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ABSTRACT
In this dissertation, a study on micromachined AT-cut quartz crystal resonators for use as
differential pressure and thin film stress sensing applications has been carried out. The property of
quartz crystal resonator, known as “force frequency effect,” has been utilized whereby quartz
resonators shift its thickness shear mode resonance frequency due to application of force/stress. A
theoretical model based on first principles has also been proposed and has been modeled in a
commercial finite element software to accurately predict the behavior of the quartz resonators to
the external stimulus of interest.
The structure of an AT-cut quartz based pressure sensor consists of an edge clamped square
quartz plate that has been etched in certain regions with the help of micromachining techniques.
The electrodes are placed in the etched regions or diaphragms which are resonated in their thickness
shear mode resonance. A differential pressure is applied to the structure leading to stress generation
in the diaphragms as hence a shift in the resonance frequency. An experimental study on varying
physical dimensions such as thickness and diameter of the sensor diaphragm on sensitivity of quartz
resonator based pressure sensors has been presented. The sensors have shown high sensitivity with
a resolution of ~1.04 mTorr and range of operation from mTorr to >100 Torr differential pressure
with high linearity. The sensors have also shown a dependence upon the face of diaphragm on
which pressure is applied which relates to the structural asymmetry and boundary conditions of the
device.
In the second study, micromachined AT-cut quartz resonators have been utilized for
sensing stresses in the thin films with a potential application for in-situ thin film stress monitoring.
Mass sensitivity of quartz resonators is a well-known phenomenon and has been extensively
utilized for microbalance and thickness monitoring applications. The addition of mass on a quartz
resonator leads to a reduction in its thickness shear mode resonance. Hence, to compensate for this
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mass sensitivity for in-situ stress monitoring applications, two resonator technique has been
utilized. One resonator is in a cantilever configuration which is sensitive to mass and stress whereas
the other resonator is in a fixed plate configuration and hence is only sensitive to the mass. A
differential measurement of the frequency shifts of the two resonators will cancel out the effect of
mass and the remainder would be a measure of thin film stress. A comprehensive stress
characterization study was performed by integrating the quartz cantilevers with a magnetostrictive
material called Metglas® to form a unimorph structure. Magnetic fields were applied to the
unimorph structure which leads to a strain generation in the Metglas® and thereby flexural bending
of the unimorph structure. This bending of the quartz cantilever leads to generation of both inplane and out of plane stresses in the structure and hence a shift in the thickness shear mode
resonance frequency of the quartz resonator. Effect of cutting the micromachined quartz in the
shape of a cantilever versus uncut structure on the stress sensitivity of the quartz resonator has been
studied. The cut device has shown a much higher sensitivity to stresses as compared to the uncut
device due to reduced flexural rigidity of the former. Due to highly anisotropic of nature of the
quartz crystal, the response of quartz cantilever also depends upon the orientation of the quartz
cantilever with respect to the bulk quartz crystal’s orientation. A study on two cantilevers cut at
two different azimuthal angles (𝜓) i.e. 𝜓 = 0° and 𝜓 = 90° was also carried out. The two quartz
cantilevers have shown opposite shifts in their resonance frequencies when a magnetic field was
applied along their respective length direction. This property can also be useful for in-situ thin film
stress monitoring by doing a differential measurements of the two frequency shifts. A
magnetostrictive stress sensitivity of ~ 1.17 Hz/kPa has been demonstrated for a ~ 11.6 μm thick
device.
In-situ stress measurements were carried on a stress sensor device consisting of one
resonator in a cantilever configuration and the other resonator in an uncut configuration. Tungsten
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was deposited on the device by using an argon ion beam sputtering tool while monitoring the
resonance frequency of the two resonators simultaneously at regular time intervals. Due to large
difference in the initial resonance frequencies of the cantilevered resonator and the uncut resonator
(>1-2 MHz), the differential measurement technique was not valid as the two resonators will have
different mass sensitivities. Mass sensitivity of the uncut devices have been characterized
experimentally and has been used to estimate the mass sensitivities of the cut devices by
extrapolation. The stress sensitivities have been calculated by subtracting these mass sensitivities
from experimentally observed frequency shifts during deposition of material on cut devices.
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Chapter 1
Introduction
1.1

Introduction to Pressure Sensors

Pressure sensors have been used for a variety of applications by automobile, aircraft,
semiconductor, oil and gas exploration, and many other industries. The pressure sensor can be used
to either measure and control the pressure or any other physical quantity such as fluid flow speed,
altitude etc. that is a function of pressure. Pressure measurements are usually done against a
reference based on which different sensing technologies can be classified such as absolute, gauge
differential, vacuum and sealed pressure sensor.
Vacuum industry is one of the major industries that utilizes many kinds of pressure sensing
devices for applications like thin film deposition, plasma etching and cleaning, and scanning
electron microscopy to name a few. Several sensing technologies are employed to measure vacuum
pressures which can be broadly classified into two categories namely direct pressure measurement
and indirect pressure measurement. Direct pressure measurement devices such as capacitance
diaphragm gauges (CDG’s) and piezoresistive vacuum gauges utilize the fundamental nature of
pressure to apply force on an area which is transduced into either a mechanical or an electrical
signal. Since it directly measures the pressure, it is independent of the gas type in the vacuum
chamber. Indirect pressure measurement devices measure the pressure by measuring a physical
quantity that is a function of pressure such as thermal conductivity, ionization probability, and
electrical conductivity. These pressure measurement devices are sensitive to the type of gas of
which the pressure is being measured. These gauges hence require recalibration for the different

2

Figure 1-1: Vacuum range v/s generation, gauges and applications (Source: http://www.belljar.net/basics.htm)

gases used in a process for accurate pressure measurement. Figure 1-1 provides an overview of
different methods of vacuum generation and respective pressure measurement devices based upon
the pressure range of operation.
In the sections 1.2 and 1.3, different widely used technologies for vacuum pressure
measurements are explained. Section 1.2 focuses on direct pressure measurement devices and
section 1.3 focuses on indirect pressure measurement as has been explained earlier. The direct
pressure measurement devices such as capacitance diaphragm gauge and piezoresistive pressure
sensors are discussed. Thermal conductivity vacuum gauges, friction gauges and ionization gauges
are the three indirect pressure measurement technologies which are described in detail.

