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ABSTRACT

MEMS RESONANT TEMPERATURE SENSING WITH VARIABLE
COUPLING STIFFNESS AND IMPROVED SENSITIVITY

Simsek, Ertug
Master of Science, Micro and Nanotechnology
Supervisor: Assoc. Prof. Dr. Kivang Azgin
Co-Supervisor: Assist. Prof. Dr. Emre Yiice

September 2020, 84 pages

This thesis presents the design, modelling, fabrication and characterization of a
resonance based MEMS temperature sensor with improved sensitivity. The
temperature sensor is composed of an electrostatically coupled double ended-tuning
fork (DETF) MEMS resonator. The sensor utilizes the thermal expansion coefficient
difference of the materials to detect the temperature change. The design consists of
2 resonator tines where each of them has two capacitive plates on each side. The
capacitive plates facing each other on the inner side of the resonators are used for the
electrostatic coupling, which is the crucial point of the study. The negative
electrostatic coupling stiffness generated between these tines enables mode-ordering.
By mode-ordering, the sensor can be operated closer to pull-in in order to achieve
higher sensitivity for the out-of-phase mode. The outside capacitive plates are used
for actuation and sensing, whose mechanisms are explained with the equations. The
analytical model is presented with the thermo-electro-mechanical equations for the
mode shapes and their corresponding natural frequencies. The model is verified by
the Finite Element Analysis by comparing the resonance frequencies of the modes



of interests. In FEM analysis, the effects of the electrostatic coupling are shown with
the parametric sweep for the various proof mass voltage configurations with the
thermal expansion physics node included. Having the thermal expansion, the effect
of the temperature increase is shown in the modal analysis as the frequency shift in
the mode of interests. The characterization tests are performed in a vacuum
environment. The quality factor for the out-of-phase mode is about 25500 at a
pressure of around 0.15mTorr. Resonance frequencies for the mode of interests of
the resonator are close to the analytical model and the FEM simulation results. The
effect of the electrostatic softening effect is investigated for the same, and the
opposite sign proof mass voltage configurations. The frequency change for the
opposite sign proof mass configuration from 6V to 20V is 3063Hz and 666Hz for
out-of-phase and in-phase, respectively. For the same proof mass configuration, the
resonance frequency shifts 579Hz. The out-of-phase mode and the in-phase mode
frequency changes for the temperature increase from 25°C to 65°C are 1078Hz and
988 Hz for the Vpm1=20V and Vpm2=-20V. For the same proof mass configuration
(Vem1=20V and Vpm2=20V), the frequency change is 986Hz, still lower than the in-
phase mode frequency of the opposite sign proof mass voltage configuration but very
close as expected. The overall sensitivities are obtained using the maxima of the
frequency response plots. For the opposite sign proof mass configuration, out-of-
phase mode and in-phase mode temperature sensitivity are increased from 24.4Hz/K
to 26.5Hz/K and 24Hz/K to 24.4Hz/K, respectively, with the voltage increase from
8V to 20V. This study shows that the temperature sensitivity can be increased by
varying coupling stiffness by adjusting the proof mass voltages close to pull-in

voltage and mode-ordering.

Keywords: MEMS, Resonator, Double-Ended Tuning Fork (DETF), Temperature

Sensor
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0z

YUKSEK COZUNURLUKLU, DEGISKEN ESLENIK YAY SABITLI
TITRESIM TABANLI MEMS SICAKLIK SENSORU

Simsek, Ertug
Yiksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi: Dog. Dr. Kivang Azgin
Ortak Tez Yaneticisi:Dr. Ogr. Uyesi Emre Yiice

Eylil 2020, 84 sayfa

Bu tez, gelistirilmis hassasiyete sahip bir rezonant tabanli MEMS sicaklik
sensOriiniin ~ tasarimini, modellemesini, imalatim1  ve karakterizasyonunu
sunmaktadir. Sicaklik sensorii elektrostatik olarak bagli ¢ift sonlu ayar ¢atali (DETF)
MEMS rezonator igerir. Sensor, sicaklik degisimini tespit etmek i¢in termal
genlesme katsayisi farki prensibini kullanir. Tasarim, her birinin her iki tarafinda iki
kapasitif plakaya sahip olan 2 rezonatdr ¢atalindan olusur. Rezonatdriin i¢ kisminda
birbirine bakan kapasitif plakalar ¢alismanin can alici noktas: olan elektrostatik
baglanti i¢in kullanilir. Negatif elektrostatik baglanti sertligi mod siralamasini saglar.
Mod siralamasi ile sensor, daha yiiksek hassasiyet elde etmek amaciyla faz dis1 mod
icin sinir yapisma gerilimine ¢ok yakin c¢aligtirilabilir. Denklemlerle g¢alisma
mekanizmalari agiklanan dis kapasitif plakalar ¢alistirma ve algilama i¢in kullanilir.
Analitik model, mod sekilleri ve karsilik gelen dogal frekanslar igin termo-elektro-
mekanik denklemlerle sunulur. Model, ilgili modlarinin rezonans frekanslari

karsilastirilarak sonlu eleman analizi ile dogrulanir. Sonlu eleman analizinde,

vii



elektrostatik baglanmanin etkileri, gesitli gévde kitle voltaji konfiglirasyonlar1 i¢in
termal genlesme fizik diiglimii dahil edilerek parametrik taramayla gosterilmistir. Isil
genlesme dahil edilerek, sicaklik artisinin etkisi modal analizde ilgili modlardaki
frekans kaymas1 olarak gosterilir. Karakterizasyon testleri vakum ortaminda
gerceklestirilir. Zit fazli mod i¢in kalite faktort, 0.15mTorr civarindaki bir basingta
yaklasik 25500'diir. Rezonatorin ilgili modu i¢in rezonans frekanslart analitik
modele ve FEM simiilasyon sonuglarina yakindir. Elektrostatik yumusatma etkisinin
etkisi ayn1 ve zit isarete govde kiitle voltaj konfigiirasyonlari igin arastirilmistir. Zit
isaretli kiitle govde voltaji yapilandirmasi icin 6V'den 20V'ye frekans degisimi,
sirastyla faz dist ve faz i¢i i¢in sirasiyla 3063Hz ve 666HZz'dir. Ayni isaretli gévde
kiitle voltaji konfigiirasyonu igin, rezonans frekans degisimi 579Hz’tir. 25°C'den
65°C'ye sicaklik artis1 i¢in faz dist mod ve faz ici mod frekansi degisiklikleri,
VPM1=20V ve VPM2=-20V igin 1078Hz ve 988 Hz'dir. Ayn1 gdvde kitle voltaji
konfigiirasyonu i¢in (VPMI1 = 20V ve VPM2 = 20V), frekans degisimi 986Hz'dir.
Zit isaretli govde kutle voltaj konfigirasyonunun faz i¢i mod frekansina ¢ok yakin
olsa da beklendigi gibi daha diisiiktiir. Genel sicaklik hassasiyetleri frekans yaniti
grafiklerinin maksimumlarindan elde edilnistir. Zit isaretli govde kiitle
konfigiirasyonu i¢in faz dis1 ve faz ici sicaklik hassasiyetinin 8V'tan 20 V'a dogru
olan gerilim artis1 ile, sirasiyla, 24.4 Hz/K'den, 26,5 Hz/K’e ve 24 Hz/K’den,
24,4Hz/K’e arttig1 gozlemlenmistir. Bu ¢alisma, kiitle voltaj geriliminin, sinir
yapisma gerilimine yakinlagtirilarak, baglanti sertligi degistirilmesi ve mod

siralamasi ile sicaklik hassasiyetinin artirilabilecegini gostermektedir.

Anahtar Kelimeler: MEMS, Rezonator, Cift Tarafli Ayarlama Catali, Sicaklik
Algilayict
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CHAPTER 1

INTRODUCTION

Humankind has measured quantities for agriculture, construction, trade and
navigation purposes since around 3" and 5" century BC. Over time, more accurate
measurement is needed in order to develop new technologies, to ease life and to trade
between nations on Earth. Starting with the 18™ century, with the help of electricity
developments and its applications, more standardized, universal and modern
measurement techniques are developed[1]. New materials and their applications
started to play a crucial role in developing technology. In the middle of the 19
hundreds, the utilization of the semiconductors started a new technology era with
developments in integrated circuitry(IC) and the invention of the transistor. The
dimensions of the technology did shrink in the following years very rapidly as
parallel to Moore’s observation [2]. Micro-sized devices combined with micro-sized
electronics spread different applications which are an indispensable part of our lives
and enabled more precise measurements with sophisticated appliances. The most
recent review on applications and the future of the sensors is presented excellently
by Zhu et al. [3] in areas, which have fast development rate nowadays. These areas
can be listed as fifth-generation cellular network technology(5G), MEMS-NEMS
devices, artificial intelligence (Al), virtual reality(VR) applications. The developed
applications are widely used in consumer electronics, automotive industry,
telecommunication, automation, military and healthcare. Accordingly, the market
value of Micro-Electro-Mechanical Systems(MEMS) is around $12B by 2019, and
it is expected to grow with a 15% to 18% compound annual growth rate during the
period of 2019 to 2025.[4].



MEMS sensors perform the measurements mainly by transduction between the
mechanical, electrical, thermal, magnetic, chemical and radiative energy domains.
After the invention of the transistor, researchers began developing miniaturized
devices, which uses the conversion between these energy domains. The advantages
of using these small devices are compatibility with IC fabrication, high repeatability,
small size and high performance. However, there are still challenges like high power
consumption of devices, 3-D integration difficulties, packaging cost and lack of
advanced lithography techniques. Among the different types of sensors, it is seen
that the resonant type of sensors is the most common type of sensors which are used
extensively in many fields. In these fields, the sensors are used to measure different
physical phenomena such as force[5], displacement, acceleration[6], angular

velocity, magnetic field[7] etc.

In MEMS sensors, the most crucial drawback is the temperature-related performance
deteriorations. In the literature, many studies are aiming to compensate for the
performance degradation related to temperature effects. The temperature
compensation can be done by designing the sensor with a minimum temperature
dependency or measuring the exact temperature of the sensor and calibrating the
sensor output using the temperature data. Both approaches are studied well by the
researchers. High-performance applications are developed with having negligible
temperature dependency. In addition to these applications, high sensitivity
temperature sensors are utilized. In this thesis, the objective is obtaining a MEMS
resonant temperature sensor with variable coupling stiffness, which enables us to
increase the temperature sensitivity by adjusting the coupling stiffness, which also

provides the mode-ordering.

In Section 1.1, a literature survey of resonant MEMS sensors is presented. Then, the
coupled resonator approach and applications are introduced in Section 1.2. The
various design approaches and the improvements are explained in details. In Section
1.3, the temperature detection mechanisms used in MEMS sensors are presented.

Finally, the objectives and the organization of the theses are presented.



1.1 Overview of the MEMS Resonators

MEMS resonators are utilized in a wide range of sensor applications due to their
simple operation principles and their superior advantages such as high stability, high
sensitivity, compatibility with CMOS, high-quality factor, low cost of fabrication
etc. After the MEMS resonator concept is proposed [8] and a relation between the
resonance frequency and internal stress is formulated in vibrating cylinder pressure
transducers[9] in the 1960s, remarkable progress has been made in the past decades
in the improvement of micromachined resonant sensors[10]. Depending on the
applications, which includes the acoustic, optical and photonic systems, different
MEMS resonator types are utilized with various types of materials in different
designs like flexural[11], [12], bulk[13], shear[14] and torsional mode resonators[7].
Figure 1.1 presents the different operational modes of the resonators widely used in

the applications.

