear
stiffness of the flexure. Calculation of the cubic stiffness coefficient, k5 term is not
straightforward but, the analysis and simulations in [54] can give an insight about
the dominant device parameters affecting it. To sum up, the ratio of the cubic
stiffness coefficient to the effective stiffness of the DETF resonator is proportional

to the beam length and inversely proportional to the beam width.

2.15 Temperature Sensitivity and Thermal Stress

Bias drift caused by thermal stress is the most important error source for silicon
resonant accelerometers. Temperature changes affect the frequency output of the
silicon resonant accelerometer in two ways. First, the Young’s modulus of silicon

changes with temperature, which directly leads to a drift in the resonator's natural
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frequency. Second, thermal stresses inevitably arise because of difference in the

thermal expansion coefficients (CTE) of the silicon structure and the glass substrate.

The resonant frequency of the DETF resonator is a function of the Young’s modulus
of silicon, as expressed in Equation 2.3. Silicon's Young's modulus goes down as the
temperature goes up, so the resonator's frequency decreases. Since a silicon resonant
accelerometer is made up of two DETF resonators that respond the same way to a
change in Young's modulus caused by a change in temperature, this effect is greatly
reduced by a differential reading scheme. Although a small manufacturing
differences between the two resonators causes a small temperature sensitivity at the
sensor output because of the Young’s modulus change, this sensitivity is measurable
and repeatable so it can be calibrated in the worst case. However, the same solution

is not applicable for the thermal stress.

Thermal stress is caused by the thermal expansion coefficient difference of the
silicon structure and the borofloat glass substrate. The silicon device wafer is
anodically bonded to the glass substrate at the temperature above 360°C, then, the
bonded wafer stack cools down to the room temperature. The linear thermal
expansion coefficient of the borofloat glass is about 3.25 x 10 C* while the linear
thermal expansion coefficient of the silicon is temperature dependent, and it changes
from 4.5x 10 C* to 2.57 x 10" C* between 380°C and 20°C [10]. Therefore, there
would be an initial stress on the device structure even at the constant temperature
after the fabrication unless a precaution is not taken in the mechanical design of the
sensor structure. Moreover, temperature changes would add an extra thermal stress
on the DETF resonators. It is not possible to measure or calibrate this stress without
adding an extra stress sensor on the device. The thermal stress on the DETF
resonators results in a drift in the resonator's natural frequency deteriorating the bias

stability of the silicon resonant accelerometer.

The most effective way to eliminate thermal stress effects on sensor output is to
design the sensor to be insensitive to stress. Mathematical derivations for thermal

stress calculations could be done for the DETF design; however, this analysis would

36



be complicated and it would not give an exact solution. In this study, the device
structure has been optimized performing the finite element simulations for the
thermal analysis. A special stress release structure has been utilized in the connection
the stationary substrate to the device structure to minimize the stress effect. The

details of the finite element simulations have been presented in Section 2.3.

2.16 Capacitive Actuation and Sensing Mechanism

The flexures of the DETF resonators are excited at the resonance using the varying-
overlap area type capacitors. There are two different electrodes for each resonator:
One is used to drive the oscillation of the DETF resonator, while the other detects
the displacement. Although the varying-gap type capacitor provides higher
capacitive sensitivity than the varying-overlap type capacitor, the electrostatic spring
effect in the varying-gap type capacitor would pose a problem for the frequency
stability of the resonator output. This is why the varying-overlap type capacitors have

been chosen for the actuation and sensing of the DETF resonators in this study.

The displacement in a variable-overlap type capacitor occurs in the lateral direction
due to a change in the overlap area of the parallel plates. If there is a potential
difference between the parallel plates, energy will be stored in the capacitor owing
to the accumulation of charge. The stored energy causes an electrostatic attraction
between the moving and stationary conductors. The acting force on the parallel plates
in this structure may be represented as
1 H,

F==Ngy—V?
20,

2.25

where g, represents the permittivity of the free air, N represents the number of the
capacitor pairs, V represents the voltage difference between the parallel plates, H,

and D, represent the overlap height and gap spacing of the plates, respectively.
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Capacitive sensing mechanism is utilized to transform the sensor's physical
displacement into an electrical signal. In the capacitive sensing mechanism, first the
mechanical displacement is converted to current by the capacitors, and then the
current is delivered to the interface circuit to acquire the displacement's voltage

equivalent. The current that flows through a capacitor is described as

_dQ _dC@v®) _ dv@ | doe) 2.26

Tour = dt dt dt dt

For the actual operation of the resonator, V(t) is a fixed proof mass voltage, Vo,
which is the potential difference between the sensing electrodes and the moveable
element. On the other hand, the movement of the sensing capacitors causes a time-
varying voltage. Since the time-varying voltage is much less than the constant proof
mass voltage throughout operation of the device, the formula for the output current

may be expressed as

dc ac 0X 2.27
Loy (8) = VPME =Vpu X o

The comprehensive analysis for the electrostatic actuation and sensing mechanism

for parallel plate capacitors are provided in [56,57].

2.2  Designs of Silicon Resonant Accelerometers for This Thesis Work

This section presents the mechanical structures of the silicon resonant accelerometers
studied in this work and briefly explains the differences between these structures.
The mathematical equations derived in previous section are the governing equations
of the silicon resonant accelerometer, and they are applicable for all designs used in
this study. Three different sensor structures have been studied in this work. The same
DETF resonator design has been used as the sensing element in all sensor designs.

Moreover, the stationary parts of the DETF resonators are connected to the stationary

38



anchors using specially designed stress released structures to mitigate the thermal

stress effect.

The first sensor design, called “SRA Design-1", consists of a large proof mass and
two DETF resonators, and there is no micro lever structure in this design. Figure 2.6
depicts the mechanical structure of the “SRA Design-1”. In this structure, the proof
mass is connected to the stationary outer frame. “SRA Design-1” was designed to be
less sensitive to acceleration but mechanically more robust. Table 2.1 summarizes

the sensor design parameters for “SRA Design-1".

The second sensor design, called “SRA Design-2”, consists of a large proof mass,
two DETF resonators and four microlevers. Figure 2.7 shows the mechanical
structure of the “SRA Design-2”. In this structure, the proof mass is connected to
the stationary outer frame as in the “SRA Design-1". In contrast to the "SRA Design-
1," the microlever structure increases the mechanical sensitivity to acceleration.

Table 2.2 summarizes the sensor design parameters for “SRA Design-2".

The stress related problems have been observed on the fabricated device structures
of the “SRA Design-1" and “SRA Design-2”. The details of these problems are given
in Chapter 3. The third sensor design, called “SRA Design-3”, has been proposed to
overcome the stress related problems encountered in the “SRA Design-1" and “SRA
Design-2”. Figure 2.8 shows the mechanical structure of the “SRA Design-3”. “SRA
Desing-3” consists of a large proof mass, two DETF resonators and four microlevers
as in the “SRA Design-2”. As opposed to the “SRA Design-2”, the poof mass is
connected to a single anchor located in the center of the sensor structure to minimize
the effect of the thermal stress on the DETF resonators. Moreover, the layout of
“SRA Design-3" has been improved by filling the empty area near the DETF flexures
to prevent the unbalanced etching in the fabrication process. Table 2.3 summarizes

the sensor design parameters for “SRA Design-3”.
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Figure 2.6. The mechanical structure of the “SRA Design-1”.
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Figure 2.7. The mechanical structure of the “SRA Design-2".
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Figure 2.8. The mechanical structure of the “SRA Design-3".
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Table 2.1 Sensor design parameters for SRA Design-1.

Parameter Symbol Value
Mass of proof mass M 4.4x107" kg
Bending stiffness of input axis Km 953 N/m
Equal axial stiffness Kin 22882 N/m
Effective Amplification Factor At 0.96
In-phase resonance frequency fo,in 21787 Hz
Out-of-phase resonance frequency ~ fo.out 23185 Hz
Calculated diff. scale factor SF 11.2 Hz/g
Proof mass connection to the outer frame

Table 2.2 Sensor design parameters for SRA Design-2.

Parameter Symbol Value

Mass of proof mass M 3.69x107" kg
Bending stiffness of input axis Km 402 N/m
Equal axial stiffness Kin 197 N/m
Effective Amplification Factor Aett 4.93
In-phase resonance frequency fo,in 21787 Hz
Out-of-phase resonance frequency ~ foout 23185 Hz
Calculated diff. scale factor SF 48.3 Hz/g
Proof mass connection to the outer frame
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Table 2.3 Sensor design parameters for SRA Design-3.

Parameter Symbol Value

Mass of proof mass M 3.33x107" kg
Bending stiffness of input axis Km 578 N/m
Equal axial stiffness Kin 197 N/m
Effective Amplification Factor At 3.81
In-phase resonance frequency fo,in 21787 Hz
Out-of-phase resonance frequency ~ fo.out 23185 Hz
Calculated diff. scale factor SF 33.6 Hz/g
Proof mass connection to the single anchor

2.3 Finite-Element Simulations

The design of the silicon resonant accelerometer is based on the mathematical
equations given above. In most cases, however, the approximations and assumptions
used to simplify the preliminary analysis usually introduce errors. A series of

simulations is a good way to predict these errors and validate the theoretical analysis.

The finite-element method (FEM) is a computational method for evaluating the
behavior of sophisticated systems. In this technique, the real problem is replaced by
a simpler one to find an approximate solution for the problem. The DETF resonator
is the core sensing element in the silicon resonant accelerometer, and the same DETF
structure is used in all sensor designs. Thus, as a first step, the modal frequencies and
mode shapes of the DETF resonator are verified by the modal analysis. Then, three
different FEM analyses have been performed on each device structure: modal
analysis, force simulations, and temperature simulations. Firstly, the modal analysis
is done to simulate the modal frequencies and mode shapes corresponding to the
SRA structure with a large proof mass. Force simulations are then performed to

determine the acceleration sensitivity and nonlinearity of the corresponding sensor
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structure. Finally, temperature simulations are carried out to optimize the stress
release beams and measure the acceleration sensitivity of the corresponding sensor
structure. The FEM simulations are done with COMSOL, which is a simulation
platform that works well with MEMS devices.

2.3.1 Modal Analysis of DETF Resonator

The mode frequencies and mode shapes of the analyzed device are identified using
modal analysis. Although the resonance frequencies of the DETF resonator can be
approximated by hand calculation, modal analysis makes it easier to determine the
exact difference between the in-phase and out-of-phase mode frequencies. The
DETF resonator is operated in an out-of-phase mode to increase the quality factor
and drive efficiency. A minimum 10% difference is preferred between the mode
frequencies of the out-of-phase mode (the drive mode) and the in-phase mode (the
parasitic hula mode) to guarantee that the hula mode will not interact with the
oscillator drive loop. Figure 2.9 and Figure 2.10 show the in-phase mode and out-of-
phase mode of the DETF resonator, respectively. The undercut in the flexure beams
due to the fabrication is not taken into consideration in this FEM analysis. The
simulated value of the out-of-phase mode resonance frequency is 24316 Hz, whereas

the in-phase mode resonance frequency is about 22849 Hz.
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Eigenfrequency=22849 Hz Surface: Total displacement (um)

Figure 2.9. The in-phase mode of DETF in COMSOL.: 22849Hz.