3

1.2

Direct Pressure Measurement Technologies

1.2.1 Capacitance Diaphragm Gauges
This is one of the most widely used technologies for vacuum pressure measurement
because of its superior accuracy and good resistance to corrosion. The gauge consists of a compliant
electrically conductive membrane which is tautly stretched and suspended above a fixed electrode
with a small gap between the two. One side of the membrane is exposed to the environment of
which the pressure is to be measured and the other side is under high vacuum which is maintained
the help of getters. When a differential pressure is applied to the diaphragm, the diaphragm bends
and the distance between the fixed electrode and diaphragm changes. This leads to a change in
capacitance which is a function of applied pressure. These gauges works well in the vacuum range
of 0.1 mTorr – 760 Torr. The gauges are usually kept above 60° C temperature to minimize
deposition of foreign material on the membrane and hence increases the life of the diaphragm.
Figure 1-2 shows the schematic of a typical capacitance diaphragm gauge. One of the limitations
of using this device for a high vacuum system is its inability of accurately sense pressure below 0.1
mTorr with high resolution. This is due to the fact that at such low pressures, the deflection of the

Figure 1-2: Schematic of a capacitance diaphragm gauge. (Source: https://www.mksinst.com/)
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diaphragm due to differential pressure reduces by an order of magnitude. To measure such low
deflections, the gap between the diaphragm and the fixed electrode needs to be in a few nanometers
for an appreciable change is capacitance to occur. This is a very challenging engineering problem
especially from the point of view of mass production of such sensors.
A similar concept for pressure measurement has been implemented in the micromachined
world by many researchers [20]–[22]. A parallel plate structure is achieved by micromachining a
metallized silicon to desired thickness by dry/wet etching methods and then bonding it with the
fixed electrode. Figure 1-3 shows a schematic of one such implementation. The change in
capacitance is not a linear function of pressure as the deflected shape of the diaphragm is nonlinear. Hence to achieve linearity, the device is either operated in contact mode or the diaphragms
are bossed (as shown in Figure 1-4) so that the change in capacitance is linear with applied pressure
for the range of operation.

Figure 1-3: Schematic of a cross section of a micromachined capacitive pressure sensor [1].
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Figure 1-4: (a) Schematic of cross section of a capacitive micromachined pressure sensor in contact mode. (b)
Comparison of deformation uniform thickness and bossed diaphragms with applied pressure [1].

1.2.2 Piezoresistive Pressure Sensors
Another widely used direct pressure measurement technology is a micromachined
piezoresistive pressure sensor. It works on the principle of measuring the change in resistance of a
resistor embedded in a compliant mechanical structure which bends by virtue of pressure. The
mechanical structure usually consists of an edge clamped circular or a square diaphragm which
deforms due to the application of a differential pressure across it. This technology has been widely
used for automotive and biomedical applications [1], [23], [24].
Silicon is the material of choice for making piezoresistive pressure sensor as it has many
benefits such as batch fabrication, easy integration with electronics, excellent mechanical
properties, easy availability of high purity single crystal silicon, high piezoresistive coefficient, and
small form factor to list a few. The relationship between change in resistivity of silicon with applied
stress is a linear and is given by the following equation;
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Δ𝜌𝑖 = ∑ 𝜋𝑖𝑗 𝜎𝑗
𝑗

(1.1)

where 𝜋𝑖𝑗 is the piezoresistive coefficient (6x6 matrix), 𝜎𝑗 is the stress tensor (6x1 matrix), and Δ𝜌𝑖
is the change in resistivity of the material (6x1 matrix) (𝑖 and 𝑗 varies from 1 to 6). For a (100)
silicon, there are only three independent piezoresistive coefficients namely 𝜋11, 𝜋12, and 𝜋44. The
most common configuration for a piezoresistive pressure sensing element is a Wheatstone bridge
arrangement. Figure 1-5 shows a schematic of the commonly used design for silicon based
piezoresistive pressure sensors.

Figure 1-5: Schematic of a piezoresistive pressure sensor showing four resistors connected in a Wheatstone bridge
configuration [2].

The shape of the resistors used in the bridge element are rectangular and the relationship of
resistance change with stress is given by the following equation;
Δ𝑅
= 𝜋𝑙 𝜎𝑙 + 𝜋𝑡 𝜎𝑡
𝑅

(1.2)

where 𝑙 and 𝑡 stands for longitudinal and transverse. (110) is the most common orientation of the
piezoresistors used for pressure sensing and the piezoresistive coefficients for them are given by;
𝜋𝑙 = (𝜋11 + 𝜋12 + 𝜋44 )/2

(1.3)
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𝜋𝑡 = (𝜋11 + 𝜋12 − 𝜋44 )/2

(1.4)

When a pressure is applied to the diaphragm on the diaphragm, all the four resistors change their
resistances and an voltage output signal is taken at the two points on the Wheatstone circuit element
to estimate the pressure. For a square diaphragm plate configuration and (110) orientation of the
piezoresistors (as shown in Figure 1-5), the output voltage is related to the stresses by the following
equation;
𝑉𝑜𝑢𝑡 =

𝑉
𝜋 (𝜎 − 𝜎𝑙 )
2 44 𝑡

(1.5)

where V is the applied voltage on the bridge. Most of the applications for piezoresistive based
pressure sensing technology has been for pressures above 760 Torr [2], [25], [26]. One of the
biggest challenge to use this technology for sub-atmospheric pressure has been the tradeoff between
the linearity and sensitivity of these sensors. However, recently there has been design
improvements proposed by researchers that has helped in mitigating this limitation for vacuum
sensing applications. Use of silicon nanowires as piezoresistors has demonstrated giant

Figure 1-6: Silicon square diaphragm with peninsula structures at the four piezoresistor locations. The wide peninsula
structure increases the stiffness in the longitudinal direction whereas the narrow region in the peninsula helps in
increasing the stresses generated in the transverse directions [3].
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improvements such as in (111) Si nanowire orientation, the longitudinal piezoresistive coefficient
increased from -94E-11 Pa-1 to -3550E-11 Pa-1 [27]–[29]. Novel design changes in the diaphragm
structures have also led to better sensitivities. Xian et al. have proposed a peninsula structure (as
shown in Figure 1-6) in the regions of the piezoresistors which helps in reducing the mechanical
bending related nonlinearity in one direction whereas increases the stress in other direction of the
narrow peninsula region and thereby increasing the sensitivity of the device [3].