Flexural Torsional Bulk
mode mode mode

Figure 1.1. Three basic types of vibration of mechanical resonators: flexural,
torsional and bulk mode structures.[15]

In the resonant sensor applications, physical phenomena are detected by using
various sensing approaches. Utilization of advanced materials like piezoresistive and
piezoelectric elements are available in the literature. Although these sensors have
simple designs, high resolution and sensitivity, they have high power consumption,
material dependent disadvantages. Moreover, optical and magnetic sensing methods

are used in some sensor applications. In addition to the methods aforementioned,



capacitive sensing method is used in nearly 30% of the resonant sensors due to high

sensitivity and resolution, large bandwidth, no drift and robustness.

Figure 1.2. The schematic view of the DETF structure.[5]

In the feasible designs, it is proven that using more than one resonator increase the
power of the output signal, enhances the frequency separation and decreases the
phase noise in oscillators [16]. The sensing element used in this study is DETF
resonator design, which has the two strain sensitive laterally vibrating tines as in
Figure 1.2. The non-dimensionalized mode shape function of the half tine and
corresponding resonance frequencies are studied well in the literature.[17] This
design is a flexural mode resonator and uses the capacitive sensing method. The
vibrating tines have two common modes of operation as illustrated in Figure 1.3,
which are in-phase mode and out-of-phase mode, also known as symmetrical mode
and antisymmetrical mode, respectively. The out-of-phase mode is preferred as the
operational mode due to high tip stability and less anchor dissipation. Hence, energy
storage within the system is better compared to the in-phase mode. Less anchor
dissipation enhances the quality factor, which is explained in Figure 1.5. However,
in the operation of the common DETF resonator, the in-phase mode frequency is
lower than the out-of-phase mode frequency. Therefore, the in-phase mode is the

limiting mode as the resonator operated close to the pull-in limit.
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Figure 1.3. Schematic view of in-phase and out-of-phase mode shapes of a
conventional DETF structure.

DETF MEMS resonant sensors are actuated and sensed with capacitively. The
applied drive signal keeps the resonator at the resonance. The stimulus changes the
resonance behaviour of the structure. By quantifying the capacitance change between
the sense electrodes and the tines, the measurement is performed. In actuation and
detection mechanisms, there are two different design, where the capacitance change
occurs. The first method is the comb-finger configuration, in which the capacitance
change takes place due to change in the overlap area or varying gap depending on
the direction of the motion. This design, which is shown in Figure 1.4.b, can operate
under both atmospheric and vacuum environment. At atmospheric pressures, sliding
movement of the air creates some damping but does not suppress the motion of the
resonator as is the parallel plate. The second design is the parallel plate configuration
which is illustrated in Figure 1.4.a. In this configuration, capacitance change takes
place resulting from the varying gap. At higher frequencies, the air between the
parallel plates behaves like a spring. Therefore, the sensor should be operated under

vacuum conditions due to air damping. The higher sensitivity can be obtained bu



using parallel plate compared to comb-finger design. However, the system is highly
nonlinear. The crucial benefit of using the parallel plate configuration for this study
is enabling the electrostatic coupling between the resonating tines by utilising the

coupling electrodes.

Figure 1.4. Schematic view of parallel plate(a) and comb-finger(b) configurations.

DETF resonators are used in the various sensor applications such as; force
sensors[5], accelerometers[18], gyroscopes[19], magnetometer[20], pressure
sensors[21], temperature sensors[22] etc. The studies on the resonant type of sensors
focus on several ways of enhancing the performance of the sensors. One of the
significant parameter for evaluating the performance of the resonator is the quality
factor which is a dimensionless parameter. This term indicates how underdamped
the system is. The term quality factor for a mechanical system is calculated by (1.1)
Jkm _ 1, (L.1)

Q= =t ¢

where k is the stiffness, mis mass and b is the damping coefficient. In Figure 1.5,
the quality factor refers to the ratio of the centre frequency to the half-power
bandwidth, where the resonant structure loses half of its energy, or the resonance

amplitude decreases 3 dB from the maximum amplitude.
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Figure 1.5. Quality factor illustration on a frequency response plot.

Another performance criterion is the scale factor or sensitivity, which is defined as
the ratio between the output to input. In the literature, various approaches are used
to enhance sensitivity. Leverage mechanisms are integrated into sensor structures to
amplify the effect of the inputs as in Figure 1.6, to increase the sensitivity of the
sensor. Biaxial resonators are used as the elements to be sampled differentially to
increase the sensitivity of the sensors. Moreover, a combination of these methods

can be used in a single device structure[6] as in Figure 1.7.
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Figure 1.6. Schematic view of a DETF MEMS resonant temperature sensor with a
strain-amplifying beam.[23]
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Figure 1.7. The scheme of biaxial resonant accelerometer with two-stage micro
leverage mechanisms.[20]

The change in the resonance frequency or the resonance amplitude is used for the
resonant characteristic generally. The change in the resonance frequency and
amplitudes are detected by frequency modulation(FM) and amplitude
modulation(AM) methods, respectively. Amplitude modulation suffers from a lack
of stability in the vacuum environment. Therefore, frequency-modulated resonators
are used more commonly despite the requirement for the complex circuitry. By
adjusting the modulation frequency, resonance is kept at the desired mode.

1.2 Overview of the Coupled Resonators

Although most of the MEMS resonant sensors are modelled as 1 degree of
freedom(DoF) resonator, which is acceptable in many applications, multi-degree of
freedom (M-DoF) coupled MEMS resonators emerged recently as a new approach

in sensor applications. Mechanical, electrical and magnetic couplings are used for



this purpose [24] [25]. In the first types of coupled resonators, the frequency shift is
used as the output signal, and it is used in many sensor applications
[26][27][28][29][30].
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Figure 1.8. Optical images of the electrically-mechanically coupled resonators(a,
b)[24], [30] and schematic view of the magnetically-mechanically coupled
resonators[25]

Recently, being inspired by Anderson’s work[31], a new approach to coupled
resonators is established, which is called as mode localization. Mode localization
occurs when a disturbance breaks the symmetry in the periodic systems and localizes
the vibration into a tiny region as it is seen in Figure 1.5. The localized vibration is
strongly dependent on the amplitude of the resonance.[32]. The usage of the M-DoF
system has common-mode rejection capabilities, which diminishes the ambient
temperature and pressure effects by comparing the mode-localized resonator and the

other one.



Balanced
situation

COVENTOR

With positive
stiffness
perturbation
on the left
resonator

COVENTOR

Figure 1.9. Finite element simulation results for 3DoF balanced and mode localized
by a tensile force resonators. [32]

Moreover, in the case of mode localization, the eigenvalue curve veering is observed.
When there is no disturbance, in other words, the system is perfectly symmetric, loci
of the eigenvalues are closest to each other[33], as in Figure 1.10. In the presence of
a disturbance on one of the resonators, the energy is localized on the disturbed
resonator, as illustrated in Figure 1.9 The resonance behaviour change, which is an
amplitude in most studies, is used as a detection mechanism. In these applications,
the curve veering phenomena gets more effective as the coupling stiffness is
reduced.[34]. It is also observed that, in these weakly coupled resonators, the effect
of the coupling stiffness on the in-phase and the out-of-phase frequency change
differs.
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Figure 1.10. Loci of the dimensionless eigenvalues of the coupled resonators for the
disorder 1n the tines[33].

In 2 DoF symmetric coupled resonant systems, which utilize the mode localization,

the normalized sensitivity is increased by k/2k., where the k is the stiffness and

k. is the coupling stiffness, for the weak coupling assumption, i.e., k. <<k . When

the coupling stiffness is two to three orders of magnitude smaller than the stiffness,
the sensitivity improvement can be two to three orders of magnitude.[28]. Using the
same mode localization approach for 3 DoF weakly coupled resonators, the
sensitivity can be improved by at least two to three orders of magnitude.[29]. For
comparison, the sensitivity expressions and sensitivity values are summarized in
Table 1-1, which is explained in details in[35]. In this work, it is seen that using
coupling for mode localization improves the parametric sensitivity and have the
advantage of common-mode rejection. However, the initial tuning is required, and
the resolution of the amplitude measurement is lower. Besides, although the mode
localized sensors have excellent sensitivity, the applications, in which the self-
oscillating loop are utilized, are still dominant due to fast detection of the varying

stimulus.
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Table 1-1. Sensitivity comparison of the state of the art resonant force sensors[35]

Sensitivity o
Type ] Sensitivity Ref
EXxpression
1DoF resonator with differential sensin Af | f
: 8(—/) 8995  [36]
and leverage oT
Ei tateShift
2DoF resonant sensor 6( lgen;Ta eshi ) 1478  [24]
o( AmplitudeRatio
3DoF resonator sensor ( P e ) 4.9x10° [29]

1.3 Overview of the MEMS Resonators Based Temperature Sensors

In timing applications[37] and the sensing applications, where MEMS-based
resonators are used, the performance of the devices is strongly dependent on the
temperature. In addition to long term changes like daily temperature differences,
short term temperature differences affect the stability of the resonators, especially
the ones which have very low thermal constants. Therefore, to eliminate the effect
of temperature changes, systems should be designed to be least affected by this
change or the exact temperature of the system should be known for compensation.
There are numerous studies in the literature to overcome temperature compensation
[38], [39]. Moreover, this problem leads researchers also to utilize the MEMS

resonators as temperature sensors.

In the literature, there are different approaches for the temperature compensation
found by researchers and excellently explained by Hopcroft [40]. The first
temperature compensation method is the frequency tuning method. In this method,
the temperature change is used as the compensator for the frequency change. This
method includes both active and passive techniques, such as electrostatic tuning[41],
reducing the thermal stress by using different materials[41], changing the linearity
of the springs, using the orientation of the materials, controlling the temperature with

ovens[42]-[45], frequency modulation with control circuitry[46] etc. Stabilization

12



of the resonator by keeping the temperature constant with heaters is one of the best
methods, especially placing them as close as possible to the device. However,
operating a micro oven is the major weakness of this method due to high power

consumption.
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Figure 1.11. Schematic of the active oven control loop. The simplified oscillator
circuitry is shown in grey colour.[45]

Hopcroft states that to achieve the best frequency stability, a MEMS resonator should
be fabricated with thermal isolation, heating and temperature sensing elements[40].
A DETF resonator with spring resistor configuration as in Figure 1.12, which
provides joule heating, thermal and mechanical isolation, sensed with dependency
between the quality factor and temperature would give the best result. Therefore, it
is clear that measuring the temperature within the system is a crucial part of the novel

devices.
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Figure 1.12. Schematic view of the Spring Resistor DETF resonator.[40]

Another solution to temperature compensation is sensor utilization of the electronic
circuits. Although passive methods, like stress compensation and using composite
materials, which have a close thermal coefficient of expansion(TCE), are available
in the literature, they have disadvantages such as hysteresis and fabrication
complications. However, with the possible control system as in Figure 1.13, where
control loops are utilized, high-performance sensors can be obtained by relating the
temperature and the system output, i.e., current or voltage, to compensate the
temperature drifts or to measure the temperature.[46]-[48]
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Figure 1.13. The schematic of the dual PLL circuit.[46]
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The application of DETF resonator as a temperature sensor can be seen in [38], [49],
[50]. In this study [50], the temperature coefficient of frequency(TCf) sensitivity and
resolutions are reported as -31ppm/K and 10mK. Integration of the resonant
temperature sensor into a pressure sensor is the novelty. However, the sensitivities
are similar to standard DETF resonators. In [49], two DETF resonators are utilized
with closed-loop, as in Figure 1.14. The resolution and the TCf sensitivity are
0.008°C and-570ppm/K for this study. The dual-resonator design, which can also be
used with CMOS applications, generates temperature-dependent beat frequencies to

eliminate the effect of thermal lag and static temperature gradients.