Eigenfrequency=24316 Hz Surface: Total displacement (um)

Figure 2.10. The out-of-phase mode of DETF in COMSOL.: 24316Hz.
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2.3.2 Modal Analysis of Silicon Resonant Accelerometer Designs

The modal analysis is repeated for all silicon resonant accelerometers one by one to
observe the mode frequencies and shapes of the corresponding sensor structure.
Enlarging the proof mass decreases the natural frequencies of the in-plane and out-
of-plane modes of the sensor structure, so these modes are expected to appear due to
the large proof mass. Although identical DETF resonators are employed between the
upper and lower parts of the sensor structure, a small frequency split might exist
between their resonance frequencies because of the coupling between them through
the proof mass. Moreover, integrating the microlevers with the proof mass decreases
the axial spring constant of the sensor structure, as shown in Figure 2.4. As a result,
the resonance frequency of the axial mode is expected to be lower in the SRA
Design-2 and SRA Design-3 compared to the SRA Design-1.

The same modal analysis has been applied to all three sensor designs described in
Section 2.2 using COMSOL, respectively. Table 2.4 demonstrates the resonance
frequency list of the simulated first 10 modes for the first sensor design, i.e., the SRA
Design-1. The main operational modes of the sensor are the third and fourth modes,
which are the out-of-phase modes of the two DETF resonators. The higher-order
modes are related to the out-of-plane modes of the proof mass. Figure 2.11 shows
the mode shapes of the out-of-phase modes of the two DETF resonators and the

rotational mode along the vertical axis for the SRA Design-1.
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Table 2.4 Modal analysis results of the SRA Design-1.

Mode# Resonance Frequency (Hz) Name of Mode
1 21281.7 In-phase
2 21286.4 In-phase
3 23460.7 Out-of-Phase
4 23460.8 Out-of-Phase
5 27937.6 Rotational along vertical axis
6 29478.9 Out-of-plane
7 30822.3 Rotational along horizontal axis
8 36141.9 Rotational along transverse axis
9 46979.8 -
10 48392.3 -

Eigenfrequency=23461 Hz Surface: Total displacement (um)

(@) Mode shape for the out-phase mode of the first DETF resonator
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Eigenfrequency=23461 Hz Surface: Total displacement (um)

(b) Mode shape for the out-phase mode of the second DETF resonator

Eigenfrequency=27938 Hz Surface: Total displacement (um)

(c) Mode shape for the rotational mode along the vertical axis

Figure 2.11. The mode shapes for SRA Design-1.
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Table 2.5 demonstrates the resonance frequency list of the simulated first 10 modes
for the second sensor design, i.e., the SRA Design-2. The main operational modes of
the sensor are the fourth and fifth modes, which are the out-of-phase modes of the
two DETF resonators. The integration of the microlevers into the proof reduces the
axial spring constant of the structure, resulting in a decrease in the resonance
frequency of the axial mode of the proof mass. The other higher-order modes are
related to the out-of-plane modes of the proof mass. Figure 2.12 shows the mode
shapes of the out-of-phase modes of the two DETF resonators and the axial mode of

the proof mass for the SRA Design-2.

Table 2.5 Modal analysis results of the SRA Design-2.

Mode# Resonance Frequency (Hz) Name of Mode
1 7540.0 Axial
2 21221.1 In-phase
3 21255.5 In-phase
4 23457.6 Out-of-Phase
5 23458.1 Out-of-Phase
6 25478.3 Out-of-plane
7 26797.7 Rotational along vertical axis
8 27799.6 Rotational along horizontal axis
9 32232.9 Rotational along transverse axis
10 38147.5 -
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Eigenfrequency=23458 Hz Surface: Total displacement (um)

(@) Mode shape for the out-phase mode of the first DETF resonator

Eigenfrequency=23458 Hz Surface: Total displacement (um)

(b) Mode shape for the out-phase mode of the second DETF resonator

51



Eigenfrequency=7540 Hz surface: Total displacement (um)

x10°
4.5

(c) Mode shape for the axial mode of the proof mass

Figure 2.12. The mode shapes for SRA Design-2.

Table 2.6 demonstrates the resonance frequency list of the simulated first 10 modes
for the third sensor design, i.e., the SRA Design-3. The main operational modes of
the sensor are the ninth and tenth modes, which are the out-of-phase modes of the
two DETF resonators. The proof mass moves more easily in the out-plane when it is
connected to a single point anchor rather than an outer frame. As a result, the
resonance frequencies of the out-of-plane modes of the structure are at lower
frequencies compared to the SRA Design-1 and SRA Design-2. Figure 2.13 shows
the mode shapes of the out-of-phase modes of the two DETF resonators and the

rotational mode of the proof mass along the horizontal axis for the SRA Design-3.
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Table 2.6 Modal analysis results of the SRA Design-3.

Mode# Resonance Frequency (Hz) Name of Mode
1 4435.5 Rotational along horizontal axis
2 8125.1 Axial
3 10772.9 Rotational along vertical axis
4 13123.2 Out-of-Plane
5 17570.1 In-plane rotary
6 20098.5 Rotational along transverse axis
7 21338.5 In-phase
8 21256.4 In-phase
9 23439.1 Out-of-phase
10 23441.53 Out-of-phase

Eigenfrequency=23439 Hz Surface: Total displa

%10°

3.5

(a) Mode shape for the out-phase mode of the first DETF resonator
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Eigenfrequency=23442 Hz Surface: Total displacement (um)

Eigenfrequency=4435.6 Hz

(c) Mode shape for the rotational mode along the horizontal axis

Figure 2.13. The mode shapes for SRA Design-3.
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2.3.3 Force Simulations

The force simulations are performed to obtain the frequency changes of the DETF
resonators in response to the force applied along the measurement axis of the
corresponding sensor structure for all designs in COMSOL. Equation 2.17 can be
used to get an approximation of the scale factor of the silicon resonant accelerometer,
but FEM simulations give more accurate results. Table 2.7 provides the frequency
list of the DETF resonators in response to the different acceleration force along the
sense axis for the first sensor design, i.e., SRA Design-1. Figure 2.14 visualizes the

force simulation results for the corresponding sensor design.

Table 2.7 Force simulation results for SRA Design-1 in COMSOL.

Applied Resonator-1 Resonator-2 SE
Acceleration Frequency Frequency (Hz/g)
(%), (H2) (H2)
-60 23128.8 23788.0
-50 23184.5 23733.8
-40 23240.0 23679.4
-30 23295.4 23625.0
-20 23350.7 23570.4
-10 23405.8 23515.6
-5 23433.4 23488.2
-2 23449.9 23471.7
-1 23455.3 23466.3
0 23460.9 23460.7 10.99
1 23466.3 23455.3
2 23471.7 23449.9
5 23488.2 23433.4
10 23515.6 23405.8
20 23570.4 23350.7
30 23625.0 23295.4
40 23679.4 23240.0
50 23733.8 23184.5
60 23788.0 23128.8
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Figure 2.14. Responses of the SRA Design-1 to the accelerations applied along the

measurement axis in FEM simulations.
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Table 2.8 provides the frequency list of the DETF resonators in response to the
different acceleration force along the sense axis for the second sensor design, i.e.,
SRA Design-2. Figure 2.15 visualizes the force simulation results for the
corresponding sensor design. It should be noted that the scale factor has a negative
sign because the microlever inverts the sign of the input force transferring it to the

output.

Table 2.8 Force simulation results for SRA Design-2 in COMSOL.

Applied Resonator-1 Resonator-2

Acceleration Frequency Frequency (I—?zF/g)
(%), (H2) (H2)
-60 24806.3 22026.1
-50 24586.8 22271.2
-40 24365.3 22513.6
-30 24141.7 22753.3
-20 23916.0 22990.5
-10 23688.2 23225.3
-5 23573.4 23341.8
-2 23504.3 23411.4
-1 23481.2 23434.6

0 23458.1 23457.6 -46.31
1 23434.9 23480.8
2 23411.8 23503.9
5 23342.1 23573.0
10 23225.6 23687.8
20 22990.8 23915.6
30 22753.6 24141.3
40 22513.8 24364.8
50 22271.4 24586.3
60 22026.3 24805.8
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measurement axis in FEM simulations.
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Table 2.9 provides the frequency list of the DETF resonators in response to the
different acceleration force along the sense axis for the third sensor design, i.e., SRA
Design-3. Figure 2.16 visualizes the force simulation results for the corresponding

sensor design.

Table 2.9 Force simulation results for SRA Design-3 in COMSOL.

Applie(_j Resonator-1 Resonator-2 SE
Acceleration Frequency Frequency (Hz/g)
(@) (Hz) (Hz)
-60 24396.3 22443.4
-50 24239.8 22612.4
-40 24082.3 22780.2
-30 23923.7 22946.7
-20 23764.1 23112.0
-10 23603.3 23276.1
-5 23522.6 23357.8
-2 23474.0 23406.6
-1 23457.8 23422.9
0 234415 23439.1 -32.50
1 23425.3 23455.3
2 23409.0 23471.6
5 23360.2 23520.2
10 23278.6 23600.9
20 231145 23761.7
30 22949.2 23921.3
40 22782.7 24079.9
50 22615.0 24237.5
60 22446.0 24394.0
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measurement axis in FEM simulations.
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2.34 Temperature Simulations

The quick temperature simulations gave an idea of how to optimize the structure of
the device to mitigate the thermal stress on the structure at the design stage for all
three sensor designs. However, the systematic temperature simulations are done for
only the third design, i.e., SRA Design-3, to figure out the temperature sensitivity of
the sensor. In the sensor fabrication process, the silicon device structure is bonded to
the glass anchors; therefore, the thermal expansion coefficient difference between
the silicon structure and glass anchor might cause a thermal stress on the DETF
resonators. The Young’s modulus and thermal expansion coefficient of silicon are
temperature dependent; thus, the material properties of the silicon and glass should
be chosen correctly to construct a realistic temperature simulation model for SRA
Design-3. The details about material properties of silicon (111) can be found in [10].
The undercut in the device structure is included in the simulation model to obtain

results that are compatible with the experimental ones.