1.2.3 Piezoelectric Diaphragm Gauges
Research studies have also been carried out on the micromachined piezoelectric material
based pressure sensors in the past few decades [4], [30], [31]. The sensor consists of a square or a
circular diaphragm coated with a piezoelectric material such as lead zirconate titanate (PZT). The
diaphragm is resonated in its fundamental out of plane resonance mode by driving the piezoelectric
material with an AC power source. Two methods of pressure sensing have been employed using
the piezoelectric material coated diaphragm sensors. In the first method, a differential pressure is

Figure 1-7: (a) Illustration of a clamped diaphragm with a differential pressure. (b) Schematic of the diaphragm with
different layers of material forming the diaphragm [4].
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created across the diaphragm leading to stress generation in the diaphragm and hence a shift in the
fundamental shift in the resonance frequency. Figure 1-7 shows the schematic of piezoelectric
diaphragm based differential pressure sensor. The sensitivity of the device can be deduced as
follows;
𝑆𝑝 =

1 𝑑𝑓
3 𝑎 2
=
( )
𝑓 𝑑𝑝
8𝜎𝑟 ℎ

(1.6)

where f is the resonance frequency, p is the applied differential pressure, a is the radius of the
diaphragm, h is the thickness of the diaphragm, and 𝜎𝑟 is the maximum radial stress in the
diaphragm. A sensitivity of ~ 4691.3 ppm/mbar has been demonstrated for this device system.
Another method for detecting pressure using the piezoelectric material coated diaphragm
is known as the piezoelectrically driven sound-resonance cavity method (PSRC). The device
consists of a small cylindrical cavity with two thin disk shaped piezoelectric unimorph on the ends
of the cylinder (with one of the disks have a hole in the center). One of the piezoelectric disks is
vibrated at frequency such that the gas inside the cylindrical cavity oscillates in the standing wave
sound resonance state. This oscillation is picked up by the second piezoelectric diaphragm present
at the end of the cylindrical cavity which can detect both the intensity and the phase of the standing
wave. This change in intensity of the signal detected by the second diaphragm is given by;
Δ𝐼 = 𝐶𝑣𝑒2 Δ𝜌

(1.7)

where 𝛥𝐼 is the change in intensity of the voltage signal, C is the sound velocity of the gas, ve is the
vibration velocity and 𝛥𝜌 is the change in density of the gas inside cavity which is a direct function
of pressure. This method has shown a linear behavior in the pressure range of 30 kPa to 101 kPa
[31]. However, in the lower pressure ranges (<0.1 kPa), the voltage and hence the intensity signals
saturated and the method could not be used to detect pressures in medium vacuum regime. The
method also is sensitive to the type of gas as the sound velocity (C) is a function of the gas type
and hence this method is an indirect pressure sensing method.
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1.3

Indirect Pressure Measurement Technologies

1.3.1 Thermal Conductivity Gauges
One of the first device for measuring pressure utilizing thermal conductivity of air was
invented by Marcello Pirani in 1906 and hence been named as Pirani gauge. The principle of
operation of these gauges is based on the relationship of thermal conductivity of a gas with pressure.
This relationship is linear when the mean free path of the gas is larger than the dimensions of the
system. The heat conducted by a gas is given by the following equation;
𝑄𝑔𝑎𝑠 = 𝐶

𝑝
1 + 𝑔. 𝑝

(1.8)

where 𝐶 is a constant that depends upon of the type of gas and geometry, 𝑝 is the pressure of the
gas, and 𝑔 is the characteristic constant for the geometry.
The basic device consists of a heated element that is exposed to the system of which the
pressure is to be measured. This heated element, which is generally a cylindrical metal wire, is
connected to other three resistors in a Wheatstone bridge configuration. As the pressure in the
system changes, the heat exchange between the heated resistor and the gas changes leading to a
change in resistance. The control circuitry of the device changes the voltage across the Wheatstone
circuit so that the resistance is maintained constant in the heated element. This change in voltage

Figure 1-8: Block diagram of a typical Pirani gauge [5].
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gives a measure of the pressure in the system. Figure 1-8 shows the schematic of a Pirani gauge.
These devices have a good range of pressure operation i.e. from 10-4 mbar to atmospheric pressures.
Miniaturized thermal conductivity gauges have also been studied extensively due to the
benefits that micromachining offers. There are two widely studied thermal vacuum sensors: the
Pirani type and the thermopile type. The micromachined Pirani gauges have similar miniaturized
structures as of their macro world counterparts and are able to achieve comparable sensitivities
[32]–[35]. Some researchers have reported even reported sensitivities as high as 10-7 – 1 mbar by
minimizing the heat loss to the substrate and precisely maintaining a constant temperature of the
substrate on which the sensing element is present [36], [37].
The thermopile type thermal conductivity gauges works on a similar principle as of the
Pirani gauges but has a different device construction. In this device, a cantilever made up of
thermopile is suspended over a heat sink and has a heating element on the tip of the cantilever. The
heating element heats up the cantilever and this heat is transferred through the thermopile to the
ambient air and to the clamped edge (as shown in Figure 1-9). This rate of heat transfer is a function
of pressure and by sensing the voltage across the thermopile, the pressure can be measured. A range
of operation of 10-5 mbar to 10 mbar has been demonstrated [6], [38].

Figure 1-9: Schematic of a cantilevered thermopile based thermal conductivity pressure sensor [6].
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1.3.2 Friction Gauges
Friction gauges are pressure sensing devices that respond to pressure dependent drag forces
on a mechanically vibrating system. One of the first vacuum gauge proposed on this principle was
the spinning rotor gauge (SRG). It is commonly used for calibration and metrology purposes. SRG
consists of a steel ball of several millimeters diameter and is suspended in air with the help of
magnets. This steel ball is set into rotation with the help of a rotating electromagnetic field to a
desired frequency 𝑓0 . After reaching the desired frequency, the electromagnetic field is switched
off and the ball is allowed to slow down under the action of drag forces acting on the rotating ball.
This change in speed is measured with the help of two pick up coils which gives a measure of the
pressure by the following relationship [39];
−𝑓0 .