Oscillator-1 f1

. Low-Pass —_
Mixer Filter —"fbeat - f2 — f1
f »| Oscillator-2 fz

Dual-Resonator

Figure 1.14. The schematic view of two DETF resonator in closed-loop.[49]

In [51], CMOS based temperature sensors are presented in detail. In these
applications, very high performance temperatures sensors can be obtained. In this
study [52], which is a state of the art, presents a 40uK resolution utilizing a dual-
MEMS resonator. However, they can not be mounted next to MEMS sensors.
Therefore, the exact temperature of the MEMS sensor can not be measured due to
thermal lag. Thus, the actual temperature measurement of the MEMS sensor is
crucial, and the integration of the temperature sensor within the system gives the best

result.
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1.4 Objectives and Organization of the Thesis Study

There is an increasing demand for MEMS devices due to their advantages such as
small size, less power consumption, easy integration with IC. The novel applications
require high-performance devices. Temperature is one of significant effect on this
performance. Therefore, measurement of the temperature in the applications like
MEMS sensors is very crucial to minimize the impact on the sensor performance.
The aim of this thesis is to propose a MEMS resonant temperature sensor with
variable coupling stiffness, which enables us to increase the temperature sensitivity
by adjusting the coupling stiffness, which also provides the mode-ordering. The

specific objectives of this study are;

e Development of an electrostatically coupled DETF MEMS resonant
temperature sensor, which uses the thermal coefficient expansion difference
of the materials used in the structure with high sensitivity and high dynamic
range.

e The operation principles of the resonant temperature sensor and methods to
improve the sensitivity is explained with the analytical models. Thermo-
electro-mechanical model is derived for the design used in this thesis. The
actuation and detection mechanisms used on the resonators is presented.

e Finite element simulations are performed to validate the analytical model.
Mechanical, electro-mechanical and thermo-electro-mechanical simulations
are compared with the analytical model considering the resonance
frequencies, electrostatic and thermal effects.

e Fabrication of the sensor structure and test results are presented. The methods
and test setups used in the characterization of the sensor is given. Frequency
response tests are performed for validation of electro-mechanical and

thermo-electro-mechanical models for analytical and FEM models.

Chapter 2 presents the design and modelling of the double-ended tuning fork (DETF)

resonator as a temperature sensor. The working principle of the sensor design is
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explained in detail with the governing equations. The actuation, sensing and the
electrostatic coupling mechanisms are presented. Finite element simulations are
conducted and verified with the analytical model. The effect of temperature and
proof mass voltage on the resonance frequency of the mode of interests, which are
in-phase mode and out of phase mode are simulated and compared with the analytical

model.

Chapter 3 presents the fabrication of the sensor structure. Process flow of the
fabrication steps is illustrated briefly. The fabrication results are presented. The
reasons for the difference between the design and the fabricated sensor dimensions

are discussed.

In Chapter 4, the characterization of the electrostatically coupled DETF sensor
structure is presented. The experimental test setup used in the characterization is
explained in details. The frequency response test results are compared with the
electro-mechanical model and finite element simulation results. For the system level
tests, the effect of the temperature on the resonance frequencies using the frequency
response plots is compared with thermo-electro-mechanical model and finite element
simulations. The possible reasons for the difference between the test results and the

models are discussed.

As the final chapter, Chapter 5 concludes the obtained results during this study.
Recommendations and future work to develop this design is presented.
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CHAPTER 2

DESIGN AND MODELLING OF THE DETF MEMS RESONATOR

In this chapter, the design and modelling of the double-ended tuning fork MEMS
resonator are presented. In MEMS structures, due to Moore’s Law, all phenomena
play an essential role, and each effect should be considered carefully. The interaction
between the electrical, mechanical and thermal energy domains are considered for
the analysis. Section 2.1 introduces the operation principles of MEMS resonators
briefly. In Section 2.2, the theory about MEMS resonator is presented. Then, the
governing equations of the system, electrostatic actuation and detection principles
are explained. After that, the electrostatic coupling between the tines and its effect
on the resonance is demonstrated. In Section 2.3, the dynamics of the DETF
resonator structure is studied as two degrees of freedom system. In Section 2.4, Finite
Element Analysis(FEM) results are presented to validate the analytical model. In this
section, pull-in, static deflection and modal analyses are explained.

2.1  Operation Principle of the MEMS Resonator

The applications of the resonant based MEMS sensors are explained in Chapter 1.
Considering the advantages such as wide measurement range, high sensitivity, and
the compatibility with CMOS, DETF resonator-based MEMS sensors appear as a
promising element and are studied in many of the previous studies. Besides,
utilization of this structure with other MEMS devices, such as force sensor,
accelerometer, gyroscopes, prevents the thermal lag and gives the exact temperature
for the temperature compensation of the devices.
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Figure 2.1. The complete schematic of the DETF resonant system with drive and
sense electrodes

The design of the DETF resonant element used in this study is shown in Figure 2.1.
The tines have 2 capacitive plates on each side. The outer plates of tines are used for
the capacitive actuation and capacitive sensing whose operating principles are
explained in Section 2.2.1 and 2.2.2. The inner capacitive plates at the centre are
used for the electrostatic coupling between tines. This electrostatic coupling serves
as a negative spring and the most crucial part of this study. This spring enables the
mode-ordering, which is explained in Section 2.2.3. These resonators are operated at
their resonance frequency by applying the AC drive signal with the same frequency.
In the presence of external disturbance, the resonance frequency of the resonator
changes and the device can be used as a sensor. The detail of the utilization of the
resonator as a temperature sensor and the operation principle is given in Section 2.2.4
Table 2.1 summarizes the parameters used in the design and shown in Figure 2.2,
Although Young’s modulus of the material is a temperature-dependent property, in
this study, it is taken as a constant parameter to simplify the calculations. This effect

can be found in the literature[53].
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Table 2-1 Device parameters used in this study

Parameter Symbol Value
Tine Lenght L, 500 pm
Tine Width W, 10 um
Capacitive Plate Lenght L, 320 um
Capacitive Plate Width W, 10 um
Connector Lenght L, 120 pm
Connector Width W, 10 pm
Device Thickness h 35 um
Gap g 2 um
Young’s modulus for (111) Si E; 170 GPa
The density of the Si J% 2330kg/m?®
Vacuum Permittivity & 8.85x1012F/m
Proof Mass Voltage for tine 1 Vour 10V/(variable)
Proof Mass Voltage for tine 2 Vou -10V/(variable)
Trans-Z feedback resistance R; 1IMQ
Thermal Expansion Coeff. Of Silicon[54] Qs 2.59x10° 1/K
Thermal Expansion Coeff. Of Glass a, 3.25x10° 1/K

2.2 Analytical Modelling of DETF Resonant MEMS Load Cells

For the analytical model, the equation of motion for a beam under an axial load is
derived using Euler-Bernoulli beam theory in [55] to find the lumped mass and

effective spring constants. In this approach, there are some assumptions;
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e Shear deformations are neglected. In other words, the cross-section is
assumed to remain parallel since the resonator plate thickness is very small
compared to other dimensions.

e Rotary inertia is neglected.

e The beam is uniform.

e Material property is same every point in the volume, which means isotropic.

e There is no structural damping within the system.

Following these assumptions, the equation of the motion for the transverse vibration

of the beam subjected to axial force is,

o (El 62W(X’t)]+ g (F M}pAM: P(x.t) 1)

ox? o) x| ox ot?
wherewis the deflection of the beam in the y-direction, Eis the modulus of
elasticity, | is the moment of inertia of the beam, F is the axial force applied to the
beam, p is the material density, A is the cross-section area of the beam and P (X, 1)

is the transverse force applied to the beam. For a clamped-clamped beam, the
boundary conditions are no deflection and no slope at the end of the beams.

w(0)=w(L)=0
d_W B d_W 0 (2.2)
dx x=0 ) dx x=0 B

Assuming the unforced vibration, where P =0 is everywhere and including all the

point masses as the inertial forces distributed along the beam,

P=2mjw(xj)5(xj) (2.3)

The differential equation is solved by the separation of variables method.

w(x,t) =0 (t)i (¢) where & =% (2.4)

The solution in general form is;
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M. ti+cq+Kq=P(t) (2.5)
where M is the effective mass, c¢ is the damping coefficient and K, is the

effective spring constant. The terms in the governing equation can be taken as inertia

and stiffness terms as,

2

M, =pALj¢,2dg+ij (4(s)) (2.6)
Ko =E—§j[d2¢§ ]ngij(%jzdg 27)
L” < de L+-\de

c= Keff Meff (28)
\ Q

Using the above equations and by applying the normalized mode shape function for
any given mode into the equation, the effective mass and effective spring constants
which are used to find the natural frequency of the mode is derived. In this study, the
system is modelled as an undamped system, since the resonator is operated under
vacuum. Therefore, the undamped and damped frequencies are very close to each
other. Besides, the capacitive plates on each side of the centre tines are assumed to
be rigid and connected to the centre of the tine since the vibration amplitudes are
very small. For a clamped-clamped beam under a point load at its centre, the
normalized mode shape function for half tine, whose schematic is given in Figure

2.2, can be taken as,

¢(e)=16&°-12¢"+1 (2.9)

After applying the non-dimensionalized mode shape into effective mass and
effective spring constant equations, the simplified term are obtained as below.