The temperature simulations are repeated three times for three different conditions,
ranging from -40 °C to +80 °C with a temperature step of 20 °C. In all conditions,
the single anchor device structure is used, but with small differences. In the first
condition, the real case is simulated, i.e., the anchor material is chosen as glass and
the structure material is chosen as silicon. The resonance frequency of the DETF
resonator at 20 °C is adjusted to be almost equal to the resonance frequency of the
fabricated sensor at room temperature by simulating a device structure with an
undercut. In the second condition, the same sensor structure is simulated, but the
anchor material is chosen to be silicon, eliminating the thermal stress effect on the
DETF resonators. This condition is called an "ideal case". In the third condition, the
stress release beams are not used in the connection of the stationary silicon part to
the anchor. In this condition, the anchor material is chosen as glass, and the structure
material is chosen as silicon. In these simulations, the frequency output of one DETF
resonator is monitored to compare the results under three conditions since both

DETF resonators have the exactly same temperature characteristics in the simulation.
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Table 2.10 provides the temperature simulation results under three different
conditions for the SRA Design-3. The simulation results indicate that the single-
anchor design with stress release beams, i.e., SRA-Design-3, drastically improves
the temperature sensitivity of the resonator’s frequency while suppressing thermal
stress effects on the sensing flexures. While in the ideal case, the temperature
dependence of silicon's Young's modulus is the only factor changing the resonator's
frequency with varying temperature, the residual thermal stress also has an effect on
the resonator's frequency in the real case. Figure 2.17 shows the change of the DETF
resonator frequency with temperature for SRA Design-3 under three different

conditions in FEM simulations.

Table 2.10 Temperature simulation results for three different conditions of SRA
Design-3 in COMSOL.

Case-1: Real Case Case-2: Ideal Case Case-3:
Anchor: glass, Anchor: silicon Anchor: glass,
Structure: silicon Structure: silicon Structure: silicon
Temp. | With stress release With stress release Without stress release
€ Resonator Total Resonator Total Resonator Total
Frequenc Freg. Frequenc Freg. Frequenc Freg.
(qHz) y Change (qHz) y Change (qHz) y Change
(Hz) (Hz) (Hz)
80 17001,6 16999,2 16938,1
60 17004,1 17002,2 16956,2
40 17006,5 17005,2 16979,4
20 17008,7 -12,8 17008,7 -20,1 17009,0 -215,0
0 17010,8 17012,5 17048,2
-20 17012,7 17015,8 17096,3
-40 17014,4 17019,3 17153,1
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Figure 2.17. Change of the DETF resonator frequency with temperature for SRA

Design-3 under three different conditions in FEM simulations.

2.4 Summary

This chapter presented the theory of the silicon resonant accelerometer and provided
the analytical model of the accelerometers developed in this work. Firstly, it
described the basic operating principle of the silicon resonant accelerometer. Then,
the analytical solutions for the force sensitivity of the DETF resonator and the
amplification factor of microlever were given. Next, the temperature sensitivity and
stiffness nonlinearity of the DETF resonator were examined. Finally, the finite
element simulations performed during the design were presented, including modal
analysis, force simulations, and temperature simulations for predicting the

performance of the silicon resonant accelerometer before the fabrication.
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CHAPTER 3

FABRICATION OF MEMS RESONANT ACCELEROMETERS

This chapter presents the fabrication process for the silicon resonant accelerometers
in this study. In the fabrication process, vertical feedthroughs on an SOI cap wafer
are used, which is then anodically bonded to a corresponding MEMS device wafer
fabricated with a Silicon-on-Glass (SOG) process [58]. This is referred to as the
“Advanced MEMS1” (aMEMS1) process [59]. Section 4.1 gives information about
the aMEMSL process steps in detail. Section 4.2 presents the fabrication results and
describes the problems related to the specific sensor design. Section 4.3 summarizes

the chapter.

3.1 Advanced MEMS1 (aMEMS1) Process with Anodic Bonding

This section demonstrates the process steps of the “Advanced MEMS1” (aMEMS1)
method for fabricating the silicon resonant accelerometers designed in this study.
The first step of the aMEMS1 process is the fabrication of the sensor wafer using the
silicon-on-Glass (SOG) process. The second step is the formation of the vertical
feedthroughs and getter deposition on the SOI cap wafer. The final step is the wafer-
level hermetic encapsulation of the sensor wafer with the SOI cap wafer with help

of anodic bonding.

3.11 Sensor Wafer Fabrication Based on the SOG Process

The SOG process involves the fabrication of a glass wafer and an SOI wafer,
followed by the anodic bonding of these two wafers to form the sensor wafer. This

process includes the construction of the anchors and electrical metal connections on
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the glass wafer. The process starts with the anchor construction. Anchors function as
the bonding areas on the glass wafer to which the SOI wafer will be joined by anodic
bonding. Firstly, a thin film metal is coated on the glass wafer using the thermal
evaporation process. Next, the thin film metal layer is formed using wet etchants.
Then, the anchor structures are constructed by etching glass in a pure HF solution.
Following the completion of the anchor construction, the thin film metal layers are

removed by the wet etchant process.

The next step in the fabrication of glass wafers is the patterning of electrical wires.
Thin film metal layer first coated by thermal evaporation. Then, thin film metal is
patterned using wet chemical etchants to construct the pad metallization. This is the
final step in the process of glass wafers.

The SOI wafer process includes the construction of the device structure on the device
layer with the DRIE. This process step is the most critical step of the sensor
fabrication because any error coming from the lithography or silicon etching process
directly affects sensor parameters. DRIE enables anisotropic etching in silicon,

making it the best method for forming device structures with critical dimensions.

The following process step is the anodic bonding of the glass and SOI wafers using
the approach described in [60]. The handle layer of the SOI wafer can be etched
either by dry or wet etch methods after anodic bonding. In the final step, the
suspended accelerometer structures on the SOI wafer are released after etching the
buried oxide layer. Figure 3.1 shows the fabrication steps of the sensor wafer based

on the SOG process.
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(a) Blank glass wafer

(b) Anchor construction

(c) Construction of the electrical wires
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(d) Blank SOI wafer

(e) Sensor structure formation

(F) Anodic bonding of glass and SOI wafers
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(9) Release of the sensor structure

Figure 3.1: Fabrication process of the silicon resonant accelerometer wafer.

3.1.2 Wafer-Level Hermetic Packaging of Silicon MEMS Resonant

Accelerometers

The sensor wafer of the silicon resonant accelerometer is hermetically packaged with
an SOI cap wafer at the wafer lever. In this process, the vertical feedthroughs are
utilized to bring the electrical contact points of the sensor structures to the outside of
the encapsulated volume. The fabrication of the SOI cap wafer includes four major
steps: via openings, formation of the wire bonding pads, formation of the vertical

feedthroughs, and getter deposition.

SOI cap wafer process starts with the formation of via openings on the handle layer.
Firstly, the thermal oxide layer on the handle layer is patterned by wet etch. Then,

the via openings are also shaped by wet anisotropic etching of the handle layer.

The next step of the SOI cap wafer process is the formation of the wire bonding pads
inside the wells. First, a portion of the buried oxide layer between the device and
handle layers is patterned by wet etch in order to access the device layer of the SOI
from the side of the handle layer. The wafer's handle layer is then coated with thin
film metal. Finally, thin film metal is patterned using a lift-off process, and wire
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bonding pads contacting the device layer inside the wells on the handle layer are

created.

The fabrication of sealing walls and vertical feedthroughs on the device layer is the
next step for the SOI cap wafer process. The vertical feedthroughs enable the signal
transmission between the sensor pads and the wire bonding pads. The device layer
is etched using the DRIE process at this phase.

The next step for the fabrication of the SOI cap wafer is the deposition of the getter
inside the sealing wall to absorb the certain kind of gases. A metal is used as the
getter material, which is deposited using sputtering. This is the final step in the SOI

cap wafer manufacturing process.

The final step of the aMEMS1 process is the anodic bonding of the sensor wafer and
SOl cap wafer for the wafer-level vacuum packing. Using the anodic bonding
process, the sensor wafer is hermetically sealed. In this bonding method, the silicon
device layer of the SOI cap wafer and the glass side of the sensor wafer are bonded
at elevated temperature exceeding 360°C. The detailed information about the anodic
bonding technique can be found in [60]. Figure 3.2 shows the fabrication process
for the wafer-level hermetic packaging of the accelerometer sensor wafer with the
SOI cap wafer.

(a) Blank SOI wafer
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(c) Wire bonding pads

(d) Vertical feedthroughs and sealing walls on the device layer
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(e) Deposition of getter

(g) Wafer-level vacuum-packaged sensor wafer

Figure 3.2: Fabrication process for wafer-level hermetic packaging of the sensor

wafer with the SOI cap wafer.
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3.2 Fabrication Results

This section presents the fabrication results of the silicon resonant accelerometers
and mentions the problems encountered during the fabrication. This study has started
with the fabrication of SRA Design-1 and SRA Design-2. These two different sensor
structures were fabricated on the same wafer. However, after the fabrication of these
types of accelerometers, the stress-related problems on the structure led to the
development of a sensor design with a single anchor structure, i.e., SRA Design-3.
Figure 3.3 depicts the SEM images of the SRA Design-1 after fabrication. In SRA
Design-1, the microlevers are not employed, and the proof mass is connected to the

stationary outer frame.

METU MEMS 1.0kV 12.4mm x35 LM(UL) 11/17/2021 09:47 1.00mm

Figure 3.3: SEM pictures of the first silicon resonant accelerometer design, i.e.,
SRA-Design-1, fabricated using aMEMSL process.
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Figure 3.4 depicts the SEM images of the SRA Design-2 after fabrication. In the
SRA Design-2, the microlevers are connected between the proof mass and the
sensitive end of the DETF resonator. The proof mass is connected to the stationary

outer frame.

N A\ >

METU MEMS 1.0kV 12.4mm x35 LM(UL) 11/17/2021 09:44 1.00mm

Figure 3.4: SEM pictures of the second silicon resonant accelerometer design, i.e.,
SRA-Design-2, fabricated using aMEMS1 process.
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After the fabrication of the sensor wafer for SRA Design-1 and SRA Design-2, a
deflection or crack on the springs connecting the proof mass to the stationary outer
frame was observed in the microscope view. Figure 3.5 shows a close view of the
broken and deflected springs on the sensor structure. The reason for this problem is
that the stationary outer frame causes a stress on the proof mass after anodic bonding,
which affects the mechanical stability of DETF flexures.

Beam Deflection
Due to Stress

Figure 3.5: Deflection and crack on the springs connecting the proof mass to the

outer frame.
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To overcome the problems in SRA Design-1 and SRA Design-2, a single anchor
sensor structure was designed, in which the proof mass is connected to only one
anchor located in the middle of the structure. Figure 3.6 shows the SEM images of

the SRA Design-3, which the proof mass is connected to a single anchor.

DETF-1

Single Anchor
Connected to
Proof Mass e
DETF-2

1.00mm

METU MEMS 3.0kV 15.2mm x40 LM(UL) 10/13/2022 09:45

Figure 3.6: SEM pictures of the third silicon resonant accelerometer design, i.e.,
SRA-Design-3, fabricated using aMEMSL process.
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Fabrication errors are inevitable during the manufacturing of the silicon resonant
accelerometers. The most critical fabrication flaw is the reduction in the critical
structure size. The errors coming from the lithography process and undercut in the
DRIE process of the structural mask create a reduction in the widths of the electrodes
and flexures. The mechanical resonance frequencies of the DETF resonators are
immediately affected by a change in the spring dimensions. Figure 3.7 displays SEM

images of the comb fingers and DETF flexure after fabrication.