𝑑𝑓 10 𝑝𝜎
=
.
𝑑𝑡
𝜋 𝑐̅𝑟𝜌

(1.9)

where 𝑝 is the gas pressure, 𝜎 is the friction coefficient of the ball (is close to 1 and independent
of gas type), 𝑟 is the ball radius, 𝑐̅ is the mean speed of gas particles (dependent on gas type), and
𝜌 is the density of the ball material. Figure 1-10 shows a schematic of an SRG with basic
components. The operating range of these devices has been reported to be 10-7 mbar – 1 mbar as
for the pressures above a mbar, the mean free path of the gas becomes lower than the physical

Figure 1-10: Schematic of a spinning rotator gauge (cross sectional view) [7].
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dimensions of the device and hence the relationship between pressure and the deceleration of the
rotating ball highly nonlinear [39]. Miniaturized versions of friction gauges based on effect of
gaseous drag forces on vibrating microstructures has also been studied widely. One of the first
notable works in this regard was done by Kokubun et al. with the help of piezoelectric quartz crystal
tuning forks [40]. Figure 1-11 shows a structure of a quartz tuning fork design based vacuum gauge.
The tuning forks were driven into their bending resonance mode with the help of an AC voltage
signal and changes in current were measured with the changing pressure around the resonating
tuning fork. This change in current is a result from change in impedance of the quartz resonator
(given by equation 1.10) and is a linear function of coefficient of drag force in molecular flow
region (given by equation 1.11) and has a square root dependence in low vacuum regime (given by
equation 1.12).
𝑍 = 𝐶1 𝑓

(1.10)

𝑀
𝑓 = 𝐶2 √ 𝑝
𝑇

(1.11)

𝑓 = 𝐶3 + 𝐶4 √2𝜂𝑝𝜔

(1.12)

where 𝐶1 , 𝐶2 , 𝐶3 and 𝐶4 are constants for a fixed geometry and driving voltage, 𝑓 is coefficient of
drag force, 𝑀 is the molecular weight, 𝑇 is the temperature, 𝑝 is the pressure, 𝜂 is the coefficient
of viscosity, and 𝜔 is the angular frequency of the tuning fork. A parametric study on the effect of
physical dimensions of the tuning fork i.e. length (L), width (W) and thickness (T) on sensitivity
was carried out and was found that it is mainly a function of length and best sensitivity is achieved
for a length to thickness ratio of 10 [40]. The useful range of operation of this technology has been
shown to be 10-3 mbar to 1000 mbar.
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Figure 1-11: Structure of a tuning fork shaped crystal oscillator with electrode patterns [8].

Other noteworthy designs of miniaturized vacuum gauges based on the friction damping
are cantilever in cantilever (CIC) structure proposed by Brown et at. and capacitively driven silicon
tuning fork device proposed by Kurth et al. respectively [9], [10]. Their structures are shown in
Figure 1-12 respectively. The cantilever in cantilever structure consists a set of piezoresistors at the
cantilever’s base and the cantilever is driven into resonance by Lorentz force acting on the
cantilever. As the pressure is applied, the resonance frequency of the resonator and hence the
changes in piezoresistance which is tracked. An interesting phenomenon of frequency jump has
been utilized in this design where the energy couples in-between the first and third mode of
resonance when pressure is reduced below 100 mbar and is observed till 0.1 mbar of pressure. In
the micromachined silicon based tuning fork device, the change in resonance is measured by
monitoring the capacitance between the tuning fork and the fixed plate. This design has shown a
good range of operation from 10-3 mbar to 102 mbar.

15

Figure 1-12: (a) Schematic of a cantilever in cantilever structure [9]. (b) SEM image of silicon tuning fork based friction
gauge [10].

1.3.3 Ionization Vacuum Gauges
Ionization gauges are one of the most important high and ultrahigh measurement vacuum
measurement gauges (<10-3 mbar). There are two basic constructions that are commonly used
namely the cold cathode gauge (CCG) and the hot filament ionization gauges (HFG) (shown in
Figure 1-13). The basic principle of operation behind these gauges is that the ionization current is
a function of density of gas which is in turn a function of pressure (equation 1.13 for CCG and
equation 1.14 for HFG).
𝑖𝑔 = 𝐾𝑝

(1.13)

𝑖𝑔 = 𝐾𝑖 𝑝 + 𝑖𝑟

(1.14)

where 𝐾 is a factor dependent upon the type of gas, magnetic field and applied voltage, 𝐾𝑖 is a
factor dependent upon gas type, ionization efficiency and temperature, and 𝑖𝑟 is the constant
background current [41].
A cold cathode gauge consists of hollow cylindrical cathode, thick anode wire at the
cylinder axis and a strong magnet that houses the cathode (as shown in Figure 1-13 (a)). A high
voltage ranging from 2 to 6 kV is applied across the cathode and the anode leading to generation
of high energy electrons. These high energy electrons ionizes the gas molecules which are
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accelerated towards cathode. This leads to constant discharge current generation and its magnitude
depends upon the pressure of the system. To increase the ionization efficiency and hence the
current, a high magnetic field of 1000-2000 Gauss is applied across the device the help of
permanent magnets.

Figure 1-13: (a) Schematic of a cold cathode gauge (source: https://www.lesker.com/newweb/gauges). (b) Cross section
of a hot ionization gauge (source: https://www.researchgate.net/figure/Bayard-Alpert-ionization-gauge_fig25).

In a hot ionization gauge (HIG), the electrons are generated by thermionic emission from
a hot filament (usually made up of tungsten or thoria coated iridium) and hence the name. These
electrons then accelerate towards the grid and ionizes the gas species present in the path. These
ions then accelerates towards the ion collector. Grid diameter and the filament to grid spacing are
the two important factors while designing of HIG as these dimensions influence the electron path
length. Successful miniaturization of ionization based pressure sensing has not been demonstrated
as one of the challenges in miniaturization is that when the dimensions are reduced, ionization yield
also reduces. Conceptual designs have been proposed based on standard micromachining processes
however, experimental realization of the technology is still not present [42].
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1.4

Introduction to Stress Sensors
With the great technological advancements that has taken place in the past few decades,

especially in the field of semiconductor devices and micro-electro mechanical systems (MEMS),
better characterization methods for thin films has become essential. Thin films are deposited by
various methods such as physical vapor deposition, electroplating, atomic layer deposition, and
chemical vapor deposition, each method providing a unique characteristic to the film. These thin
films serve different purposes such as electrical and thermal insulation, electrical conduction
channels, actuation and sensing and/or protection of the underneath material from external
corrosive environment to name a few. One of the important factor that has an effect on the
functional properties of these thin films is the stresses that are present in them. These stresses in
thin films are either extrinsic and/or intrinsic in nature. Extrinsic stresses in the thin film are a result
of changes in the physical environment after the growth of the film and can be controlled by
controlling the external environmental factors. Intrinsic stresses, also known as growth stresses, are
the stresses that occur in the thin film during the growth/deposition process and it depends upon
the method of deposition or growth conditions, substrate temperature and material, and the material
of the thin film. Intrinsic stresses in thin films are mostly undesired as it can lead to complete failure
of device performance through thin film delamination, buckling, cracks and structural distortions
in MEMS. One of the few cases where these intrinsic stresses proved to be beneficial was in
improving the mobility of the n-type metal oxide semiconductor (nMOS) devices [43].
Measurement and control of intrinsic stresses is a challenging task and is important for successful
performance of the device.
In the following section, tools and techniques to estimate the stresses in thin films have
been discussed. Wafer curvature measurement, which is one of the most widely used methods to
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determine average thin film stresses, has been discussed followed X-ray diffraction method. Lastly,
various micromachined stress sensors have been discussed.