13

Mar =52 AW L, +2p(w,L, +w,L,) (2.10)
F
K., :192%+2.4% (2.11)

f f
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Figure 2.2. The geometrical parameters used in design on the schematic view of the
out of phase mode

For an undamped system, the resonance frequency of a single tine anchored from

one end and an axial force applied from the other end for the given mode will be,

F
192 EL 1047
Keff Lf Lf (2 12)
. = =
" M 13 '
S P +2p (WL, +w,L,)

2.2.1 Capacitive Actuation

The system is kept at the desired resonance mode by exciting with an alternating
current(AC) signal, whose frequency is the same with the resonance frequency of
the DETF resonator. The driving signal is applied from the drive electrodes. This
alternating current signal creates an electrostatic force between the drive electrode
and the capacitive plate and excites the system. The change in the stored electrostatic

energy between the capacitive plate and the drive electrode is used to find the
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excitation the force. Neglecting the fringing field effect on edges of the capacitive
plates and assuming these plates are rigid, the energy stored between the parallel

plate and the drive electrode is,

E =%cv2 (2.13)

where V is the applied voltage difference, C is the capacitance between the

capacitive plate of the resonator and drive electrode. The capacitance is found by

C _ SA (2.14)

g
Where the &,is the vacuum permittivity assuming the system operates in vacuum
conditions. Ais the overlap area of the resonator plate and the drive electrode which
is proportional to tine length L, and the thickness of the device h. gis the gap

between the resonator plate and the drive electrode. As the system vibrates, the
energy stored between the parallel plates changes since the gap changes. As the tine

of the resonator moves by x, the energy stored in the capacitance will be,

e-loyz_1 fbeh

) 2(9+x) (Vom =Vac) (2.15)

where V¢ :vacsin(a)t) is the applied voltage for the excitation After taking the

derivative of stored energy with respect to displacement, the electrostatic force is

calculated between the plates as,

_OE 1 glph (v ?
2

. 1
o= [ | Psin(on) - es(2an) | (219

Sinusodial Term
DC Term Double Frequency Term

The applied AC voltage is very small, and the double frequency term is filtered, so
they are neglected. The forcing term is,
1 glph

2
Fo=—z Vi 2+ 22—V, v, sin (ot 2.17
s 2(g+x)z{ -t omVag SN (@ )} (2.17)
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Moreover, the vibration amplitude is very tiny compared to the gap. After
eliminating the terms according to the above assumption and taking one more
derivative with respect to displacement, the electrostatic spring constant can be found

as,

g,L.h (2.18)
Kp =- ° ; VPM2

g

2.2.2 Capacitive Detection

The detection mechanism is driven by the movement of the mass by the electrostatic
forces. As the tine moves, the capacitance changes between capacitive tine and sense
electrode, therefore an alternating current is induced on the sense electrode with the
same frequency of the resonance. Employing a trans-impedance-amplifier(TIA), the
induced current created by moving charges is converted to the voltage and is fed to
the circuitry. The induced alternating current is found by taking the derivative of the

charge between the plates with respect to time.

i_a_q_a(chC)_ac: ox

=—= ot 8CX _ goLPhXV (2.19)
ot ot ox ot

VDC +(VDC)C :g

0
Assuming the capacitive tine motion is defined as X = ASin(a)t) and putting into

the equation below, the output of the trans-impedance amplifier,

2.20
V., =iR, :—(%g—LZPh(Aa)COS(a)t))VDCRf (220

where R, is the feedback resistance used in the circuitry.
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2.2.3 Electrostatic Coupling Stiffness

In the resonator used in this study, there is an electrostatic coupling stiffness between
the inner capacitive plates of the tines. This spring behaves as a negative spring and
can be defined with a similar approach. In this case,
1 g,L.h 2
Foeet = _EO—Pz{ PM1 _VPMZ}
(9-%+%,)

Assuming that the displacement magnitudes are the very small, same in magnitude

(2.21)

but in the opposite directions. The spring constant between the tines is,

gLh (2.22)

2
kelect = 3 (VPMl _VPMZ)
g
Note that, the forces on a single tine applied by the drive electrode and electrostatic
coupling are in the opposite directions. So, assuming the displacements are very

small, the total force on a single tine is,

1 g L:h v, . 1 gLph (2.23)
F=F +F, :_Zog;{Vlez +7_2VPM1VaC Sln(a)t)}+2°gzp{Vle_VPM2}2
The equation of motion for the single tine 1 including all terms is,
MeﬁX+CeﬁX+ Keffx = l:D + elect — "
(2.24)

1 glyh ) V. : 1 gLoh 2
—= V, - t)e+——————{Vou1 —V,
2(g+x1)2{ pm T 5 PMVaCSII’I(a)) +2(g+X1—X2)2{ PM1 PMZ}

224 Operation Principles of MEMS DETF Resonators as MEMS

Temperature Sensor

In this study, the DETF fork resonator is anchored from both ends. The resonance
frequency of the resonator and the force sensitivity depends on the axial force on the
resonator. For this design, the axial force is induced by the thermal strain on the
sensor structure. The difference in the thermal expansion coefficients of the resonator

structure and substrate materials results in thermal stress and an axial force when
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there is a temperature change. In this design, thermal expansions on the cross-
sections and the capacitive gaps are neglected since the width of the resonator is very
small compared to the length of the resonator and tiny gap. The schematic view of

the cross-section of the sensor structure is given in Figure 2.3.

Silicon Device
O Eg.ag

Deflections
due to
thermal
expansion

Equlibrium position si T g
Figure 2.3. Schematic view of the cross-section of the device under temperature
change

The axial force on the resonator tines is written by the thermal strain equation
clamped from both ends to the glass substrate, as stated in[23]. However, in this
design, there is no cap wafer, which affects the strain as in the study mentioned

above.
8; =L (o, —ag ) AT (2.25)
Where the length of the resonator L, and the distance between the anchor points are

the same. agand «, stand for the thermal expansion coefficients of the silicon and

the glass substrate. Since the resonant structure is anchored from both ends, the strain
terms will also be the same. Hence, the thermally induced force applied to the

resonator is obtained by,

Fop = (@ — 2y ) ATEGA, (2.26)

app
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As it is seen from the equation above, the axial force term applied to the resonator is
temperature-dependent. Therefore, the resonance frequency of the resonator is
affected by the temperature change due to stress induced by the thermal expansion
coefficient difference of the glass substrate and the device.

2.3 Dynamic Model of the 2 Degree of Freedom DETF Resonator

\ kl k2 k3 4
P ™ WS ™
N 4
N 4

— X — X

Figure 2.4. A two degree of freedom representation for the system.

The schematic of the lumped model of the two degrees of freedom system is given
in Figure 2.4 The equation of motion for a single tine is utilized for the two tines.
For the lumped model, assuming there is no damping since the resonator is operated

in a vacuum chamber, the matrix form of the given system is,

[M]ixj+[K]{x}=10]

m 0 X1 n k1+k2 _kz X _ 0 2.27)
0 m, |l % —k, k+k [[x,| |0
where stiffnesses shown in the above equation are,

El F,
k, =Ky +Kp, =192 % +2.4 Lpp -

f f

&,Lh
0 3? VPM12 (2.28)
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&,L,h
:kc_ Og; (VPMl_VPM2)2 (2'29)

k, =k, +k

elec

El For  &Loh
k3:k2eff +kD2 ::192F+24L_pp_0—§

f f

Vous (2.30)

where k. is mechanical coupling stiffness at the endpoints for each tine. However,
this term is negligibly small compared to the electrostatic coupling stiffness, which
is a dominant parameter for this study. Assuming X = {u}ei‘”t is a solution for the
system and putting into the equation.
-0’ [M]{uje” +[K]{uje = {0}
[[K]-o? [M]]{u}e =0 @30
This term will be zero

By solving the above equation to find the non-trivial solution,

(k1+k2—0)2m1)(k2+k3—m2m2)—(k2)2 =0 (2.32)

Expanding the equation and rearranging the terms,

mym, o* —(my (K, +k, ) +m, (K, +k, )0 +kk, +kk; +K,* +kk; —k,* =0 (2.33)

A B c
m,m, * —(m, (k, +k;)+m, (k +k, )0 +kk, +kk, +kk, =0 (2.34)
A B c

The modal frequencies are found as follows.

:J-B¢JBZ—4AC (2.35)

@,

2A

In the resonator structure, the electrostatic forces created by the proof mass voltages
and the mechanical restoring forces on the resonator tines due to deflections are in
equilibrium. However, when the electrostatic forces overcome the restoring
mechanical forces due to high proof mass voltages, pull-in takes places. The pull-in
state should be avoided because high proof mass voltages create a spark and damage

the thin capacitive plates. The analytical calculation is performed according to the
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balance of the electrostatic forces and restoring mechanical force on one of the

resonator tines for the out of phase mode and opposite sign proof mass voltage

configuration as follows;

\"

pm2=-V

Figure 2.5. Schematic view of the tines for pull-in voltage calculation and free body
diagram.

F.,+F,+F,=0 (2.36)
where F,, is the electrostatic force between the capacitive plate and the drive

electrode, F, is the mechanical restoring spring force, and F, , is the electrostatic

coupling force between the tines.

—1 EOLPh {VPMl-I—VaCSin(a)t)}z—ka-f-lehz{Vle_mez}z:O (237)

2(g+x) 2(g-2x)

where alternating current is negligibly small compared to proof mass voltage and the

alternating term is cancelled due to capacitance change between the capacitive plate
and sense electrode behaving as a balancing force. Besides, the double frequency
term is neglected. The simplified form of the force balance equation will be,

1 goLPhZVZ_ka_FELPhZ4V2=0 (2.38)
2 (g+x) 2(g-2x)

After simplification of equation (2.38), the pull-in voltage is;
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I k_x

m

goLPh[ : 2 : 2} 23)
(9-2x)" 2(g+x)

The equilibrium position of the force is found by taking a derivative of the voltage

V(x)=

with respect to position and equating it to zero.

N(xX)_, (2.40)
OX
kmx[ 8 o ! 3J
K., ~ (9-2x)" (g+x)
2 1 2 1
av(x)_ gOLPh[(g—ZX)Z_z(g'FX)ZJ gOLPh{(g—ZX)Z_Z(g‘FX)ZJ p (241)
x I k, X -

2
&L h[ 2 - ! J
o (g—2x)2 2(g+x)2

For equation (2.41) the solution for the displacement at which the pull-in occurs is;

x =0.153467¢ (2.42)

After putting equation (2.42) into the equation (2.39),

3

— 0201283 | Xn9 (2.43)

gLph

\Y

pull—in

In common DETF structure as in Figure 1.2, there is only one proof mass voltage
applied on the tines. For this configuration, in the lumped model in Figure 2.4, only

k,and k, spring can be adjusted by proof mass voltage. Again for this design, the

resonance frequency of the in-phase mode is lower than the out-of-phase mode
frequency. As the proof mass voltage is increased, the in-phase mode fails due to
pull-in first. Since the out-of-phase mode is used as the operational mode, the
resonator can not be operated close to pull-in limit of the out-of-phase mode, where
the sensitivity is higher, because the resonator buckles due to in-phase modes pull-

in already. However, in this study, the electrostatic spring constantk_, . between the

elec

tines behaves as a negative spring and pulls the out of mode frequency close to the
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pull-in mode. In other words, whenk, <0, the out of phase mode frequency is

smaller than the in phase mode frequency.

The out-of-phase mode and in-phase mode frequency equations can be written in a

simpler form as,

Kerr + Ko + Kejeer
W) = Wyt _of —phase — \/ . M = (2'44)
eff 1
Koo +Kp
W) = Oin_phase = e|\/|— (2'45)
eff 2

Here, it is vital that as the voltage difference is increased, the electrostatic coupling
between the tines gets stronger. This creates a broader frequency separation between
the out-of-phase and in-phase mode at the zero loading. Moreover, the limiting case
for the design is the pull-in of the structure due to the high voltage difference and
buckling of the tine due to critical load at the tip. Therefore, by adjusting the proof
mass voltages, high resolution can be obtained. After putting thermally induced axial
force term(2.26), and stiffness terms (2.28)(2.29)(2.30) into(2.32),

El ay—ag | ATEGA;  gLh &Loh 2
192L3+2'4( : L) - ogsp VPMlz_Ogiif(VPMl_VPMZ) (2 46)
a)out—of—phase = : 13 f .
gpwf L, +2p(WCLC +Wpr)
a, —a, |ATEG A,
192E7|3+24( g SI) SlAS| _SOLaF,hVPMlZ
A L, g (2.47)

in—phase

13
a2 Pk +2p (WL, +w,L,)

Note that, the resonance frequency term depends not only the geometrical parameters
but also the applied voltages on the tines besides the temperature difference term. In
Figure 2.6, it is seen that increasing proof mass voltage decreases the buckling load
limit. The force sensitivity, which is the slope of the curve, increases is with
increasing the proof mass voltage for the zero axial force. Therefore, by adjusting

the proof mass voltage, high sensitivity can be obtained by operating the resonator
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to the resonators buckling limit. Since the applied force is the thermally induced

force for the sensor used in this study, the figure is very useful to understand the

behaviour of the resonator under axial load for various voltages.