[

METU MEMS 3.0kV 15.2mm x1.10k SE(UL) 10/13/2022 10:24

50.0um

Figure 3.7: SEM picture of comb fingers and DETF flexure after the fabrication.

Figure 3.8 shows the top and bottom side pictures of the fabricated silicon resonant
accelerometer using the aMEMSL1 process. The die size of the fabricated MEMS

chip is 4.9 mm x 5.5 mm.
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Figure 3.8: Top and bottom side pictures of the fabricated silicon resonant

accelerometer using aMEMSL process.

3.3 Summary

This chapter gives a brief overview of the steps for fabricating the silicon resonant
accelerometers using the aMEMS1 process. Next, the fabrication results of the
designed sensors are presented. The problems that happened while manufacturing
the sensor were mentioned, and the imperfections on the critical sensor dimensions

are shown.
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CHAPTER 4

CONTROL ELECTRONICS FOR
SILICON RESONANT ACCELEROMETERS

This chapter presents the details of the frequency read-out electronics for the silicon
resonant accelerometers studied in this thesis. Section 4.1 introduces the general
block diagram of the DSP-based frequency readout circuit implemented using the
Zurich Instrument HF-2 lock-in amplifier. Section 4.2 explains the details of the
analog front-end electronics. Section 4.3 gives information about the digital signal
processor-based phase-locked-loop circuit. Section 4.4 explains the design of
automatic gain control circuit. Section 4.5 briefly summarizes this chapter.

4.1  General Block Diagram of Control Electronics for Silicon Resonant

Accelerometer

The silicon resonant accelerometer consists of two DETF resonators, and the output
of the sensor is the frequency difference of these two oscillators. The control
electronics of the silicon resonant accelerometer are built on a digital signal
processor (DSP)-based phase-locked-loop (PLL) system implemented on a Zurich
Instrument HF-2 lock-in amplifier [61]. Figure 4.1 depicts the general block diagram
of the control electronics for the silicon resonant accelerometer in this study. The
control electronics of the DETF resonator include three major blocks: front-end
electronics, phase-locked-loop (PLL), and automatic gain control loop (AGC). The
front-end electronics converts the output current of the DETF resonator to voltage,
and amplifies with a preamplifier and gain stage. PLL is employed to maintain the

oscillation of DETF resonator at resonance. Automatic gain control loop keep
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constant the oscillation amplitudes of the resonators. Each DETF resonator has its

own PLL and AGC blocks, which operate independently of one another.

The speed of PLL is characterized by the bandwidth of the closed-loop system.
There is a trade-off between the PLL speed and phase noise. The amplitude gain
control loop determines the oscillation displacement of the DETF resonators. The
details of the system blocks of the control system for the silicon resonant

accelerometer are given in the following sections.

Automatic Gain Control-1 ——Frequency-1
Front-end
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Figure 4.1: Block diagram of the control electronics for the silicon resonant

accelerometer implemented on the lock-in amplifier.
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4.2  Analog Front-End Electronics

The front-end electronics consist of a preamplifier and gain stage. This block
transforms the output current of the DETF resonator to a voltage, then amplifies to
the required signal level. The outputs of the front-end electronics are fed to the inputs
of the lock-in amplifier. Figure 4.2 depicts the schematic of the front-end electronics
for the silicon resonant accelerometer. A transimpedance amplifier is employed in
the preamplifier stage due to its low input impedance, which reduces signal
degradation during the transformation of current to voltage. In addition, it is immune
to parasitic capacitances and contact resistance. Referring to Figure 4.2, the relation
between the input-output voltage of this amplifier is represented in the following

form:

Voutl (S)
Lo (s)

_ Rpreamp 4.1
1+s CpreampRpreamp

pre

Whether the transimpedance amplifier is resistive or capacitive depends on the
multiplication of of sCp;cqmpRpreamp 1N Equation 4.1. The type of the preamplifier
is capacitive if the value of sC,ycqmp Rpreamp 1S Much greater than 1. The capacitive
preamplifier is selected in the preamplifier stage of the DETF resonators due to its
low-noise interface with a high gain, compensating the poor capacitive sensitivity of
drive and sense electrodes. In this condition, the output voltage of the preamplifier

stage is the multiplication of the resonator output current with 1/sCpreqmyp-

The preamplifier stage is followed by an active band-pass filter to increase signal-
to-noise ratio (SNR) of the input signal entering the lock-in amplifier. The cut-off
frequencies of the band-pass filter are one tenth and ten times of the natural
frequency of DETF resonator. The gain of the filter is adjusted to a level considering
the maximum input voltage range of the lock-in amplifier. The gain, low and high
cut-off frequencies of the low-pass filter can be expressed in terms of the circuit

components as follows:
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Figure 4.2: Schematic of the front-end circuit.

4.3  Phase-Locked Loop

A phase-locked loop, or PLL, is a closed control system with negative feedback that
generates an output signal having a well-defined phase relationship with the input
signal. The input and output signal are synchronized as a result of phase-locking.
The PLL is the key element of the frequency readout circuit of the silicon resonant
accelerometer. The oscillations of the DETF resonators are maintained by the PLL
system. A basic PLL system includes three major blocks: a phase detector, a Pl

controller, and a numerically controlled oscillator (NCO). Figure 4.3 depicts the
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block diagram of the PLL implemented on the Zurich Instrument HF-2 lock-in

amplifier in this study.

Phase Detector

Mixer Low-pass Filter

fres, B° —_— Phase /T\ Pl
Input Signal ‘@7 \+/ Controller

I 3

£ os, B+002 Set Point

Mumerically
Controlled |
Oscillator

Qutput Signal <

Figure 4.3: Block diagram of a PLL.

The PLL takes an input signal coming from the DETF resonators and transfer its
phase information to a NCO to create an output signal following the phase of the
input signal. Firstly, the amplified signal coming from the front-end stage is fed to
the phase detector stage of the PLL. The phase detector detects the phase difference
between the input and output. A demodulator block functions as a phase detector,
consisting of a multiplier and low-pass filter. In lock-in amplifier, dual-phase
detectors are employed so they can get both phase and amplitude information of the
input signal, as shown in Figure 4.1. The low-pass filter suppresses the unwanted
frequency components of the input signals after the demodulation improving the
noise performance of the PLL system. A 4™ order low-pass filter with a 100Hz of
cut-off frequency is implemented on the lock-in amplifier. The output of the phase
detector is compared to a phase setpoint to create an error signal for the proportional-
integral (P1) controller. The PI controller generates a feedback signal based on the
error signal to modify the frequency of the NCO. In this manner, the controlled
oscillator follows the phase of the input signal and produces a signal with the same

frequency as the input reference.
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The bandwidth of the closed-loop system is determined by the PLL speed. The PLL
speed can be adjusted by the PI controller. The bandwidth of the PLL is also the
bandwidth of the silicon resonant accelerometer system, namely how fast the
frequency readout system follows the sudden frequency change. There is a trade-off
between the bandwidth of the PLL and phase noise. As the bandwidth of the PLL

increases, the minimum frequency resolution of the system deteriorates.

For a stable operation, the phase margin should be greater than 60° for the PLL
system. The Pl parameter are optimized after few iterations using the advisory
section of the Zurich Instrument HF-2 lock-in amplifier. Figure 4.4 depicts the step
response of the PLL controller. The rise time and settling time of the system are
about 11msec and 21 msec, respectively. The bandwidth of the silicon resonant
accelerometer is adjusted to be about 33 Hz in this study. The phase margin is about

85°.
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Figure 4.4: Step response of the closed-loop PLL controller.
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4.4  Automatic Amplitude Control Circuit

The drive signals applied to the motor electrodes of the DETF resonators are
generated by a numerically controlled oscillator in the PLL loop. However, the
amplitudes of these signals should be well controlled for proper resonant
accelerometer operation because they determine the oscillation displacement of the
DETF resonators. The stability of resonator oscillation is critical for the short- and
long-term stability of the silicon resonant accelerometer due to the stiffness
nonlinearity of the DETF flexures.

The automatic gain control loop works with the PLL to make sure that the DETF
resonator's excitation voltage stays the same. Figure 4.5 depicts the block diagram
of the automatic gain control system implemented on the lock-in amplifier. In this
system, the amplified signal coming from the front-end electronics is demodulated
with the in-phase component of the oscillator signal generated by the PLL. The
demodulator output is fed to a low-pass filter. The automatic gain control unit utilizes
a proportional-integral (PI) controller to compare and adjust the low-pass filter
output to a given setpoint. The PI controller output is multiplied by the in-phase
component of the oscillator signal generated by the PLL, and it is applied to the
motor electrode of the corresponding DETF resonators. Since the silicon resonant
accelerometers consist of two DETF resonators, there are two AGC loops in the
overall system working independently. In the remaining part of this section, the
mathematical analysis and simulations are done for one DETF resonator for sake of

simplicity, but the same equations are valid for the other resonator.

Some design parameters should be carefully adjusted for a stable closed-loop
operation of the automatic gain control system. Settling time, phase margin, and
overshoot are some of these parameters. The settling time can be defined as the
response time of the closed-loop system. The amplitude of the oscillation remains
constant throughout the sensor's operation time, indicating that there is no known
disturbance to the control system. Thus, the settling time, or the closed loop

bandwidth, of the automatic gain control system just affects the start-up time of the
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accelerometer. The phase margin of the closed-loop control system should be greater
than 60°. Moreover, the overshoot at the controller output should be avoided in order

not to damage the thin and long flexures of the DETF resonators.

Front-end
Low-pass Filter
(I | P
Sense 100Hz Controller
PLL Set Point

DETF Output

(NCO)

fres. 6°

Motor < i

Figure 4.5: Block diagram of the closed-loop automatic gain control unit.

The open loop behavior of the system should be examined by resonance experiments
before building the closed-loop automated gain controller to get sensor
characteristics such as the natural frequency, gain, and quality factor. The resonance
test determines the transfer function of the MEMS resonator with the front-end
electronics. Figure 4.6 depicts the block diagram of the signal conversions occurring
throughout the resonance test. Firstly, the actuation voltage applied to the motor
electrode causes an actuation force. The actuation force leads to the displacement of
the proof mass. The displacement of the proof mass results in the generation of
current in the sense electrodes. The preamplifier converts the sensor output current

to voltage.
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Figure 4.6: Schematic of signal conversions during the resonance test of DETF

resonator of the silicon resonant accelerometer.