1.4.1 Wafer Curvature Measurement Method
This is one of the oldest and widely accepted methods for thin film stress measurements.
The theoretical foundation for this method was laid in 1909 by G.G. Stoney while trying to estimate
the stresses in metallic films deposited by electrolysis [44]. Since then, this method for film stress
estimation has been utilized extensively for its simplicity and accuracy.
The working principle behind the wafer curvature measurement is that when a stressed thin
film material is deposited on a thicker substrate, the substrate would bow due to these stresses till
a mechanical equilibrium is achieved. If the film is sufficiently thin as compared to the substrate,
has a uniform stress across the surface, and the deformation gradients are small (for linear elastic
theory to be applicable), then the stress in the thin film is given by the following relationship;
𝜎𝑓 =

𝐸𝑠 ℎ𝑠2 𝜅
6ℎ𝑓 (1 − 𝜈𝑠 )

(1.15)

where subscripts 𝑓 and 𝑠 denotes thin film and substrate respectively, 𝜎𝑓 is the stress in the thin
film, 𝐸 is elastic modulus, ℎ is the thickness, 𝜅 is the radius of curvature, and 𝜈 is the Poisson’s
ratio. In this relationship, all the physical quantities intrinsic to a material are known and only radius
of curvature needs to be determined to estimate the stresses in the thin film. The curvature of the
substrate is either measured by optical methods with the help of laser or by stylus contact method
where a stylus pin scans the surface of the substrate by contact method.
Stoney’s method for stress measurement is mostly employed after the film has been
deposited. Doing in-situ measurements of stress using this method requires the deposition system
to be combined with a curvature and thickness monitoring system which is usually a cumbersome
and expensive task. The other drawback of this method is that it assumes the film have a uniform
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thickness across the wafer and uniform stress in the film throughout which is not often the case.
Hence the calculated stresses can be different than what actually is present in the film. Many
researchers have suggested modified theories for estimating stresses in the film whose application
however in real time stress measurement is a complicated task [45], [46].

1.4.2 X-Ray Diffraction Method
X-ray diffraction method, also known as sin2 𝜓 method, measures the shift in diffraction
peak position at different angles 𝜓. It provides a measure of interlayer spacing by irradiating the
sample with a monochromatic X-ray and measuring the angle at which it satisfies Bragg’s law
given as follows;
𝜆 = 2𝑑. sin(𝜃)

(1.16)

where 𝜆 is the wavelength of the X-ray, 𝑑 is the interlayer spacing and 𝜃 is the angle of incidence
of X-ray on the sample. Due to the presence of in-plane stress in the thin film, the lattice spacing
of the thin film material will be different from that unstressed material due to Poisson’s effect. This
difference is used to estimate the strain in the thin film material by the following relationship;
(𝜖 ′ )𝛼𝜓 =

𝑑𝛼𝜓 − 𝑑0
𝑑0

(1.17)

where 𝑑0 is unstressed interlayer spacing, 𝑑𝛼𝜓 is the measured interlayer spacing at a specified

Figure 1-14: (a) Sample (S) and laboratory (L) coordinate systems. (b) Definition of angles 𝛼 and 𝜓. (c) X-ray incident
and diffraction angles [11].
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sample orientation and (𝜖′)𝛼𝜓 is the strain along thickness direction of the film in the measurement
setup coordinate frame (as shown in Figure 1-14). For a biaxial stress state, which is usually the
state of thin film stress, equation (1.17) can be simplified to the following relationship in the sample
coordinate system;
𝜖𝛼𝜓 =

1+𝜈
𝜈
𝜎𝛼 sin2 𝜓 − (𝜎11 + 𝜎22 )
𝐸
𝐸

𝜎𝛼 = 𝜎11 cos2 𝛼 + 𝜎22 sin2 𝛼

(1.18)
(1.19)

where 𝐸 is the Young’s modulus and 𝜈 is the Poisson’s ratio for the thin film material, and 𝜎𝑖𝑖 is
the stress along 𝑖 direction. Hence, by making measurements at different 𝜓, the in-plane material
stresses can be determined. This method can provide excellent spatial resolution of about 1 μm for
variable stresses as the irradiated area is very small [11]. However, this technique again is an exsitu method for determining stresses in the film and also requires sophisticated tools to determine
the stresses.

1.4.3 Micromachined Stress Sensors
Over the past few decades, many MEMS based devices to measure thin film stresses insitu and ex-situ has been devised [12], [47]–[50]. Guckel et al. utilized a clamped-clamped beam
structure of varying lengths to determine the critical length for buckling to occur [48] (as shown in
Figure 1-15). The buckled beam is identified optically after the deposition process. The length of
this buckled beam is then related to the strain present in the thin film and hence stresses in the film
can be estimated. This method is only applicable for measuring compressive stresses as buckling
can occur in a beam with compressive stress state only. To accurately estimate the stresses, one
would need a large number of these clamped-clamped beam structures with many different lengths
of beams. The other limitation of this methods is that resolution of the estimated stress is limited
by the various beam lengths used.
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Figure 1-15: Doubly supported beams in a buckled state.