Axial Force vs Frequency Graph for Various Voltages

= Qut-of_phase In-phase
VPM1=-VPM2=0V VPM1=VPM2=0V
= Qut-of_phase In-phase
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= Qut-of_phase In-phase
VPM1=-VPM2=20V VPM1=-VPM2=20V
= Qut-of_phase In-phase
140000 VPM1=-VPM2=30V VPM1=-VPM2=30V
Out-of_phase In-phase
VPM1=-VPM2=40V VPM1=-VPM2=40V
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Figure 2.6. The effect of the electrostatic coupling for various voltages on the axial
force versus resonance frequency relation.

The scale factor (the rate of change of the out-of-phase mode frequency with respect

to temperature) is found using (2.46) and (2.47) by taking derivative with respect to

temperature change,
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f

Meff Lf :

13
=Pk +2p(w,L, +w,L,)

After putting it in a simpler form, it is seen that scale factor is a function of the
resonance frequency, material properties used in the sensor. So, it changes
throughout the working range. It is also important to emphasize that decreasing
resonance frequency increases the sensitivity of the sensor, and it can be adjusted by

the proof mass voltages.

6a)out—of—phase ill 1'2(a9 G ) ESi ASi (250)
aT M eff Lf wout—of —phase
aa)in—phase _ 1'2(059 _aSi) ESi ASi (251)
8T M eff Lf wﬁn—phase

In this system, the coupling strength should be mentioned. In the previous studies,
depending on the coupling method and the coupling strength, different approaches
are used. In most of the studies, amplitude changes are utilized as a sensing method
using the weak coupling between the resonators as mentioned before. For our design,
the strength of the coupling between the resonators is comparable with the effective
stiffness of the tines. The equations of the electrostatic coupling between the
capacitive electrodes and the mechanical stiffness terms are given in (2.14), (2.18)
and (2.22). The ratio of stiffness, «, is defined,

k — kelect (2.52)

v
kl Keff + kD
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where K,, . is the mechanical stiffness term There are 2 electrostatic stiffness terms,
which are the stiffness between tines and fixed electrodesk,, and the stiffness

between the resonator tines when there is a proof mass voltage difference k

elec *

502 (Vo Vo)
" (2.53)
192 LEf'S c2al% a“L)fATESi N goé-ghvpmz
In the opposite proof mass configuration and no temperature change, « is,
B gogll_;h (2VPM )2 .
K_192I_E|3_50L§hVPM2 (2.54)

f
In analytical mode, the numerical values for this design and parameters given in
Table 2-1 are summarized in the table below.

Table 2-2.Parameters of the numerical analysis for the opposite proof mass voltage
configuration using the geometrical parameter used in Table 2-1.

Parameter Symbol  Value Unit
Effective mass M. (2.10) 0.1508 g
Effective spring constant Ke (2.11)  757.120 N/m
Proof mass voltages(V,,,; = Ve, =Vey ) Vo 50 \%
Electrostatic stiffness between the electrode and tine Ko -30.990 N/m
Electrical coupling stiffness Kejec -123.959 N/m
Ratio of stiffness K 0.1707 -

Figure 2.7 shows the variation of the stiffness ratio of the electrostatic coupling
stiffness to the K, term, which includes the effective spring of the resonator for the

out-of-phase mode shape and the electrostatic stiffness between the fixed electrodes
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and the capacitive tines. It is seen that, although there is two electrostatic coupling
stiffness on tines each side since the coupling stiffness is higher, the out-of-phase
mode frequency drops with increasing proof mass voltage. Besides, the electrostatic
coupling gets stronger and x gets higher with increasing voltage

Stiffness ratio versus proof mass voltage

-0.4 —Stiffness Ratio
-0.5
-0.6
Proof Mass \Voltage(V)

Figure 2.7.Stiffness ratio of the electrostatic coupling stiffness to effective stiffness
with respect to proof mass voltage.

2.4 Finite Element Analysis of Resonant MEMS Load Cells

The analytical model is validated by finite element modelling. For this purpose,
COMSOL Multiphysics is used. Modal analysis, electro-mechanical analysis and
thermo-electro-mechanical analysis are performed to validate the analytical model.
The 3D geometric model is constructed by parametric variables which are given in
Table 2-1. For the material properties, built-in single-crystal isotropic silicon and
borosilicate glass are selected. In the physics definition, all material is defined as a
linear elastic material. The glass is fixed from a corner and roller definition is
specified to the 3 surfaces letting substrate to expand in all directions due to thermal
expansion. For the electrical boundary conditions, the terminal is selected for the

faces of the tines. The proof mass voltages are defined as parametrically. The voltage
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value of the drive electrodes is defined as zero voltage since the amplitude of the
applied AC voltage is very small for the excitation compared to the bias voltage. All
the model is placed in a box which represents the vacuum whose material property
IS unity for the relative permittivity. This includes the fringing field effect at the

edges of the plates.

24.1 Pull-in Voltage and Static Deflection Study for DETF Resonator

At the resonance, the system is excited by AC signal with a bias voltage. As a result
of the bias voltage, there is a static deflection on the tines. In this study, there is a
vital role in the proof mass voltage, which is changing the temperature sensitivity of
the resonator. Therefore, to operate the sensor within the safe voltage range, in other
words, to avoid the pull-in or buckling due to electrostatic force, the pull-in analysis
is crucial. In this analysis, the voltages which bring the tines to the equilibrium at a
given displacement is calculated. The analysis result shows that the pull-in voltage
for this design is 51.6V, which is the minimum value of Figure 2.8, assuming the
voltages of the tines are same in magnitude but opposite sign. The analytically
calculated proof mass voltage by equation (2.43) is 49.75V.

Applied Proof Mass Voltages to Bring the Tines Pull-in Equlibrium
-51.1 ' i i i i
-51.15¢ ]
-51.2¢ 1
-51.25¢
-51.3¢ 1
-51.35¢ 1
-51.4¢ 1
-51.45+ 1
-51.5¢
-51.55¢

Proof Mass Voltage(V)

0.48 0.5 0.52 0.54
Equlibrium Position{(um)

0.46

Figure 2.8. Pull-in analysis performed by COMSOL Multiphysics
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After finding the pull-in voltage, the effect of the increasing proof mass voltage
effect on the static deflection is investigated. The applied proof mass configuration
and the corresponding deflection graph for 45V proof mass voltage are shown in
Figure 2.9.a and Figure 2.9b, respectively.

Electric Potential Applied on the Tines(V)

Static Deflection for 45V Proof Mass Voltage

40
— — 30 0.25
20 0.2
10
—_—— 0 _—— 0.15
-10 0.1
L —_— -20
-30 0.05
-40
0

Figure 2.9. Applied voltage and corresponding static deflection analysis of tine
resonator for +45V and -45V proof mass voltages.

Figure 2.10 shows the tip point displacement of a deflected tine for the increasing
voltages. As it is seen from the graph, the deflection magnitude increases nonlinearly
with the increasing proof mass voltage. This also shows that electrostatic softening

effect moves the resonator to the pull-in state.

Total Displacement of Tine Tip for Various Voltages

’g 0.25¢
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L
o
o 01}
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Figure 2.10. Displacement versus voltage graph of the endpoint of the capacitive
tine.

39



Figure 2.11 shows the deflection curve of the electrostatic coupling electrode for
various voltages. It is observed that increasing voltage causes the static deflection at
the endpoint of the capacitive tine much higher than the centre of the resonator tine.
This also creates a nonlinearity on the capacitive tine by increasing the amplitude
stiffening effect and electrostatic softening. These effects are the critical parameters,

which change the resonance characteristic of the structure nonlinearly.

Deflection pattern of the electrostatic coupling electrode for various voltages
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Capacitive Tine Length(um)

Figure 2.11. Deflection pattern of the electrostatic coupling electrode for different
voltages.

2.4.2 Mode Shape Analysis for the DETF MEMS Resonator

The modal analysis is also performed to validate the analytical model results. The
eigenfrequency study is conducted to find the first eight mode shapes, which are
summarized in Table 2-1. The geometrical model and the boundary conditions are
the same as explained before. Geometric nonlinearities are taken into consideration
in the simulations. The proof mass voltage applied to the tines is 10V in magnitude
and opposite sign. Finite element analysis shows that the analytical model is verified
for the out-of-phase and in-phase modes. For the 10V proof mass voltage out of
phase mode frequency and in-phase mode frequency deviates 2.23% and 2.04%,
respectively. The reason for this deviation is the assumption that the capacitive tines

are rigid, which makes the analytical model results higher. Besides, in the FEM, the
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fringing field effects are included, which enhances the electrostatic softening effect,
which decreases the resonance frequency as expected. By introducing this
electrostatic spring, the out-of-phase mode frequency gets lower than the in-phase
mode due to electrostatic coupling.

Table 2-3.The first 8 mode shape simulation results obtained by COMSOL for
VPM2=10V, VPM2=-10V

ucut(1l)=0 m Eigenfrequency=1.1921E5 Hz ucut(1l)=0 m Eigenfrequency=1.1929E5 Hz

ucut(1)=0 m Eigenfrequency=1.1934E5 Hz ucut(1)=0 m Eigenfrequency=1.202E5 Hz

ucut(1)=0 m Eigenfrequency=1.4473E5 Hz ucut(1)=0 m Eigenfrequency=1.4577E5 Hz

Out—of-phase mode In-phase mode

ucut(1)=0 m Eigenfrequency=1.6474E5 Hz ucut(1)=0 m Eigenfrequency=1.6569E5 Hz
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2.4.3 FEM Simulations of the Electrostatic Softening Effect

After the modal analysis, the effect of the electrostatic softening effect is studied.
For this purpose, an eigenfrequency analysis is conducted with a parametric sweep
for the same proof mass voltages where a single resonator is used as the sensing
element. The same model, which is explained before, is used for this study. Figure
2.12 shows the resonance frequency change for the various proof mass voltages for
the in-phase mode and the out-of-phase mode, which are obtained by analytical and
finite element model. As the voltage is increased, the frequency change rises. It is
seen that the analytical model and the FEM are in agreement. Since there is no
electrostatic coupling, in-phase mode and out-of-phase mode frequencies are very

close to each other and decrease with the same behaviour.

0
-500
~-1000
=
~ In-phase
3 (Analytic)(VPM=VPM)
-1500 Out-of-phase
(Analytic)(VPM=VPM)
In-phase
-2000 (FEM)(VPM=VPM)
Out-of-phase
(FEM)(VPM=VPM)
-2500
0 5 10 15 20 25 30 35 40 45

Proof Mass Voltage (V)

Figure 2.12. The effect of the increasing proof mass voltage for the same proof mass
voltage configuration where the single tine is utilized as the temperature sensor.