The open loop transfer function of the DETF resonator can be written in terms of the

sensor parameters as follows:

YourS) _, 0Cu L/my Vouw 57 h
Vin(s) " 0x (s2 +%s+w,?) Mgy ~7Pretgaim 45
r

where ‘%” is the capacitive sensitivity of the resonator motor electrodes, f—f is the

capacitive sensitivity of the resonator sense electrodes, Vp,, is the proof mass, m,. is
the mass of the resonator, w,. is the resonance frequency, Q, is the quality factor,

Zp

stage. In Equation 4.5, the gain of the preamplifier stage, the proof mass voltage, and

re IS the preamplifier gain, and the A4, is the amplification factor of the gain

the resonator mass can be found from the design. The resonance frequency and
quality factor of the sensor are determined by the resonance test. Since the motor and
sense electrodes are identical, their capacitive sensitivities can be calculated using

Equation 4.5 and the gain value obtained by the resonance test.
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In the closed-loop system, there is a direct relation between the amplitude of the

front-end output signal and resonator displacement as follows:

ac,
Vour (8) = Vpu WSXZpreAgain 4.6

The signal amplitude of the front-end output is adjusted according to the fixed
voltage applied to the low-pass filter output. The amplitude of this signal defines the
oscillation displacement of the DETF resonator. The open loop behavior of the
automatic gain control loop should be analyzed to examine the settling time, phase
margin, and overshoot using the actual sensor and controller values. Table 4.1 shows
the sensor parameters for one of the DETF resonators of the accelerometer Acce#4
(details in Chapter 5), which were found through resonance tests and sensor design.
The oscillation displacements of the DETF resonators are adjusted to be 0.25um, at
which the resonators give a linear response without stiffness nonlinearity in the

resonance tests.

Table 4.1: Sensor and circuit parameters used for the design of automatic gain

control loop of the accelerometer Acce#4 for 10V proof mass voltage (for one

resonator).
Parameter Value
Resonance Frequency (fr) 16480Hz
Resonance Gain (Ar) 60.3dB
Quality Factor (Q) 45370
Target Oscillation Displacement (X) 0.25um
Voltage Amplitude (Vout) for Target Oscillation 800mV

For a stable operation, the phase margin should be greater than 60° for the automatic

gain control system. The Pl parameter are optimized after few iterations using the
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advisory section of the Zurich Instrument HF-2 lock-in amplifier for the sensor
parameters shown in Table 4.1. Figure 4.7 shows the step response of the system.
The settling time for this the system is calculated to be 22 milliseconds by the
simulation. The phase margin of the system is about 75°, and the bandwidth of

closed loop system is about 30 Hz.
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Figure 4.7: Step response of the closed-loop automatic controller.

The transient response of the closed-loop automatic gain control system is analyzed
constructing a MATLAB SIMULINK model with measured sensor parameters.
Figure 4.7Figure 4.8 depicts the SIMULINK model of the automatic gain control
system of the DETF resonator. Figure 4.9 shows the transient behavior of the front-
end output and displacement signals of the DETF resonator in SIMULINK model.

89



Vout

g
Displacement o
Scope
Displacement P In1
P Vi Qutt »{ Vin Vout +
Vout P In2 +
MEMS Resonator+Front-end Circuit Demodulator-1 Low Pass Filter-100Hz
0.51
Set Point
Int Pl(s) &
Qut1

In2

P1 Controller

Demodulator-2

Figure 4.8: SIMULINK model for the automatic gain control system of the DETF
resonator.
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Figure 4.9: Front-end output and displacement signals of the simulated DETF
resonator.
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4.5 Summary

This chapter gave the details of the frequency readout electronics for the silicon
resonant accelerometers studied in this thesis. The control electronics of the silicon
resonant accelerometer consisted of three major blocks: analog front-end electronics,
phase-locked loops, and automatic gain controllers. The analog front-end circuit
converts the sensor current to voltage and amplifies it. The phase locked-loop
maintains the oscillation of the DETF resonators. The automatic gain control loop
adjusts the oscillation displacement to a desired level. A SIMULINK model for the
automatic gain control system was designed using real sensor parameters to simulate
the transient behavior of the sensor voltage and displacement signals with optimized

controller parameters.
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CHAPTER 5

TEST RESULTS

This section provides the test results of the silicon resonant accelerometers. The
frequency outputs of the silicon resonant accelerometers were acquired by
implementing the readout circuit on the Zurich Instrument HF2 lock-in amplifier
throughout the characterization, performance, and temperature tests. Table 5.1 shows
the list of the silicon resonant accelerometer sensors tested in this thesis work. The
test results of the silicon resonant accelerometers are compared with one of the
commercial capacitive MEMS accelerometers developed by Mikrosistemler. Section
5.1 gives the resonance characterization results of the studied sensors. Section 5.2
presents the 4-point tumble test results for scale factor measurements of the resonant
accelerometers. Section 5.3 provides the temperature test results for the
corresponding sensors. Section 5.4 demonstrates the Allan variance, bias stability
and repeatability test results of the studied accelerometers. Section 5.5 gives the

summary of the chapter.

Table 5.1 List of the silicon resonant accelerometer sensors tested in this study.

] ) Proof Mass
Sensor No Sensor Design Microlever )
Connection
Acce#l SRA Design-1 No Stationary frame
Acce#2 SRA Design-2 Yes Stationary frame
Acce#3 SRA Design-3 Yes Single anchor
Acce#d SRA Design-3 Yes Single anchor
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51 Resonance Characterization of the Silicon Resonant Accelerometers

After the fabrication of the silicon resonant accelerometer, the die-level chip tests
were done using the probe station and lock-in amplifier before integrating the sensor
chips to the sensor module, including the preamplifier op-amp. Figure 5.1
demonstrates the die-level resonance test setup of the accelerometer chips. The
connection to the pads of the sensor chip is achieved by the special probes, as shown
in Figure 5.1. Since the silicon resonant accelerometer consists of two DETF
resonators, the functionality of these resonators was checked through the resonance
test. In the resonance test, the motor electrode of each resonator is exposed to an AC
voltage from the output of the lock-in amplifier. The resonator output is current in
response to the applied AC voltage, and this current is transferred to voltage using a
preamplifier circuit and fed back to the input of the lock-in amplifier. The oscillator
frequency is swept, and the gain and phase characteristics of the corresponding

resonator are obtained.

Figure 5.1: Die-level resonance test setup of the fabricated silicon resonant

accelerometer.
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After the chip-level resonance tests, the functional silicon resonant accelerometer
chips are integrated into the sensor module, including the preamplifier circuit and

temperature sensor. Figure 5.2 shows a silicon resonant accelerometer connected to

the preamplifier circuit on the sensor module.

(b)

Figure 5.2: Silicon resonant accelerometer integrated to the front-end electronics:
(@) top and (b) bottom view.
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After integrating the sensor chips into the sensor module, the resonance tests were
repeated to extract information about the resonance frequency, gain, and quality
factors using the lock-in amplifier. These parameters are needed for optimizing the
controller parameters of the self-oscillation circuit of the DETF resonators. Table 5.2
demonstrates the resonance test results of the DEFT resonators of the silicon resonant

accelerometer with the front-end electronics.

Table 5.2 Resonance characteristics of the DETF resonators of the silicon resonant

accelerometers.

Proof
Sensor No Resonator Vm?;;e Fre(q;;)ncy ((3 daér)l %g?&?
(V)
Acce#l R1 10V 20344.6 54.9 45664
(SRA Design-1) R2 10V 20525.8 55.8 58930
Acce#2 R1 10V 20689.5 55.7 48126
(SRA Design-2) R2 10V 20772.4 55.9 44256
Acce#3 R1 10V 16964.9 62.2 48346
(SRA Design-3) R2 10V 16986.9 60.3 45373
Accett4 R1 10V 16763.8 76.5 50366
(SRA Design-3) R2 10V 16480.4 60.3 45373

In the next step, the resonators of the tested silicon resonant accelerometers were
characterized at different proof mass voltages. Figure 5.3 and Figure 5.4 show the
resonance characteristics of the DETF resonators of the accelerometer Acce#4 for
different proof mass voltages. As the proof mass voltages rise, the gain of the sensor
increases in a manner proportional to the square of the proof mass voltage, as

expected.
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Figure 5.3: Resonance characteristics of the DETF Resonator-1 of the accelerometer

Acce#t4 for different proof mass voltages.
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Figure 5.4: Resonance characteristics of the DETF Resonator-2 of the accelerometer

Acce#4 for different proof mass voltages.

5.2
Accelerometers

Test Set-up for the System Level Tests of the Silicon Resonant

After the resonance characterization of the silicon resonant accelerometers, they are

operated in a self-oscillation loop using the Zurich Instrument HF-2 lock-in

amplifier. In the lock-in amplifier, the resonators are oscillated at a certain level of

displacement using the PLL and PID blocks, and the frequency outputs of the sensor
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are recorded. Figure 5.5 depicts the test set-up for the system-level tests of the silicon
resonant accelerometers. As shown in Figure 5.5, the sensor module, including the
MEMS chip, front-end electronics, and temperature sensor, is integrated to the test
card. The test card provides the connection to the power supply and the lock-in
amplifier. The sensor is driven and sensed by the lock-in amplifier. The test computer
provides the control interface for the lock-in amplifier. The data is plotted and
recorded using the control interface of the lock-in amplifier. This test set-up is used
for the scale factor measurement, temperature tests, and Allan variance tests at the

system level of the silicon resonant accelerometers in this study.

S/

Figure 5.5: Test set-up with the lock-in amplifier for the system-level tests of the

silicon resonant accelerometers.
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53 4-Point Tumble Test for Scale Factor Measurements

The 4-point tumble test is performed to measure the approximate scale factor of the
silicon resonant accelerometers by applying a gravity load along the sense axis.
Figure 5.6 shows the schematic of the test set-up used for the 4-point tumble test. In
this test, the test PCB is rotated by hand along the non-sense axis of the sensor with
a 90° angle step, and the sense axis is exposed to the gravity loads between +1 g and

-1g.

acceleration

~
”

Step 1: +1g lGravitational

-

Step 4: 0g Step 2: 0g

A

Step 3:-1g

Figure 5.6: Schematic of test set-up for the 4-point tumble test.

The tumble test is applied to each accelerometer one by one to measure the scale
factor of the corresponding sensor. Figure 5.7 demonstrates the frequency variations
of the differential DETF resonators of the accelerometer Acce#1 in response to the
applied gravity loads along the measurement axis. The class of the accelerometer
Acce#l is SRA Design-1, which does not employ microlevers in the sensor structure.
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According to the 4-point tumble test results, the scale factor of the accelerometer
Acce#l is found to be 12.44 Hz/g for the differential output.

< 10% Acce#l (SRA Design-1)
2']'55 T T T T T T T T T T T
Scale Factor (DETF-1): 6.26Hz/g
Scale Factar (DETF-2): -6.18Hz/g
206 .
Nooss [ +1g +0g -1g +0g +lg |
2 m | *—J'*_
= T
L 205t .
o
o
Lo
5 2045] 1
[an]
[
[=]
(73]
g 204r .
+1g +0g -1g +0g +1lg
2035 F —M i
203 1 1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50 55
Time (s)

Figure 5.7: The differential DETF resonator outputs of the accelerometer Acce#1 as

a response to the different gravity loads in the tumble test.