Another ex-situ method for residual stress measurement in thin films was proposed by Fang
et al. [50]. They utilized cantilevered thin film structure and measured the deflections by
interferometric profilometry. The authors have shown that the clamped boundary of the thin film
cantilever is not perfect and has a certain slope associated to it. This slope plays an important role
in determination of the residual stresses. With this method, the authors successfully characterized
the mean residual stresses and gradient stresses present along a 1 μm thick cantilever of SiO 2 for
two cases. However, the applicability of this method is limited to only for ex-situ measurements
and no results for films < 1 μm thickness has been shown.
Many researchers have also proposed micro-vernier based ex-situ strain measurement
device for measuring strains/stresses in the thin films whereby the thin film strain is coupled to a
micro-vernier beam with the help of a sensing beam and the strain in the film is estimated by
optically reading the micro-vernier scale [51]–[53]. However, either these structures employ very
long cantilevers to amplify the effect of strain which are susceptible to out of plane bending due to
stress gradients and hence leading to errors in the strain analysis or utilize complex structures whose
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behavior cannot be easily determined analytically to compute the strains in the films.

Figure 1-16: (a) Stress sensing cantilever with four piezoresistors. (b) Cantilever for temperature compensation with three
piezoresistors [12].

One of the most promising methods for in-situ thin film stress measurements has been
demonstrated by Seel et al. [12]. The design of the sensor consists of a silicon cantilever with three
piezoresistors oriented in (001) direction and one piezoresistor in (110) direction and connected
electrically in a Wheatstone bridge configuration. Temperature compensation was also carried out
with a similar configuration as of the stress sensing cantilever but with three piezoresistors oriented
along (001) direction. Figure 1-16 shows the design of the two cantilevers with the piezoresistors
configurations. The stresses in the film can be calculated by the following relationship;
Δ𝑅
′
′ )𝜎
= (𝜋11
+ 𝜋12
𝑠
𝑅

(1.20)

′
′
where Δ𝑅/𝑅 is the relative change in resistance, 𝜋11
and 𝜋12
are the piezoresistive coefficients

along the directions parallel and perpendicular to the current, and 𝜎𝑠 is the stress in the film.
Measurements were carried out in an e-beam evaporator tool where copper was deposited on the
cantilevers at 1Å/s rate and the results were compared with conventional laser reflectometry
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Figure 1-17: Stress-thickness v/s film thickness for piezoresistive cantilever and by laser reflectometry method [12].

method. The method shows a good agreement with the conventional stress growth mechanism in a
thin film (as shown in Figure 1-17). One of the major challenges in implementing this sensor is that
one needs to characterize and correct for thermal stresses before the thin film stresses can be
measured.

1.5

Dissertation Objective and Outline
In this work, stress sensitivity in AT-cut quartz has been explored for vacuum and in-situ

thin film stress sensing applications. Chapter 2 is dedicated for explaining the theoretical
framework over which this work has been carried out. Fundamentals of quartz crystal acoustic
wave propagation using linear and non-linear piezoelectric theory has been explained in detail. A
generic model of stress sensitivity in quartz has been outlined and discussed. Finite element model
and simulations has been presented to validate the model proposed.
The micromachined AT-cut quartz based vacuum gauges have been discussed in chapter
3. The design, operation and experimental observations has been presented and explained in detail.
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A good agreement with the finite element model for tested devices has been shown. Noise analysis
study has also been carried out where the influence of epoxy and vacuum system vibrations on the
device resolution has been discussed. A parametric study with thickness and diameter of the sensor
diaphragm and its influence on sensitivity has also been explained. The devices have shown a polar
behavior to the application of pressure which has been explained by the finite element modeling
study.
In-situ stress sensing based on micromachined AT-cut quartz cantilevers has been
presented in chapter 4. A method to compensate for mass loading during material deposition has
been proposed and implemented. Stress characterization of the micromachined quartz cantilevers
has also been carried out by integrating device with a thin magnetostrictive film of Metglas. Effect
of azimuthal angle, cutting in cantilever shape and nature of stress on device’s stress sensitivity has
also been tested with magnetic experiments. Impedance spectroscopy and vibrometry has been
carried out on these devices which are in good agreement with each other. In-situ stress
measurements has also been carried out where tungsten films have been deposited on the released
cantilevers and continuous monitoring of the impedance characteristics has been carried out on
released and unreleased cantilevers. The challenges in compensating for mass has also been
explained in detail in this device.
The dissertation is concluded with the chapter 5 on future work. Various designs have been
presented in this chapter that can help in overcoming the current challenges and improving the
functioning of the devices discussed in this work.
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Chapter 2
Modeling of Quartz Crystal Resonators
In this chapter, an introduction to quartz crystal and its modeling will be presented. Firstly,
the governing equations to model the quartz crystal’s response to stresses using the non-linear
piezoelectric theory has been described in detail. The validation of this model is provided with the
experimental observations made by researchers in the past. Next, details about quartz crystal
material and crystallography notations are discussed. AT cut quartz has been discussed in detail.
Lastly, modeling of mass sensitivity in quartz crystal resonators by Sauerbrey equation and by
acoustic impedance match (also known as Z-match) method is discussed.

2.1

Piezoelectricity
Piezoelectric is derived from two Greek words – ‘piezo’ meaning to press or squeeze and

‘electric’ meaning relating to electric charge. Piezoelectricity is a phenomenon by virtue of which
certain materials exhibits coupled electrical and mechanical behavior. Piezoelectricity was first
discovered in 1880 by the two French physicists Pierre Curie and Paul-Jacques Curie in crystalline
materials like quartz, topaz, Rochelle salt etc. Extensive work on theory of piezoelectricity was
done by Woldemar Voigt in 1910 where he introduced a succinct tensor notation called the ‘Voigt
notation’ to relate the mechanical properties such as stress and strain to electrical properties such
as electric field and electric displacement. In the following sections, the governing equations for
linear and non-linear piezoelectricity will be presented. Indicial notations has been used in the
following sections which are explained in Table 2-1.
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Table 2-1: Tensor notation and their meaning.
Indicial notation

Meaning

𝑇𝑖,𝑗

𝜕𝑇𝑖
𝜕𝑥𝑗

𝑢̇ 𝑖

𝑑𝑢𝑖
𝑑𝑡
𝑛

∑ 𝑎𝑖 𝑏𝑖

𝑎𝑖 𝑏𝑖

𝑖=1
𝑛

𝑇𝑖𝑗,𝑖

∑
𝑖=1

𝜕𝑇𝑖𝑗
𝜕𝑥𝑖

2.1.1 Linear and Non-Linear Piezoelectric Governing Equations
Table 2-2: Variables used and their meaning.
Variables

Meaning

𝑇𝑖𝑗

2nd Piola-Kirchoff stress

𝑏𝑖

Body force

𝑢𝑖

Displacement field

𝜌

Mass density

𝜔𝑖𝑗

Rotation tensor

𝐷𝑖

Electric displacement field

𝜙

Electric potential

𝑥𝑖

Cartesian coordinate system (𝑖 = 1,2,3)