The same analysis is performed for the opposite sign proof mass voltage
configuration. Figure 2.13 shows that due to the electrostatic coupling between the

resonators, the out-of-phase mode frequency decreases drastically compared to the
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in-phase mode as expected. Moreover, for this proof mass configuration, the
analytical model and the finite element model agrees also. However, it is noted that
as the proof mass voltages close to the pull-in voltage, frequency shift for the
analytical and the finite element model become distant. The reason for this separation

could be the increasing nonlinearity in the finite element model.

0 0
-5000
-500
-10000
— -1000 —~
i -15000 i
g . ]
£ -20000 -1500 <
-25000 —@— In-phase —&— In-phase
(Analytic)(VPM=-VPM) (FEM)(VPM=-VPM) -2000
-30000 —o— Out-of-phase —&— Out-of-phase
(Analytic)(VPM=-VPM) (FEM)(VPM=-VPM)
-35000 -2500
0 10 20 30 40

Proof Mass Voltage (V)

Figure 2.13 The electrostatic softening effect due to the increasing proof mass
voltage for the opposite sign proof mass voltage configuration.

2.4.4 Finite Element Simulations of the Temperature Change

The analytical model of the temperature change is validated with the finite element
simulations performed using COMSOL Multiphysics, as explained before. Figure
2.14 represents the analytically calculated results for the frequency change versus
temperature. Analytical results show that the frequency increases linearly with the
increasing temperature. It is also seen that the out of phase mode for the opposite
sign proof mass configuration gives the best result in terms of the temperature

sensitivity, which is the slope of the lines.
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Ao versus AT for Various Proof Mass Combinations
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Figure 2.14. Frequency change versus temperature change graphs obtained
analytically for the same, and the opposite sign proof mass configurations.

Ao versus AT for Vpy=Vemo
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Figure 2.15 Frequency change versus temperature change graphs obtained by FEM
results for the same proof mass configurations.
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The FEM results, as shown in Figure 2.15, are in agreement with the analytical model
for the same proof mass voltage configuration . The frequency change with the
temperature change does not change significantly with the increasing proof mass
voltage as in analytical results for the single tine same proof mass voltage

configuration.

The FEM results for the opposite sign proof mass configuration is given in Figure
2.16. For the lower voltage values, the behaviour of the frequency change in the
presence of the temperature change and frequency change values are in agreement
with the analytical model. At the higher voltages, the frequency change with
temperature increase is linear again. However, the sensitivity, which is the slope of
the frequency change versus temperature change graph is higher than the analytical
model. The main reason for this behaviour is the nonlinearity of the resonator due to
high proof mass voltage. This FEM analysis shows that as the voltage comes closer

to the pull-in voltage, the sensitivity increases rapidly as expected.

Aw versus AT for VPM1=-VPM2
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Figure 2.16. Frequency change versus temperature change plot for opposite proof
mass voltage configuration.

45



2.5 Summary

In this chapter, analytical and finite element modelling of the DETF MEMS
resonator is presented. The equation of motion for the resonator beam is solved to
explain the desired mode resonance behaviour,. The excitation and sensing methods
are described with the equations in detail. The electrostatic softening between the
tines is presented. The effect of electrostatic softening in the opposite proof mass
configuration on the resonance frequency and the temperature sensitivity are
discussed. This effect is shown with the analytical model and validated with the FE

model.
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CHAPTER 3

FABRICATION OF THE DESIGNED MEMS RESONATOR

In this chapter, the fabrication process of the double-ended tuning fork MEMS
resonator used in this study is explained briefly. The fabrication steps are performed
in the cleanroom environment to prevent contamination. In Section 3.1, the
fabrication of the sensor structure, which consists of the silicon-on-insulator (SOI)
wafer for the sensor structure and the anchor wafer for the electrical connections, is
explained in detail. In Section 3.2, the results of the fabrication are shown. The
fabrication of the microfabricated resonator is similar to aMEMS process developed
in METU MEMS Centre without the hermetic encapsulation with an SOI cap wafer

The further details of the microfabrication steps can be found in [56].

3.1 Process Flow of the Sensor Structures

The fabrication of the sensors is basically a silicon on glass (SOG) process, which
contains 4 main fabrication steps. These steps include the fabrication of the anchor
wafer, the fabrication of the device layer, the bonding of the wafers and process after

bonding.

The process flow of the anchor wafer starts with the precleaning step of a glass wafer,
which is the immersion in piranha solution(H2SO4-H202, 1-1) for 30 minutes to
remove the organic contamination. Then the glass wafer is immersed into the
buffered hydrofluoric acid(BHF) solution(HF-H202,1-7) for 5 minutes to roughens
the surface of the glass substrate to increase the adhesion of the metallization layer,

which illustrated in Figure 3.1.
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Figure 3.1. Cleaning step of the glass wafer.

Then, a chromium (Cr) layer as the adhesion layer and a gold (Au) layer are
deposited by sputtering as the hard mask for the formation of anchors. After the
anchor lithography, the metal mask is formed with wet etching in commercial TFA
gold etchant and commercial 1020AC chromium etchant. Then, the photoresist is
stripped with PRS2000 solution. The anchors are etched as in with HF solution, and
the metal hard mask layer is stripped with the same metallization etchants, and

anchors for the suspended resonant structures are formed, as illustrated in Figure 3.2

M

Figure 3.2. Anchors on glass wafer formed with wet etching in HF solution.

After the formation of glass anchors, another 20nm Cr and 200nm Au layers are
deposited on the wafer with sputtering to create the metallization lines and the
bonding regions for the structure. The deposited metallization layer is formed with
lithography. For the step coverage on the anchors, a thick photoresist is used, which
is SPR 220-7. Metal wires are defined with wet etching in TFA gold etchant and
1020AC chromium etchant. The photoresist is stripped with PRS2000 solution. This

48



step is the last -step for the substrate wafer, which includes the anchors for the
resonant structures and metal wires for the electrical connections, as it is seen in

Figure 3.3

—

Figure 3.3.Substrate wafer with anchors and metallization lines.

An SOI wafer having 35um device thickness and 2 um buried oxide is used. The
selection of orientation is important since Young’s modulus of silicon is orientation
dependent. For <111> plane Young’s modulus is the same in all directions of the
flexural vibration direction. Besides very low resistivity silicon is used for the device
layer.For the fabrication of the SOI wafer, firstly, it is precleaned to remove the
organic contaminations like anchors wafer in piranha solution for 30 minutes. Then,
to remove very thin native oxide, which grows in atmospheric conditions due to air

moisture, an etch in BHF is done for 5 minutes.

Figure 3.4. Precleaning of the SOI wafer is done in piranha and BHF solution.

After the lithography for the resonant structures, the device layer of the wafer is

etched with the DRIE process until the buried oxide layer is reached. The photoresist
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of the SOI wafer is removed by immersion in the PRS2000 solution for 30min after
the O2 plasma etching to remove the sidewall polymer residues. The SOI wafer is
cleaned in the piranha solution before the bonding. The simplified view is in Figure
35

|
SOl wafer

Figure 3.5. Formation of the resonant structures is done with DRIE.

After the fabrication of the substrate wafer and the device wafer, by anodic bonding
2 wafers are bonded together. In this step, in addition to the bonding force at elevated
temperatures, high voltage is applied to the wafers to create SiO2 bonds between the

silicon device layer of the SOI wafer and the glass anchors as in Figure 3.6

SOl wafer
|

Figure 3.6. Anodic bonding of the substrate wafer and the SOl wafer.

The handle layer of the SOI wafer is removed with the thinning process in DRIE
until the buried oxide is reached. Then the bonded wafers are put into 1:7 BHF
solution to release the suspended structures.The duration of the BHF is optimized in
this step since the etchant also etches the glass layer. The excess etch duration creates

undercut for the metallization layer. Therefore, breakage of the metal wire occurs
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where the metal lines are narrow. The schematic view of the last step is given in

Figure 3.8.

i

Figure 3.7. Removal of the handle layer of the SOI wafer is processed by DRIE.

—

Figure 3.8. Removal of the buried oxide in BHF solution.

After the fabrications steps, the wafer is diced into small sensor chips. The
dimensions of the chips are determined at the beginning of the design phase
considering the dimensions of the ceramic dual-inline packages(CERDIP) used in
testing. Since there is no encapsulation for hermetic packaging and wiring as in
aMEMS process[56], for electrical connections, wire bonds are applied to the
electrodes as in Figure 3.9 The residual contamination on the sensors can prevent the
movement of the resonators, or by sticking on the moving tines, they might change
the resonance characteristic. Therefore, the dicing and wire bonding processes are
performed carefully to prevent any contamination. The metallization lines in Figure

3.10 are used in the completed aMEMS process. For this study, all the connection
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are provided with the wire bonds, and the test are performed. in a vacuum chamber,

instead of hermetic packages.

METU_ME_MEMS_LAB

Figure 3.9. Optical microscopy photo of the device with wire bonds.

|
!

Sense |/
anchor |

Figure 3.10. The bottom view through the glass wafer.
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3.2 Fabricated DETF Resonators

After the fabrication, SEM images of the fabricated sensor are captured in METU
MEMS Center. These SEM images are taken in order to check the critical dimensions
of the sensors, as in Figure 3.11.

: Dimensions after
fabrication

METU MEMS 1.0kV 7.5mm x80 LM(L) 04/27/2020 15:52

Figure 3.11. SEM image of the fabricated device with the critical dimensions which
are indicated in the box.

These critical dimensions are the capacitive gaps between the capacitive plates and
fixed electrodes, the capacitive gap between the electrostatic softening plates and the
thickness of the sensor structure. The change in the geometrical parameter changes
the effective spring constants and the mass of the resonator. Therefore, the resonance
frequency of the resonator is affected significantly. By comparing the design
parameters given in Table 2-1 and the dimensions given in Figure 3.11, it is seen that
the gaps are wider, and the sensor structure widths are smaller than the designed
values. The reason for the change in the sensor dimensions is the imperfections in
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the fabrication due to undercuts in lithography and deep reactive ion etching steps.
Therefore, for further study, the undercuts should be considered as the design

parameter to validate the analytical model and the test results.

3.3 Summary

In this chapter, the fabrication processes of the designed resonant temperature sensor
are presented briefly. The simplified crosssection and three-dimensional isometric
illustrations are used for the explanation of each step. The fabrication results are
discussed with captured SEM images. The importance and effects of the fabrication

imperfections are emphasized.
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CHAPTER 4

TEST RESULTS

In this chapter, the followed test procedures, equipment used in the testing and the
characterization results of the MEMS DETF resonant sensor are presented. The
system-levels are performed in a vacuum chamber. The temperature is controlled
with a thermoelectric heater and a commercial temperature sensor. In Section 4.1,
the frequency response setup and the characterization results of the fabricated
resonator are presented. The frequency response of the system for different proof
mass voltages are shown. Section 4.2 presents the system-level tests. In these tests,
the response of the MEMS DETF resonators to the temperature change is
investigated. Finally, the results and conclusions are presented in Section4.3.

4.1  Frequency Response Characterization of the Resonators

There are two primary purposes for the characterization of the system. The first one
is to prove whether the sensors operate correctly or not. The second purpose of the
frequency response testing is to validate the analytical model and finite element
modelling with the test results. In Section 4.1.1, the test setup used in the
characterization is presented for both the single tine, in which the single tine is
utilized for the same proof mass configuration, and the double tine for the opposite

proof mass configuration is presented.