Figure 5.8 shows the frequency variations of the differential DETF resonators of the
accelerometer Acce#2 in response to the applied gravity loads along the
measurement axis. The class of the accelerometer Acce#2 is SRA Design-2, which
employs microlevers in the sensor structure. According to the tumble test results, the
scale factor of the accelerometer Acce#2 is found to be 63.8 Hz/g for the differential

output.
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Figure 5.8: The differential DETF resonator outputs of the accelerometer Acce#2 as

a response to the different gravity loads in the tumble test.

Figure 5.9 shows the frequency variations of the differential DETF resonators of the
accelerometer Acce#3 in response to the applied gravity loads along the
measurement axis. The class of the accelerometer Acce#3 is SRA Design-3, which
employs microlevers in the sensor structure. According to the tumble test results, the
scale factor of the accelerometer Acce#3 is found to be 73.54 Hz/g for the differential

output.
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Figure 5.9: The differential DETF resonator outputs DETF resonators of the
accelerometer Acce#3 as a response to the different gravity loads in the tumble test.

Figure 5.10 shows the frequency variations of the differential DETF resonators of
the accelerometer Acce#4 in response to the applied gravity loads along the
measurement axis. The class of the accelerometer Acce#4 is SRA Design-3, which
employs microlevers in the sensor structure. According to the tumble test results, the
scale factor of the accelerometer Acce#4 is found to be 96.05 Hz/g for the differential
output. Table 5.3 gives a summary of the scale factor measurements for the all-tested

silicon resonant accelerometers.
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Figure 5.10: The differential DETF resonator outputs DETF resonators of the
accelerometer Acce#4 as a response to the different gravity loads in the tumble test.

Table 5.3 Results for the scale factor measurements of the silicon resonant

accelerometers.

Scale Factor of Scale Factor of
Sensor No Resonator  Single Resonator  Differential Output
(Hz/g) (Hz/g)
Acce#l R1 6.26
(SRADesign-) o 6.18 a4
Acce#2 R1 31.98 63.80
(SRA Design-2) R2 -31.82 '
Acce#3 R1 36.90 2354
(SRA Design-3) R2 -36.64 '
Acce#t4 R1 46.93 96.05
(SRA Design-3) R2 -49.12 '
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The cross-axis sensitivities of the silicon resonant accelerometers are measured by
applying the gravity loads between +1 g and -1 g to the non-sensitive axes of the
accelerometers. The non-sensitive axes of the accelerometers are the other two axes,
which are orthogonal to the measurement axis. However, the cross-axis sensitivity
test for the single-axis accelerometer gives the result of the axis misalignment errors
rather than the cross-axis sensitivities. The measured axis misalignment errors are
caused by the misalignment of the sensor chip to the sensor module card and the
misalignment of the sensor module to the test card. Therefore, the tested
accelerometer measures some portion of the gravity vector when the gravity load is
applied to the orthogonal axes of the sense axis for the cross-sensitivity
measurement. Table 5.4 shows the cross-axis sensitivity or the equivalent axis
misalignment measurement results of the silicon resonant accelerometers, assuming

that the measurement axis is the axis for the sensors.

Table 5.4 Results for the cross-axis sensitivity or the equivalent axis-misalignment

measurements for the silicon resonant accelerometers.

. . Equivalent Equivalent
Cross-axis  Cross-axis Axis Axis
Sensor No Res. Sensitivity  Sensitivity Misalignment  Misalignment
with y-axis with z-axis with y-axis with z-axis
Aé(sil R1 -2.56% 0.74% -25.7mrad 7.4mrad
ian- -2.50% 73% -25.0mra .32mra
Design-1) R2 2.50% 0.73% 25.0mrad 7.32mrad
A(%C;i? R1 0.87% -2.20% 8.7mrad -22.0mrad
ian- R2 0.88% -2.23% 8.8mrad -22.3mrad
Design-2)
A(%C;f’ R1 1.31% 1.35% 13.1mrad 13.5mrad
Desian-3 R2 1.40% 1.36% 14.0mrad 13.6mrad
gn-3)
A(‘;Céff R1 2.79% -1.22% 27.9mrad -12.2mrad
ian- R2 2.84% -1.21% 28.4mrad -12.1mrad
Design-3)
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54  Temperature Tests

The main goal of this study is to develop a low-bias drift silicon resonant
accelerometer with a low thermal sensitivity to replace its capacitive counterparts.
Thus, the temperature tests are crucial for verifying the performance parameters of
the sensors developed in the scope of this thesis. The temperature tests were done
using the "ESPEC SH-662" oven located in the METU-MEMS facility, which has a
temperature range of -40 °C to +85 °C. Figure 5.11 depicts the temperature test set-
up placed inside the test oven. The frequency read-out circuit was implemented using

the lock-in amplifier, as shown in Figure 5.5.

Figure 5.11: Test set-up for the temperature test of the silicon resonant

accelerometers.
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The temperature test is applied to each accelerometer one by one to measure the
temperature sensitivity of the corresponding sensor. Figure 5.12 depicts the
temperature test results of the accelerometer Acce#1, which belongs to the SRA
Design-1 class. The temperature test results of the accelerometer Acce#1 show that
the temperature characteristics of the two DETF resonators are quite different from
each other. This difference can be explained by the deflection or crack of the beams
connecting the proof mass to the stationary outer frame due to the stress, as
mentioned in Section 3.2. The maximum change in the differential output of the
accelerometer Acce#l is measured to be 2033 mg for the temperature range from
-40 °C to +85 °C.

Figure 5.13 demonstrates the temperature test results of the accelerometer Acce#2,
which belongs to the SRA Design-2 class. Similar to the accelerometer (N4P7), the
DETF resonators of the accelerometer Acce#2 give different responses to the
temperature variation due to the stress caused by the stationary outer frame. The
maximum change in the differential output of the accelerometer Acce#2 is measured
to be 121.9 mg for the temperature range from -20 °C to +85 °C. The sensor frames
of the SRA Design-1 and SRA Design-2 are similar: the proof mass is connected to
the stationary outer frame. As explained in Section 3.2, these accelerometers have
thermal stress after they have been manufactured.

The stress problems in SRA Design-1 and SRA Design-2 led to the development of
a resonant accelerometer structure located on a single anchor, namely SRA
Design-3. Figure 5.14 shows the temperature test results of the accelerometer
Acce#3, which belongs to the SRA Design-3 class. According to the test results, the
shift in the resonance frequencies of both DETF resonators is about 14.8 Hz for the
temperature variation from -40 °C to +85 °C, and both resonators have the same
temperature characteristics. So, the maximum change in the differential output of the
accelerometer Acce#3 is measured to be 5.4 mg for the whole temperature range.
This corresponds to an improvement factor of approximately 20 to 400 over the

accelerometers Acce#2 and Acce#l, respectively.
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Figure 5.15 depicts the temperature test results of the accelerometer Acce#4, which
also belongs to the class of the SRA Design-3. Similar to the accelerometer Acce#3,
both resonators have the same temperature characteristics, and the maximum shift in
the resonance frequency of each resonator is about 12.8 Hz in the maximum
temperature range. The maximum change in the differential output of the
accelerometer Acce#4 is measured to be 4.2 mg for the temperature variation from
-40 °C to +85 °C.

To compare the results of the silicon resonant accelerometers with the capacitive
ones, the temperature characteristic of a typical commercial capacitive MEMS
accelerometer developed at Mikrosistemler is analyzed. Figure 5.16 shows the
temperature test results of a capacitive MEMS accelerometer for the temperature
range from -32 °C to +55 °C. For the given temperature range, the tested capacitive

accelerometer had a maximum output change of 110 mg.

Table 5.5 gives the summary of the temperature test results of four silicon resonant
accelerometers and one capacitive MEMS accelerometer. Although the
accelerometers in SRA Designs-1 and SRA Designs-2 suffer from thermal stress,
SRA Design-3 overcomes this issue thanks to the single-anchor device structure,
resulting in excellent temperature performance. Compared to the results of the
capacitive ones, the temperature sensitivity of the SRA Design-3 accelerometers is
at least 20 times better than that of their capacitive counterparts. So, the temperature
tests show that the silicon resonant accelerometers developed in this study are much
less sensitive to temperature than the capacitive ones.
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Figure 5.12: Temperature characteristics of the accelerometer Acce#1.

109



x<10* Acce#2 (SRA Design-2)

N
o
3
co
T
I

|

2.076

2.074

S 4
2.072 r
207 \ _
20 40 60 80 100
Temperature (°C)

Resonator Frequency (Hz)

Mo
=]
(=]
oo
T
I

A
(=}
i
L)
o
o

P
=

— ({1-12)

1 1 1
~ ~ ~
o IN N

T T T

1 1 1

Frequency Difference (Hz)
4
(5]

20 40 60 80 100
Temperature (°C)

3
A
(=}
i
[ -
o
(] -

"1100 T T T T T T

e ({1-12)/SF

-1150

-1200 1

Acceleration Output (mg)

_ -1 250 1 1 1 1 1 1
-40 -20 0 20 40 60 80 100

Temperature (°C)

Figure 5.13: Temperature characteristics of the accelerometer Acce#2.
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Figure 5.14: Temperature characteristics of the accelerometer Acce#3.
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Figure 5.15: Temperature characteristics of the accelerometer Acce#4.
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Figure 5.16: Temperature characteristics of a typical commercial MEMS
accelerometer developed by Mikrosistemler for the temperature range from -32°C to
+55 °C.

Table 5.5 Temperature test results of the silicon resonant accelerometers.

Max. Freq. Max. Freq. Max. Acc.

Sensor No ;Zr:pé Res. Change for  Change for  Change for
g Sing. Output  Diff. Output  Diff. Output
A}é‘éfil -4oec RL- w204k 25 3H 2033
R -25.3Hz mg
Design-1) o> C  R2 +3.3Hz
Acce#2 20°C R1 -26.0Hz
(SRA . -7.8Hz -121.9mg
Design-2) +85°C R2 -18.4Hz
Acce#3 -40°C R1 -14.8Hz
(SRA o +0.4Hz 5.4mg
Design3)  "8°C R -14.8Hz
Acce#4 -40°C R1 -12.8Hz
(SRA R +0.4Hz 4.2mg
Design-3) +85°C R2 -12.8Hz
-32°C
Cap. +55°C - - - 110mg
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5.5  Allan Variance and Bias Repeatability Tests

The Allan variance technique is used to assess the performance characteristics of
accelerometers, including velocity random walk (VRW) and bias instability. VRW
is the accumulation of velocity inaccuracy over time owing to white noise in
acceleration., while bias instability represents the smallest measurable acceleration.
Figure 5.17 displays a general Allan variance plot. In this plot, the intersection points
of the line with a slope of -0.5 and an average duration of 1 corresponds to the
velocity random walk, whereas the lowest value of Allan deviation corresponds to
the bias instability. The right side of the Allan deviation graph shows how fast the
output of the accelerometer drifts over time. Thus, the more horizontal the right side

of the graph stays, the better the long-term stability of the sensor.

o(T)

. Acceleration
2 CDFFE_|EItEd Random Walk
Moize

Sinusoidal

Bias

Instability J T

Figure 5.17: A general Allan variance plot for accelerometer.