𝑌

Admittance of the quartz resonator

𝑛𝑗

Normal vector to a surface
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To model the piezoelectric material used in this work, concepts from continuum mechanics
has been utilized for mechanically modeling the system. The meaning of the variables used in the
following system of equations has been explained in Table 2-2. We start with Newton’s
momentum balance law which for a continuum is defined as follows;
𝑇𝑖𝑗,𝑖 + 𝑏𝑗 = 𝜌𝑢𝑗̈

(2.1)

𝑇𝑖𝑗 = 𝑇𝑗𝑖

(2.2)

The displacement gradient is defined as follows;
𝑢𝑖,𝑗 =

𝜕𝑢𝑖
𝜕𝑥𝑗

𝑢𝑖,𝑗 = 𝑆𝑖𝑗 + 𝜔𝑖𝑗

(2.3)
(2.4)

where 𝑆𝑖𝑗 is a symmetric strain tensor and 𝜔𝑖𝑗 is anti-symmetric rotation tensor. These can be
denoted in terms of displacement gradient as follows;
𝑆𝑖𝑗 = 0.5(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖 )

(2.5)

𝜔𝑖𝑗 = 0.5(𝑢𝑖,𝑗 − 𝑢𝑗,𝑖 )

(2.6)

The above system of equations defines the mechanical state of the piezoelectric continuum. For
electrical state of the piezoelectric continuum, Maxwell’s equations are utilized. A quasi-static
approximation has been used which implies that the magnetic fields generated due to an elastic
wave propagation is very small and hence can be neglected. Therefore, for such a system, the
Maxwell’s equations reduce to just Gauss’s law (with zero charge density) and electric field
equation as follows;
𝐷𝑖,𝑖 = 0

(2.7)

𝐸𝑘 = −𝜙,𝑘

(2.8)

Now to solve the above system of equations and to obtain a model for piezoelectric vibrations,
another set of equations are needed i.e. the constitutive relationship that relates the electrical
properties, such as electric displacement 𝐷𝑖 and electric field 𝐸𝑘 , to mechanical properties, such as
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stress tensor 𝑇𝑖𝑗 and strain tensor 𝑆𝑖𝑗 . The piezoelectric constitutive equations in stress-charge form
can be written as follows;
𝐸
𝑇𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙
𝑆𝑘𝑙 − 𝑒𝑘𝑖𝑗 𝐸𝑘

(2.9)

𝑆
𝐷𝑖 = 𝑒𝑖𝑘𝑙 𝑆𝑘𝑙 + 𝜖𝑖𝑘
𝐸𝑘

(2.10)

𝐸
where 𝐶𝑖𝑗𝑘𝑙
is the second order elastic constant evaluated at constant electric field, 𝑒𝑘𝑖𝑗 is the
𝑆
piezoelectric constant and 𝜖𝑖𝑘
is the dielectric constant for the material evaluated at constant strain.

By substituting equations (2.5) and (2.8) into equation (2.9) and (2.10) and then the resultant
equations in equations (2.1) and (2.7), the final set of differential equations are obtained and are
given as follows;
𝐸
𝐶𝑖𝑗𝑘𝑙
𝑢𝑘,𝑙𝑖 + 𝑒𝑘𝑖𝑗 𝜙,𝑘𝑖 + 𝑏𝑗 = 𝜌𝑢𝑗̈

(2.11)

𝑆
𝑒𝑖𝑘𝑙 𝑢𝑘,𝑙𝑖 + 𝜖𝑖𝑘
𝜙,𝑘𝑖 = 0

(2.12)

To solve the above equations, proper mechanical and electrical boundary conditions are required.
The common boundary conditions that are applied to such piezoelectric systems are listed in the
Table 2-3.
Table 2-3: List of different boundary conditions and their respective equations.
Boundary Condition

Equation

Traction free surface

𝑛𝑖 𝑇𝑖𝑗 = 0

Fixed surface

𝑢𝑖 = 0

Unelectroded surface

𝑛𝑖 𝐷𝑖 = 0

Shorted surface

𝜙=0

Current out of the electrode

𝐼 = 𝑌𝑉

Current into the electrode

𝐼 = −𝑌𝑉

Voltage across the electrode

𝑉 = 𝜙𝑥=𝑡 − 𝜙𝑥=0
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For most of the materials, the above relationships provides an accurate description of the
phenomenon associated with a piezoelectric material. However, the phenomenon of frequency
shifts in quartz crystals due to stress cannot be explained solely by the model presented so far. Nonlinear terms in strain displacement relationships and constitutive equation needs to be included to
better model the experimental observations and hence a new set of equations based on non-linear
terms needs to be formulated. The set of non-linear equations has been derived using the principle
of virtual work elsewhere and final set of equations are presented below [16];
𝑆𝑖𝑗 = 0.5(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖 + 𝑢𝑖,𝑘 𝑢𝑘,𝑗 )

(2.13)

[(𝑇𝑖𝑗 + 𝑇𝑗𝑘 𝑢𝑖,𝑘 ),𝑖 + 𝑏𝑗 = 𝜌𝑢𝑗̈ ]

(2.14)

𝑖𝑛 𝑉

[𝑝𝑘 = 𝑛𝑗 (𝑇𝑖𝑗 + 𝑇𝑗𝑘 𝑢𝑖,𝑘 )]𝑖𝑛 𝑆

(2.15)

[𝐷𝑖,𝑖 = 0]𝑖𝑛 𝑉

(2.16)

[𝑞 = −𝑛𝑗 𝐷𝑗 ]𝑖𝑛 𝑆

(2.17)

𝐸
𝐸
𝑇𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙
𝑆𝑘𝑙 + 0.5 × 𝐶𝑖𝑗𝑘𝑙𝑚𝑛
𝑆𝑘𝑙 𝑆𝑚𝑛 − 𝑒𝑘𝑖𝑗 𝐸𝑘

(2.18)

𝑠
𝐷𝑖 = 𝑒𝑖𝑘𝑙 𝑆𝑘𝑙 + 𝜖𝑖𝑘
𝐸𝑘

(2.19)

where 𝑝𝑘 is the surface traction, 𝐶𝑖𝑗𝑘𝑙𝑚𝑛 is the third order elastic coefficient, 𝑉 implies applicable
in the bulk of the piezoelectric body and 𝑆 implies applicable on the surface of the piezoelectric
body.