4.1.1 Frequency Response Test Setup

The frequency response tests are performed in the vacuum chamber. A network
analyzer is used to characterize the device under test. The network analyzer generates
a sine shape drive signal to excite and move the tines by electrostatic actuation. A
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trans-impedance amplifier converts the created response current to voltage and fed
back to the network analyzer. By comparing the transmitted and reflected signals
coming from the sensors, the characterization of the sensor is performed. The
schematic of the test setup is in Figure 4.1.

I
h 1 | NetworkAnaIyzer |

Device Under Test in
the Vacuum Chamber
- v

|

Power Suppliers

e Vacuum Chamber

Temperature Controller | >
Computer with DAQ

T.":.q,

N\ y

Figure 4.1. Frequency response setup

The ambient pressure in the vacuum chamber is around 0.25mTorr. In this frequency
response tests, Agilent E5061B Network Analyzer is used to obtain the frequency
response plots by generating a drive signal, which is a sine wave having 2mVpy(peak
to peak) voltage and receiving the sense signal. Commercial LF353 operational
amplifiers are used as the trans-impedance amplifiers, having 1MQ feedback
resistances. These TIAs are put next to the sensor in the vacuum chamber to decrease
the noise level in the measurements. The proof mass voltages and op-amp supply
voltages are provided with power supplies. By changing the proof mass voltages
from the power supply, the effect of the electrostatic coupling on frequency response
plots is investigated . During the frequency response tests, the response for the zero
proof mass voltages is obtained to cancel the feedthrough capacitance of the
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circuitry. Thus, only the mechanical response of the resonator is obtained by
subtracting. The IF bandwidth for the sampling is selected as 15Hz.

Vemi=V ’_. N .—‘ Vemz=V

o
electrostatic
coupling

| | I Drive

[
[
[ o |
Oooono

Network
Analyzer

Trans-Z
Amplifier

Figure 4.2. Schematic view of the frequency response test setup for the single tine is
utilized with the same proof mass configuration.
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Figure 4.3. Schematic view of the frequency response test setup for both tines is
utilized with the opposite proof mass configuration.



4.1.2 Frequency Response Test Results

The frequency response test results are obtained by the test procedure, which is
explained in the previous section. The feedthrough in the system is subtracted from
the response. The frequency response plots represent only the electro-mechanical
characteristic of the resonant system. The frequency span is kept very wide to find
the modes of interests which are the out of and in phase modes for the changing

voltages. This characterization tests under the room temperature of 25°C.

Firstly, the effect of the increasing proof mass voltage is studied for the same proof
mass configuration, where the single tine is actuated and sensed, whose schematic
view is given in Figure 4.2. As it is seen from Figure 4.4, the increasing proof mass
voltage on both tines decreases the resonance frequency of the resonator. Moreover,
since the proof mass voltage increases, the output signal gets more potent as
expected. In this configuration, since the proof mass voltages of both tines are the

same, there is no electrostatic coupling.

Frequency Response
-30 1 | T T T

Increasing Voltage

.ap || from 4V to 20V

with 2V increment
for Vemi=Vemz

-50

Magnitude(dB)

0
1.305 1.306 1.307 1.308 1.309 1.31 1.311 1312 1.313 1.314 1.315
Frequency « 105

Figure 4.4. Frequency Response Graph for Vemi=Vem2

In Figure 4.5, the frequency response for the opposite sign voltage configuration for
various voltages, whose schematic is given in Figure 4.3 is presented. In this

configuration, there is an electrostatic coupling between the capacitive plates. This
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coupling behaves as a negative spring constant, which is the most critical part of this
thesis. In two degree of freedom mass-spring-damper systems, the in-phase mode
frequency is lower than the out-of-phase mode frequency, as, it is explained in
Section 2.3. When a negative spring constant between the resonant masses is defined,
the mode-ordering, which is the change of the in-phase and the out-of-phase mode
orders, can be done. Therefore, the operational out-of-phase mode frequency can be
pushed down very close to the pull-in state without pull-in of the in phase-mode.
Thus, the resonator can be operated at higher sensitivity.

As it is seen from Figure 4.5, the level of the output signals increases with the
increasing voltage magnitude as expected. The resonance frequency for the out-of-
phase mode is lower than the in-phase mode frequency, thanks to mode ordering.
Besides, as the voltage difference increases, the out-of-phase mode frequency shifts
faster than the in-phase mode, which agrees with the analytical and the finite element
model. In testing, since there is a limited amount of fabricated sensor, the proof mass
voltages are kept in the safe region, to prevent the pull-in of the resonators due to
high voltage. The maximum applied voltages are Vpmi=20V and Vpm2=-20V,
although the analytical and FEM analysis show that the pull-in voltage is around
50V.

20 Frequency Response
- I I

Out-of-phase
modes

-45 |

In-phase [H
modes

-50

-55

-60 —

-65

Magnitude(dB)

-70 —

-75 [

| \ mﬁ'l Increasmg Voltage b je
80 | from 4V to 20V ||

-85 with 2V increment

for Vemi=-Vemz

-90 | 100 LRI I P17 T T 10

1.28 1.285 1.29 1.295 1.3 1.305 1.31
Frequency

Figure 4.5.Frequency Response Graph for Vemi=-Vem2

59



Figure 4.6 belongs to the resonance frequency for the out-of-phase mode for
Vem1=20V and Vpm2=-20V with a quality factor around 25500, which is a
dimensionless parameter which defines the ratio of the stored energy at the resonance
to energy lost per cycle. The IF bandwidth of the quality factor analysis is selected
as the 5Hz.

Frequency Response for Out-of-Phase Mode for VPM1=20V, VPM2=-20V
T T T T T T T T

-40 .

-45

(41}
o

T
Phase(deg)

Magnitude(dB)
& .
T

-60 -

-65 1
1.28325 1.2833 1.28335 1.2834 1.28345 1.2835 1.28355 1.2836 1.28365 1.2837 1.28375

Frequency(Hz) x10°

Figure 4.6. The close view of the frequency response plot to see the quality factor
for the out-of-phase mode.

4.2  System-Level Test

The system-level tests are performed by changing the temperature of the resonator
in the vacuum chamber. The frequency response of the system is used for the
analysis. For various proof mass configurations, by looking at the peak of the
magnitude plots, frequency change versus temperature change graphs are obtained.
The sensitivity analysis is presented at the end with the comparison of the same proof
mass configuration where the single tine is utilized and the opposite proof mass

configuration where the dual tine is used with the electrostatic coupling.
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4.2.1 System-Level Test Setup

The temperature of the device in the vacuum chamber is controlled with a
proportional-integral controller. A thermoelectric heater is used under the device to
provide heat to the system. The temperature is controlled with a current fed to the
thermoelectric heater. A commercial LM35 temperature sensor is placed just
between the device package and the thermoelectric heater to measure the
temperature. The temperature measurement is done with PCI 4461 data acquisition
board in the MATLAB environment. Then, in the same software environment by
running the PI controller code, which is in Appendix A, a current command is sent
to the E3640A using a GPIB interface to control the heat supplied by the
thermoelectric heater to the system. After setting the test temperature from the
MATLAB environment, the settling of the temperature has waited. The schematic

view of the heater, sensor and device under test is given in Figure 4.7,

Power Supply (Agilent E3640A) [
I I GPIB-in

. Controller

Computer with

OO O
® 5 g o Q0 PCI-4461

|in Iout

Aluminum Block

Temperature
Sensor(LM35)

Termoelectric
Heater

Figure 4.7. Schematic of the temperature controller setup with the device under test.
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4.2.2 System-Level Test Results

In the system-level test, frequency response plots are obtained at different
temperatures for both same and the opposite sign proof mass voltage configurations
as in Figure 4.2 and Figure 4.3, respectively. The response of the sensor is in
agreement with the analytical and the finite element model. The temperature
increment is 5°C, starting from the 25°C to 65°C. The dark blue curves represent
25°C, and the red curves represent 65°C. The other colours belong to intermediate

temperature steps.

Firstly, the same proof mass configuration, whose schematic is given in Figure 4.2,
temperature tests are performed. In the frequency response graphs, since the
frequency change due to various proof mass voltages is very small, plots are very
close to each other. Therefore, only temperature graphs belong to two proof mass
voltage graphs are presented, which are 10V and 20V in

Figure 4.8. Since the thermal expansion coefficient of the glass substrate is higher
than the thermal expansion coefficient of the silicon device, the temperature increase
causes an axial force on the resonant structure. Therefore, the resonance frequency
of the device for the given proof mass configuration increases with the increasing
temperature as it is seen from the graph. Moreover, it is also observed that higher the
proof mass voltage, the response amplitudes also increase as in Figure 4.4.

In Figure 4.9 and Figure 4.10, frequency change versus temperature change graphs
is presented. It is seen that the frequency change is linear with the temperature change
for both cases. The expected behaviour of the sensitivity for the same proof mass
configuration in which the single tine is utilized is the increase in the sensitivity with
increasing voltage. However, the overall behaviour of the single tine same proof
mass configuration given in Figure 4.16 presents that the sensitivity increases starts
after 18V proof mass voltages. The reason for this might be the error is data sampling

or the residual stress coming from the anodic bonding phase.
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Frequency Response Plots for Same Voltages and Varying Temperature
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Figure 4.8. Frequency response plots for various temperatures for same proof mass

configuration.
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Figure 4.9. System-level test result for DETF resonator for single tine where 10V

proof mass voltages applied on both tines
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Temperature Change vs Frequency Change Graph
for Single Tine (Vpm1=Vpm2=20V)
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Figure 4.10. System-level test result for DETF resonator for single tine where 20V
proof mass voltages applied on both tines

After the single tine same proof mass configuration system-level tests, the proof
mass voltages are adjusted for the opposite proof mass configuration. By changing
the temperature and proof mass voltages of the tines, data is collected. As the
previous sampling, all data is sampled in .csv format and handled by MATLAB. For
dual tine opposite proof mass configuration, since there is electrostatic coupling, the
significant decrease in resonance frequency with increasing proof mass voltage is
expected. Due to the electrostatic coupling between the tines, mode-ordering is
expected. Besides, for the system level tests, the change of the out-of phase-mode
frequency is expected to be higher than the in-phase mode frequency change in
accordance with the analytical and FEM model. The frequency response plots for the
dual tine- opposite proof mass configuration results are given in Figure 4.11. The
other proof mass voltage results are not presented since the resonant peaks,
especially for the in-phase modes are very close to each other and makes the graph
complicated. The sensitivity results are given in the following figures. The overall

sensitivity of the system-level tests are given in Figure 4.16
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Frequency Response Plots for Opposne Volteges and Varylng Temperature
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Figure 4.11. Frequency response plots for various temperatures for opposite sign
proof mass configuration.
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Figure 4.12. The system-level test result of DETF resonator for dual tines with the
opposite proof mass configuration for the out-of-phase mode (Vem1=10V, Vpm2=-
10V)
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Temperature Change vs Frequency Change Graph
for In-Phase Mode (Vpm1=-Vpm2=10V)
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Figure 4.13. The system-level test result of DETF resonator for dual tines with the
opposite proof mass configuration for the in-phase mode (Vem1=10V, Vpm2=-10V)
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Figure 4.14. The system-level test result of DETF resonator for dual tines with the
opposite proof mass configuration for the out-of-phase mode (Vpm1=20V, Vemo=-

20V)
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Figure 4.15. The system-level test result of DETF resonator for dual tines with the
opposite proof mass configuration for the in-phase mode (Vrm1=20V, Vpem2=-20V)
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Figure 4.16. Temperature sensitivity versus proof mass voltage graph for the in-
phase mode of opposite sign, out-of-phase mode of opposite sign and same sign prof
mass voltage configurations.