The Allan variance test is performed by collecting data from the sensor in a stationary
position for a set period of time and then evaluating the collected data using the Allan
variance method. In this study, the Allan variance performance of each
accelerometer is measured. Figure 5.18 demonstrates the Allan variance plots of the
accelerometers Acce#l and #Acce#2 at room temperature. The bias instability and

VRW performances of the accelerometer Acce#l are measured to be 77 pg and
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245 pg/NHz, respectively. On the other side, the bias instability and VRW
performances of the accelerometer Acce#2 are measured to be 3.4 pg and 16.5
ug/VHz, respectively. Although the scale factor of the accelerometer Acce#2 is equal
to 5 times the scale factor of the accelerometer Acce#1, the noise performance of the
accelerometer Acce#2 is at least 15 times better than the noise performance of the
accelerometer Acce#l. This unexpected difference can be explained by the
fabrication related mechanical stability problem of the accelerometer Acce#l.
Eventually, the right sides of the Allan variance plots of both the accelerometers
Acce#l and Acce#2 do not stay horizontal with increasing averaging time since the

biases of both accelerometers drift quickly.

1[}4 T T T
Acce#1 (SRA Design-1)
Acce#2 (SRA Design-2)
10% £ 1
Acce#l
- BI=77 ug
E‘L ) VRW=245 pg/vHz
=10°F E
[N
T
101 F Acce#i2 J
Bl=3.4 g
VRW=16.5 pg/vHz
1DD I I 1
107 10 10° 10% 10*

T (sec)

Figure 5.18: Allan Variance plots of the accelerometer Acce#1 and Acce#2 at room

temperature.
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The single-anchor resonant accelerometer structure, namely SRA Design-3, has
significantly improved the bias stability performance of the sensor, suppressing the
effects of thermal stress. Figure 5.19 demonstrates the Allan variance plots of the
accelerometers Acce#3 and Acce#4 at room temperature. The bias instability and
VRW performances of the accelerometer Acce#3 are measured to be 2.98 ug and
11.9 ug/VHz, respectively. Similarly, the bias instability and VRW performances of
the accelerometer Acce#4 are measured to be 1.25 pg and 6.1 pg/NHz, respectively.
As shown in Figure 5.19, the bias deviation remains less than 10 pg even when the
averaging time, 1, exceeds 1000s. The horizontal stay on the right side of the Allan

variance graphs confirms the long-term stability of the accelerometers.

103 ; ; ;
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Acce#4 (SRA Design-3)
10% ¢ Acce#3 ]
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Figure 5.19: Allan Variance plots of the accelerometer Acce#3 and Acce#4 for 10

hour-data at room temperature.
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To compare the results of the silicon resonant accelerometers with the capacitive
ones, the Allan variance test result of a typical commercial capacitive MEMS
accelerometer developed by Mikrosistemler is given. Figure 5.20 depicts the Allan
variance plot of the typical capacitive MEMS accelerometer at 25°C in the
temperature-controlled environment. The bias instability and VRW performances of
the corresponding accelerometer are measured to be 9.9 pg and 13.1 pg/NHz,
respectively. As shown in Figure 5.20, the bias deviation exceeds 100 pg before the
averaging time, t, reaches to 500s.

‘]Dq T T T
Capacitive Acce.
BI=9.9 g

3 VRW=13.1ug/VHz

10°
=

102 F
101

107 1072 10° 102 104
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Figure 5.20: Allan Variance plot of the capacitive MEMS accelerometer at 25°C in

the temperature-controlled environment.
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Figure 5.21 depicts the raw data from the accelerometers Acce#3, Acce#4, and
capacitive one, for which the Allan variance plots are shown in Figure 5.19 and
Figure 5.20. The bias of the accelerometer Acce#3 shifts 0.15 mg in 11 hours at room
temperature. The 1-hour and 10-hour bias stabilities of accelerometer Acce#3 are
3.7 ug and 33.7 nug, respectively. Similarly, the bias of the accelerometer Acce#4
shifts 0.25 mg in 10 hours at room temperature. The 1-hour and 10-hour bias
stabilities of accelerometer Acce#4 are 2.8 ng and 26.6 pg, respectively. On the other
hand, the bias of the capacitive accelerometer shifts 1.7 mg in 50 minutes at 25 °C
in a temperature-controlled cabin. The 1-hour bias stability of the commercial

capacitive MEMS accelerometer is 315 pg.

The repeatability of the bias is evaluated for the accelerometer Acce#3 and Acce#4
at the room temperature and for the commercial capacitive sensor at the constant 25
°C. During this test, data is collected from the corresponding sensor for 15 minutes
at the stationary position, then, the power is shut down to cool for 15 minutes. This
cycle is repeated for 5 times. The bias repeatability is calculated by taking the
standard deviation of the 5 bias measurements. Table 5.6 shows the bias repeatability

test results of the evaluated accelerometers.

Table 5.6 Bias repeatability test results of the evaluated accelerometers.

Test No Acce#3 Accett4 Capacitive
(SRA Design-3)  (SRA Design-3) (Calibrated)
Measurement #1 -299. 964 mg 2166.772 mg -0.408 mg
Measurement #2 -299. 968 mg 2166.779 mg -0.369 mg
Measurement #3 -299. 969 mg 2166.768 mg -0.347 mg
Measurement #4 -299. 957 mg 2166.764 mg -0.327 mg
Measurement #5 -299. 952 mg 2166.763 mg -0.309 mg
Bias

. 7.3 ug 6.6 nug 38.3 ug
repeatability
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Figure 5.21: Comparison of the raw data of SRA Design-3 accelerometers and the

typical commercial capacitive MEMS accelerometer developed by Mikrosistemler.
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Table 5.7 summarizes the Allan variance results of four silicon resonant
accelerometers and one capacitive MEMS accelerometer. Due to the stress effect,
the bias drifts of the accelerometers in SRA Design-1 and SRA Design-2 are higher
than expected. However, the single-anchor device structure of the accelerometers in

SRA Design-3 makes them very stable over time.

Table 5.7 Comparison of the Allan variance results of the accelerometers

Velocity 1-hour

Bias Random bias Bias
Sensor No  Condition Instability - Repeatability
(n2) Walk stability (ng)
(ng\Hz)  (ng)
Acce#l Room
(SRA Temp 77 245 - -
Design-1) '
Acce#2 Room
(SRA Temp 3.4 16.5 - -
Design-2) '
Acce#3 Room
(SRA Temp 2.98 11.9 3.7 7.3
Design-3) '
Acce#4 Room
(SRA Temp 1.25 6.1 2.8 6.6
Design-3) '
Capacitive 2> & 9.9 13.1 315.4 38.3
constant

5.6 Summary of Test Results

This chapter presented the test results of the silicon resonant accelerometers. Firstly,
the resonance characterization results of the studied sensors are demonstrated. Then,
the scale factor measurement results are given for the corresponding accelerometers.
Next, the temperature characteristics of the sensors are shown. Finally, the Allan

variance and bias repeatability test results of the silicon resonant accelerometers
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were provided. Moreover, the test results of the silicon resonant accelerometers are
compared with one of the commercial capacitive MEMS accelerometers developed
by Mikrosistemler. Table 5.8 gives a summary of the test results for the studied
accelerometers. Test results have confirmed that the SRA Design-3 accelerometers
show excellent performance in terms of temperature sensitivity and bias stability
compared to the capacitive ones. Furthermore, their noise performance is even better

than that of their capacitive counterpart.

Table 5.8 Summary of the test results of the accelerometers.

Max.

Acc. Bias )
Res. — SF  Gitout BI  VRW  Stab. b3S

Sensor No Res. l(?I;eZ()l ((I(-iIlzf/fg)) Change (ng) (ng/ \/Hz) (1-h) I({ep).
“ w/Temp. (ng) He
(mg)
R1 20344 2033
Accer 12.4 (-40°C 77 245
(SRA R2 20525 '
Design-1) /+85°C)
Accet? R1 20689 -121.9
63.8 -20°C 34 16.5 - -
(S.RA R2 20772 (
Design-2) /+85°C)
Accet3 R1 16964 5.4
735 -40°C  2.98 11.9 3.7 7.3
(S.RA R2 16986 (
Design-3) /+85°C)
Accetd R1 16763 4.2
96.1 -40°C 1.25 6.1 2.8 6.6
(S.RA R2 16480 (
Design-3) /+85°C)
110
Capacitive - - - (-32°C 9.9 13.1 3154 38.3
/+55°C)
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CHAPTER 6

CONCLUSION

This research work presents the design and experimental verification of low
temperature drift silicon resonant accelerometers for tactical grade applications. The
working principle of a silicon resonant accelerometer is based on force sensing, in
which the sensor output is a frequency proportional to the input acceleration. The
stress-insensitive sensor design prevents the thermal stress produced by the
mismatch of the thermal expansion coefficients (CTE) of glass and silicon in the
device from transmitting to the DETF resonators. In the scope of this thesis, three
different silicon resonant accelerometer structures are sequentially designed,
fabricated, characterized, and tested with the frequency readout circuit. The first
sensor structure consists of two DETF resonators and a large proof mass connected
to a stationary outer frame. The second sensor structure utilizes microlevers to
magnify the inertial force acting on the DETF resonators in addition to the sensor
frame of the first sensor structure. Although specially designed stress release beams
are implemented in the first and second sensor structures, they suffer from thermal
stress caused by the stationary outer frame. In the third sensor design, the sensor
structure is placed on a specially designed single anchor to overcome the stress
problem encountered in the first two sensor designs. The FEM simulations are
performed to analyze and optimize the mode shapes, force sensitivity, and
temperature sensitivity of the sensor structures. The designed resonant
accelerometers are fabricated using the aMEMS1 process with wafer-level hermetic
encapsulation. The fabricated sensor chips are integrated with the capacitive
preamplifier and digital signal processor (DSP)-based phase-locked-loop (PLL)
system implemented on a Zurich Instrument HF-2 lock-in amplifier. The

functionalities of the accelerometers are verified by the resonance and 4-point tumble
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tests, and their performances are experimentally evaluated in terms of bias stability

and thermal sensitivity by temperature and Allan variance tests.
The following are the findings and achievements of this study:

1. There are several design concerns for a silicon resonant accelerometer to
satisfy the requirements for high-end applications. A large-scale factor for
high acceleration sensitivity, vacuum packaging for minimizing phase noise,
low stiffness nonlinearity, and temperature sensitivity for low-bias drift are
needed to achieve a high-performance silicon vibrating beam accelerometer.
Among these challenges, the thermal stress on the sensing element caused by
the thermal expansion coefficient difference between the glass and silicon is
the most important problem limiting the long-term stability of the sensor.
Although there are different approaches for improving the thermal sensitivity
of the silicon resonant accelerometers, such as implementing a micro-oven
and calibrating the sensor output with external temperature sensor or an
additional resonator, the most effective way is to optimize the sensor
structure to minimize the temperature drift of resonant accelerometers. This
work presents a low-temperature drift silicon micromachined resonant
accelerometer mounted on a single anchor with specially designed stress
release beams. The tested accelerometers provide lower thermal sensitivity,
lower bias drift, and better noise performance compared to their commercial
capacitive counterparts developed by Mikrosistemler.

2. The mechanical model of the silicon resonant accelerometer is investigated.
The force sensitivity of the DETF resonators and mathematical equations
microlever mechanism are analyzed, and the acceleration sensitivity of the
overall sensor system is determined. The acceleration sensitivity of the
resonant accelerometer is proportional to the length of the DETF flexures and
inversely proportional to the width of the flexures. However, these device
parameters are limited by the sensor fabrication process. A single-stage
microlever mechanism helps to amplify the inertial force acting on the
sensing beams. Operating the DETF resonators in out-of-phase mode
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improves the quality factor and drive efficiency of the resonators. The
separation between the in-phase and out-of-phase mode frequencies of the
DETF resonator is adjusted by the dimension of the base beam connecting to
flexures to prevent the interaction of two modes. The stiffness nonlinearity
of DETF flexures is proportional to the beam length and oscillation amplitude
and inversely proportional to the beam width. The device parameters are
determined considering the force sensitivity of the DETF resonators, so the
stiffness nonlinearity of the sensing beams is minimized by adjusting the
oscillation amplitude. The flexures of the DETF resonators are excited at the
resonance using the varying overlap area type capacitors. Although the
varying-gap type capacitor provides higher capacitive sensitivity than the
varying-overlap type capacitor, the electrostatic spring effect in the varying-
gap type capacitor would pose a problem for the frequency stability of the
resonator output.

. Three different silicon resonant accelerometer architectures are designed
based on the theoretical analysis of the mechanical model. The same DETF
resonator design is used in each sensor structure. The in-phase and out-of-
phase mode resonance frequencies of the DETF resonator are 21787 Hz and
23185 Hz, respectively. The first silicon accelerometer design (SRA Design-
1) has a basic structure comprising two DETF resonators and a large proof
mass connected to a stationary outer frame. The differential scale factor of
this structure is calculated to be 11.2 Hz/g and simulated to be 11.0 Hz/g in
FEM analysis. The second silicon accelerometer design (SRA Design-2)
utilizes microlevers integrated into the proof mass to increase force
sensitivity, in addition to the sensor structure of the first design. The
differential scale factor of this structure is calculated to be 48.3 Hz/g and
simulated to be 46.3 Hz/g in FEM analysis. The thermal stress-related
problems of the first and second sensor designs led to a silicon resonant
accelerometer mounted on a single anchor with specially designed stress

release beams, namely the third silicon resonant accelerometer design (SRA
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Design-3). The differential scale factor of the third structure is calculated to
be 33.6 Hz/g and simulated to be 32.5 Hz/g in FEM analysis. The stress
release beams are optimized on each device structure by thermal simulations
in COMSOL. A realistic temperature simulation model is constructed for the
third-generation silicon resonant accelerometer, and the thermal sensitivity
of the accelerometer output is simulated for the silicon and glass anchor
cases.

. The designed silicon resonant accelerometers are fabricated using a wafer-
level hermetic encapsulation process, namely the aMEMS1 process. In this
process, the sensor structure is manufactured by Mikrosistemler using their
patented Silicon-on-Glass (SOG) process, then it is vacuum packaged with
an SOI cap wafer. After the fabrication of the first and second silicon resonant
accelerometer designs, a deflection or crack on the springs connecting the
proof mass to the stationary outer frame is observed because of the thermal
expansion coefficient difference between glass and silicon after the anodic
bonding. This problem is solved by using a single-anchor sensor design, SRA
Design-3. During the fabrication of the sensor wafer, the technical problems
associated with the DRIE system caused imbalanced etching of the DETF
flexures on the sensor structure, resulting in wider capacitive gaps and
narrower spring widths. This problem led to a resonance frequency difference
between the DETF resonators of some sensor chips.

. The fabricated silicon resonant accelerometers are chip-level characterized
through the resonance tests. While the resonance frequencies of the DETF
resonators in the first and second design sensors are measured to be about 20
kHz, the ones in the third design sensors are measured to be about 17 kHz.
This resonance frequency difference arises from the imbalance and harsh
etching in the latest DRIE processes during the fabrication of the SRA
Design-3 accelerometers. The quality factors of the tested accelerometers
range between 45,000 and 60,000, ensuring the inside of the sensor is

vacuumed.
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6. The chip-level characterized silicon resonant accelerometers are integrated
with the capacitive preamplifier and a DSP-based phase-locked-loop (PLL)
system implemented on a Zurich Instrument HF-2 lock-in amplifier. The
capacitive preamplifier is preferred instead of the resistive one to improve
the signal-to-noise ratio of the sensor system. The phase-locked loop (PLL)
maintains the oscillation of the DETF resonator, and the automatic gain
control loop adjusts the amplitude of the oscillation. The measurement
bandwidth of the accelerometer is determined by the closed-loop bandwidth
of the PLL, which is set to 33 Hz for this study. The amplitude of oscillation
displacement for the DETF resonators is adjusted to 0.25 um, avoiding the
nonlinear stiffness effect of the flexures.

7. The functional silicon resonant accelerometers integrated into the frequency
readout circuit undergo a series of tests to evaluate their performances in
terms of scale factor, bias stability, noise, and temperature sensitivity. The
accelerometer Acce#l (SRA-Design-1) has a differential scale factor of
12.44 Hz/g, a bias instability of 77 ug, a velocity random walk of 245
ng/VHz, and the maximum bias change of this sensor is about 2033 mg for
the temperature range from -40 °C to +85 °C. The accelerometer Acce#2
(SRA-Design-2) exhibits a differential scale factor of 63.8 Hz/g, a bias
instability of 3.4 ng, a velocity random walk of 16.5 ug/VHz, and the
maximum bias change of this sensor is about 121.9 mg for the temperature
range from -20 °C to +85 °C. The utilization of the microlevers in the SRA-
Design-2 greatly improves the bias instability and noise performances of the
sensor due to the higher scale factor. However, the performances of the
accelerometers Acce#l and Acce#2 are still below their potential due to
stress related problems during the sensor fabrication. The accelerometer
Acce#3 (SRA-Design-3) shows a differential scale factor of 73.5 Hz/g, a bias
instability of 2.98 g, a bias stability of 3.7 ug, a bias repeatability of 7.3 ug,
a velocity random walk of 11.9 pg/vHz, and the maximum bias change of

this sensor is about 5.4 mg for the temperature range from -40 °C to +85 °C.
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Similarly, the accelerometer Acce#4 (SRA-Design-3) shows a differential
scale factor of 96.1 Hz/g, a bias instability of 1.25 ug, a bias stability of 2.8
ug, a bias repeatability of 6.6 ug, a velocity random walk of 6.1 pg/\VHz, and
the maximum bias change of this sensor is about 4.3 mg for the temperature
range from -40 °C to +85 °C. The elimination of the stress problem with a
single-anchor sensor structure drastically enhances the temperature stability
of the accelerometer output. On the other hand, the typical commercial
capacitive MEMS accelerometer developed by Mikrosistemler demonstrates
a bias instability of 9.9 ng, a bias stability of 315.4 ng, a bias repeatability of
38.3 ng, a velocity random walk of 13.1 pug/vHz, and the maximum bias
change of this type of sensor is about 110 mg for the temperature range from
-32°C to +55 °C. Comparing the results of the typical capacitive MEMS
accelerometer and the SRA Design-3 accelerometers developed in this thesis,
the silicon resonant accelerometers are at least 20 times better in terms of
temperature sensitivity, at least 3 times better in terms of bias instability, at
least 85 times better in terms of bias stability, and comparable or better in
terms of velocity random walk. More importantly, while the bias of the
typical capacitive MEMS accelerometer shifts 1.7 mg in 50 minutes at
constant 25°C, the biases of SRA Design-3 accelerometers shift less than

0.25 mg in 10 hours at uncontrolled room temperature.

The major achievement of this study is the development of a silicon resonant
accelerometer with much better bias drift and thermal sensitivity than its capacitive
counterparts to replace them in high-end applications. Table 6.1 shows the
comparison between this work and the results in the literature. To further improve
the performance of the overall system, the following issues can be undertaken as

future research topics:

1. The sensor fabrication process should be optimized for the DRIE step. The
imbalanced and harsh etching of the device structure causes a frequency
difference between the differential DETF resonators, resulting in a larger

sensor offset, higher temperature sensitivity, and worse nonlinearity.
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2. Device structure should be improved to increase the scale factor or the
acceleration sensitivity of the sensor. This enhancement can be done in
several ways. One method is to increase the proof mass area by optimizing
the out-of-plane modes of the sensor structure. Another method is to
implement a two-stage lever mechanism instead of a single-stage one. The
noise performance of the overall system might be enhanced by increasing the
poor capacitive sensitivity of the motor and sense electrodes of the DETF
resonators, because the larger capacitive sensitivity of the electrodes leads to
a better signal-to-noise ratio for the system.

3. The fabrication of the silicon resonant accelerometers using an all-silicon
wafer-level packing process completely eliminates the thermal stress effects
on the device structure. The aMEMS?2 process [62] is a glass-free, all-silicon
wafer-level fabrication and hermetic encapsulation technique for MEMS
devices, consisting of two SOl wafers. However, this process is not
appropriate for the fabrication of the devices with large area because of the
inadequate thickness of the buried oxide layer as an anchor height. The
aMEMS2 process should be optimized for the fabrication of the silicon
resonant accelerometers. Alternatively, using the cavity SOI wafer instead of
the standard SOI wafer might enable the fabrication of the silicon resonant
accelerometers with the aMEMS2 process.

4. A low-noise frequency readout circuit should be developed on the PCB to
commercialize the silicon resonant accelerometers as a product. The PLL circuit

should be optimized to improve the noise performance of the system.
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Table 6.1 Comparison between this work and results in the literature.

This
[40] [19] [29] [22] [48] | [45] | Cap. Work
Year 2015 | 2016 2016 2017 | 2019 | 2020 | 2021
Res.
Freq. 20 26 22.1 800 20 | 1384 - 16.8
(kHz)
Scale
Factor 127 10 160 427 361 516 - 96
(Hz/g)
R"E‘g)ge 120 | 410 | 220 -l wa | - ] 130 | +60
Bias
Temp. | a5 | g5 i 203 | 44 | 420 | 1264 | 31
Sens.
(ng/°C)
romp | aor | as || 200 | 4307 | a0 | 32/ | 40/
(°cg +60 | +95 +80 | +60 | +60 | +55 | +85
Bias
Stability | 11.5 - 10 - 1.77 - 315 2.8
(ng)
Bias
Inst. 4 - 1 - 0.06 - 9.9 1.25
(ng)
VRW
(ng/ JHz) - >100 13 - - - 13.1 6.6
Vggléllim Die- | Wafer- | Wafer- | Wafer- | Die- | Die- | Wafer- | Wafer-
Methdd level | level level level | level | level | level level
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