The temperature sensitivity of the resonator for the various proof mass voltages and

both voltage configuration is obtained by taking the maximum values of the

frequency response graphs. The results show that for the dual tine opposite sign proof
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mass configuration, the sensitivity improvement of the out-of-phase mode is greater
than the in-phase mode. The sensitivity of the out of phase mode increases
nonlinearly as the proof mass voltage approaches the pull-in voltage as it is seen
from Figure 4.16. The sensitivity for dual tine out-of-phase mode is also higher than

the in-phase mode sensitivity and the single tine sensitivity.

4.3 Summary

This chapter has presented the characterization and the system level test results of
DETF MEMS resonant temperature sensor. All tests are performed in a vacuum
environment. The system-level tests are performed by a temperature controller and
after the temperature is stabilized. At a pressure level of 0.25mTorr, a quality factor
around 25500 for the operation out-of-phase mode is obtained. For single tine same
proof mass configuration and dual tine opposite sign proof mass configuration,
frequency response analyses are performed to see the effect of the increasing proof
mass configuration and temperature difference. In proof mass voltage analysis, it is
seen that resonance frequency drops for increasing voltage in both configuration and
both modes of the dual tine configuration.

In system-level tests, the effect of increasing temperature is observed as the
resonance frequency increase due to thermally induced axial force on the resonant
structure. In dual tine configuration, since there is negative electrostatic between the
tines, the out of phase mode frequency dropped below the in-phase frequency as
expected. The temperature sensitivity of the in-phase mode for dual tine opposite
sign proof mass configuration increased from and 24Hz/K to 24.4Hz/K with the
voltage increase from 8V to 20V. The temperature sensitivity of the out-of-phase
mode for dual tine opposite sign proof mass configuration increased from 24.4Hz/K
to 26.5Hz/K with the voltage increase from 8V to 20V, which is a better
improvement than the in-phase mode. Besides, as it is seen from Figure 4.16, the
increase in sensitivity is nonlinear, since the proof mass voltages are getting close to

the pull-in voltage. The achieved sensitivities are not the best sensitivities in the
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literature but, in addition to the analytical and FEM analysis, test results show that
the temperature sensitivity can be increased by varying coupling stiffness by

adjusting the proof mass voltages close to pull-in voltage and mode-ordering.
The differences between the analytical and test results might be based upon:

e The fabricated device dimensions are deviated from the desired values due
to lithography and DRIE fabrication steps due to undercut. The undercut on
the resonance structures decreases the resonance frequency in agreement
with the analytical model.

e The analytical model assumes that capacitive plates move rigidly during the
resonance motion. However, these plates have a nonlinear deflection pattern,

whose nonlinearity enhances with the increasing voltage.
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CHAPTER 5

CONCLUSION AND FUTURE WORKS

This study presents an electrostatically coupled double-ended tuning fork MEMS

resonator as a temperature sensor. In Chapter 2, the basic operation principles of the

resonator are explained with the derivations. The effect of the electrostatic coupling

stiffness on the sensor performance is demonstrated. The analytical model is verified

with finite element simulations. Modal analysis, electro-mechanical and thermo-

electro-mechanical analysis are performed. The fabrication of the MEMS resonator

is examined with the simplified view of the process flow, and the fabricated device

is presented in Chapter 3. In Chapter 4, the test results, which belongs to the

characterization of the temperature sensor, are shown. The conclusions obtained

from this research are summarized as follows:

The basic operation principles of the resonant type MEMS sensors with
actuation, detection and electrostatic coupling principles are investigated
with derivations. The effect of the electrostatic coupling is presented with
equations. Besides, the pull-in phenomenon is explained since it is the
limiting factor for the electrostatic coupling phenomenon.

The effect of the coupling stiffness on the operational modes, which are in-
phase and out-of-phase modes, are investigated. It is shown that in the
presence of a negative electrostatic coupling stiffness, the out-of-phase mode
frequency drops below the in-phase mode frequency, which is called as
mode-ordering. The idea of the sensitivity improvement by controlling the
proof mass voltages for out-of-phase mode(operational mode) of opposite
proof mass configuration is presented.

The utilization of a double ended-tuning fork resonator as a temperature

sensor is explained. The related thermal strain equation, the thermally
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induced axial force equation on the tines and their effect on the resonance
frequencies are derived.

The effect of the temperature change of the operational modes, which are in-
phase and out-of-phase modes, are investigated.

Finite element modelling of the existing system is performed. Pull-in analysis
is done to prevent the failure of the resonator. Although the system operates
at resonance, static deflection analysis is performed to verify the pull-in
analysis and show the nonlinearity due to increasing proof mass voltage. The
analytical model is verified with the modal analysis. The effect of the proof
mass voltage on the desired modes is studied with the electro-mechanical
model.

The effect of the temperature change on the system is studied with the
thermo-electro-mechanical model. The operational mode frequencies are
obtained with the modal analysis for the given temperature change and the
applied proof mass voltage. The results are compared with the analytical
model.

The fabrication of the double ended-tuning fork resonator is performed in
METU MEMS Center with silicon on glass method, which is a similar
method with aMEMS process. The process flow of the device is illustrated
and explained briefly. The fabrication results are presented with SEM
images. The difference between the designed sensor and fabrication results
are discussed.

The characterization of the device is performed in the vacuum chamber at a
pressure of around 0.15mTorr. The quality factor for the out-of-phase mode
is about 25500. Resonance frequencies for the mode of interests of the
resonator are close to the analytical model and the FEM simulation results.
The effect of the electrostatic softening effect is investigated for the same and
the opposite sign proof mass voltage configurations. The frequency change
for the opposite sign proof mass configuration from 6V to 20V is 3063Hz

and 666Hz for out-of-phase and in-phase, respectively. For the same proof
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mass configuration, the resonance shifts 579Hz. In the system level tests, the
temperature is increased using a PI controller, and the frequency response
plots are obtained for both proof mass configurations and various voltages.
The out-of-phase mode and the in-phase mode frequency changes for the
temperature increase from 25°C to 65°C are 1078Hz and 988 Hz for the
Vem1=20V and Vpm2=-20V. For the same proof mass configuration
(Vem1=20V and Vpm2=20V), the frequency change is 986Hz, still lower than
the in-phase mode frequency of the opposite sign proof mass voltage
configuration but very close as expected. When the overall sensitivities are
observed, which are obtained from the maxima of the frequency response
plots, it is seen that for the opposite sign proof mass configuration, the out-
of-phase and the in-phase temperature sensitivity are increased from
24.4Hz/K to 26.5Hz/K and 24Hz/K to 24.4Hz/K, respectively, with the
voltage increase from 8V to 20V.

The achieved sensitivities are not the best sensitivities in the literature but, in
addition to the analytical and FEM analysis, test results show that the
temperature sensitivity can be increased by varying coupling stiffness by

adjusting the proof mass voltages close to pull-in voltage and mode-ordering.

By using the electrostatic softening effect, in other words, variable coupling stiffness,

the temperature sensitivity of the double ended-tuning fork MEMS resonator is

improved. The performance and applications of the MEMS temperature sensor can

be enhanced as a future work listed below:

The main idea is utilizing the thermal expansion coefficient difference of the
substrate and the resonator in this study. The material used in the fabrication
can be changed. Using the materials, which have a higher thermal expansion
coefficient difference, will improve the sensitivity by amplifying the
thermally induced axial force on the MEMS resonators.

The effect of the variable coupling stiffness, which uses the electrostatic

softening, increases as the proof mass voltages come closer to the pull-in
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voltages. Therefore, the resonance characteristic becomes highly nonlinear.
The higher sensitivities can be obtained by a more realistic analytical model
with nonlinear analysis and operating the resonator just before the pull-in
state.

The phase-locked-loop control circuitry can be set up for a more precise
sensitivity analysis.

The measurement of the actual temperature is critical for the characterization.
Therefore, a laser thermometer, which measures the temperature of the
substrate directly, can give better results.

Although the temperature of the setup is controlled with a PI controller, a
high precision oven or placing the temperature sensor close to the package
will give more precise temperature measurements.

Due to the fabrication imperfections, the targeted dimensions deviate. These
imperfections can be included in the analytical and the finite element models
with the nonlinear behaviour to operate the resonator closer to the buckling

state.
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APPENDICES

A. Temperature Controller Algorithm with Proportional-Integral Controller

clc

clear

close all

%% SET TEMPERATURE AND PID CONSTANTS
temp set0=30 % degree C

temp setl=30 % degree C

kp= 0.2023;
ki= 0.001251;
kd= 0;

o\
o |l

%% SET POWER SUPPLY LIMITS and SETTINGS
sport = serial ('COM3"'");
sport.Terminator = 'CR/LF';

fopen (sport) ;% Open virtual serial port
fprintf (sport, '*RST; *CLS; *OPC; *WAI"') ;
Sample Power Supply Output

fprintf (sport, "APPL 6.1, 0.0");

fprintf (sport, '"OUTP ON') ;

Read temp using PCI-4461

s = dag.createSession('ni');
addAnalogInputChannel (s, 'Devl', 0, 'Voltage');
rate=204800;

s.Rate = rate;
s.DurationInSeconds=0.01;
dataln=s.startForeground;
ail=(dataIn(:,1))"';

ail=(datalIn(:,2))"';

temp ail0 = mean (ai0l);

o\°
o\°
o\°

o\°
o\°
o\°

Q

% Temperature calculations as a function of voltage
for LM35
temp actO = temp ai0*100.0; % Celsius

o\°©
[l oo

i=1;
curr=0.000;
DT=0;

DT2=0;

Error P=0;
Error I=0;
Error D=0;
time log(1)=0;
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tempO log(l)=temp actO;

while i1<160000

i

tic

datalIn=s.startForeground;
ail=(dataIn(:,1))"';

% plot(ail); hold on ; plot (ail)

temp ail = mean(ail);

¢}

% Temperature as a function of voltage for LM35

o)

temp actO = temp ai0*100.0 % Celsius

DT=toc+DT2;
Error P=temp setO-temp actO;
Error I=Error I+ (temp setO-temp actO) *DT;
Error D=(temp setO-temp actO)/DT;
tic
curr=(kp*Error P)+ (ki*Error I)+(kd*Error D);
%%% Current limit
i curr>1.4
curr=1.399;
elseif curr<0
curr=0.001;

[
H

end

% Send Current data to Power Supply
cur=numZ2str (sprintf ('$.3f',curr));

to pow sup=['APPL 6.100, ',cur]; $E3640A
fprintf (sport, to pow sup);
%%%%% COLLECT DATA 3535555535535 %5%%5%5%%5%%
tempO0 log(i+l)=temp actO; %under package

time log(i+1)=DT+time log (i)

current log(i)=curr;

%%%%% PLOT DATA 5355355355355 %5%5%%5%%%5%%%
plot (time log, tempO0 log);

ylabel ('Temperature (deg C) ')

xlabel ('Time (sec) ")

~

[

i=i+1;

DT2=toc;

end

%% After finish, run this code in command window
fprintf (sport, 'OUTP OFFE'") ;

fprintf (sport, "*RST") ;

fclose (sport);

delete (sport) ;

clear sport
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