2.1.2 Modeling Stress Effect in Quartz
In this dissertation, effect of stress on quartz crystal’s frequency response has been utilized
for pressure and stress sensing. The modeling principle for both the sensors is similar and differs
only in the initial boundary condition. The modeling of the sensor involves superposing the small
deformations due to vibrations on the already deformed sensor due to the action of stress. This
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method has been utilized by various other researchers to predict the response of quartz for simpler
geometry and boundary conditions [54]–[56].

Figure 2-1: The reference, initial and final states of the sensor in the Cartesian coordinate system.

The three states of the sensor is defined as follows;
1)

Undeformed State or the Reference State: In this state, there are no stresses, strains,
deformation and electric fields present in the sensor. The position of a point P on the sensor
in this state w.r.t. Cartesian coordinate system is 𝑎𝑖 (as shown in Figure 2-1).

2)

Initial State: This is the state that is achieved after the application of the stresses on the sensor.
In this state, the body of the sensor is deformed due to the action of external forces and has
static electric fields. The point on the sensor P moves from 𝑎𝑖 to 𝑏𝑖 from reference to initial
state (as shown in Figure 2-1). The system of equations for this state can be written as
follows;

Initial displacement;
𝑈𝑖 = 𝑏𝑖 − 𝑎𝑖
Initial strains;

(2.20)
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𝑆𝑖𝑗 = 0.5(𝑈𝑖,𝑗 + 𝑈𝑗,𝑖 + 𝑈𝑘,𝑖 𝑈𝑘,𝑗 )

(2.21)

Initial stress constitutive equations;
𝐸
𝐸
𝑇𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙
𝑆𝑘𝑙 + 0.5 × 𝐶𝑖𝑗𝑘𝑙𝑚𝑛
𝑆𝑘𝑙 𝑆𝑚𝑛 − 𝑒𝑘𝑖𝑗 𝐸𝑘

(2.22)

Initial electric displacement constitutive equations;
𝑆
𝐷𝑖 = 𝑒𝑖𝑘𝑙 𝑆𝑘𝑙 + 𝜖𝑖𝑘
𝐸𝑘

(2.23)

Initial stress equations of motion;
[(𝑇𝑖𝑗 + 𝑇𝑗𝑘 𝑈𝑖,𝑘 ),𝑗 + 𝜌𝐵𝑖 = 𝜌𝑈̈𝑖 ]

(2.24)

𝑖𝑛 𝑉

Initial charge balance equations;
[𝐷𝑖,𝑖 = 0]𝑖𝑛 𝑉
3)

(2.25)

Final State: In this state, the small deformations and electric field due to vibrations are
superimposed on the initial state. The position of point P shifts from 𝑏𝑖 to 𝑐𝑖 . The system of
equations remains the same as that of the initial state. However, the state variables changes
due to the addition of deformations and electric fields (and are denoted by a ‘bar’ over the
symbol). The Table 2-4 summarizes the state variables.

Table 2-4: List of variables for initial, final and incremental state.
Initial State

Final State

Incremental State

Displacement

𝑈𝑖

̅𝑖
𝑈

̅𝑖 − 𝑈𝑖
𝑢𝑖 = 𝑈

Strain

𝑆𝑖𝑗

̅
𝑆𝑖𝑗

̅ − 𝑆𝑖𝑗
𝑠𝑖𝑗 = 𝑆𝑖𝑗

Stress (2nd Piola Kirchoff)

𝑇𝑖𝑗

𝑇̅𝑖𝑗

𝑡𝑖𝑗 = 𝑇̅𝑖𝑗 − 𝑇𝑖𝑗

Body Force

𝐵𝑖

𝐵̅𝑖

𝑏𝑖 = 𝐵̅𝑖 = 𝐵𝑖

Electric Field

𝐸𝑖

𝐸̅𝑖

𝑒𝑖 = 𝐸̅𝑖 − 𝐸𝑖

Electric Displacement

𝐷𝑖

̅𝑖
𝐷

̅𝑖 − 𝐷𝑖
𝑑𝑖 = 𝐷
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The final set of equations are arrived on by taking the difference of the set of state equations of the
final state and the initial state. These set of equations are called the incremental equations are given
as follows;
Incremental displacements;
̅𝑖 − 𝑈𝑖
𝑢𝑖 = 𝑈

(2.26)

𝑠𝑖𝑗 = 0.5(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖 + 𝑈𝑘,𝑖 𝑢𝑘,𝑗 + 𝑈𝑘,𝑗 𝑢𝑘,𝑖 )

(2.27)

Incremental strains;

where the quadratic terms such as 𝑢𝑘,𝑖 𝑢𝑘,𝑗 are neglected for small amplitude vibrations.
Incremental stress constitutive equations;
𝐸
𝐸
𝑡𝑖𝑗 = (𝐶𝑖𝑗𝑘𝑙
+ 𝐶𝑖𝑗𝑘𝑙𝑚𝑛
𝑆𝑚𝑛 )𝑠𝑘𝑙 − 𝑒𝑘𝑖𝑗 𝑒𝑘

(2.28)

where the quadratic terms such as 𝑠𝑘𝑙 𝑠𝑚𝑛 are neglected for small amplitude vibrations.
Incremental electric displacement constitutive equations;
𝑆
𝑑𝑖 = 𝑒𝑖𝑘𝑙 𝑠𝑘𝑙 + 𝜖𝑖𝑘
𝑒𝑘

(2.29)

Incremental stress equations of motion;
[(𝑡𝑖𝑗 + 𝑡𝑗𝑘 𝑈𝑖,𝑘 ),𝑗 = 𝜌𝑢̈ 𝑖 ]

𝑖𝑛 𝑉

(2.30)

where the incremental body force 𝑏𝑖 is taken zero (as 𝐵𝑖 = 𝐵̅𝑖 ).
Incremental charge displacement balance equations;
[𝑑𝑖,𝑖 = 0]𝑖𝑛 𝑉

(2.31)

The above set of equations from equation (2.26) to (2.31) represents a complete model based on
non-linear strain displacement relationship that can be modeled in Comsol. However, further
simplifications to the model can be made without significant loss of accuracy as has been shown
by Yong et. al. [56]. By neglecting the initial displacement gradient 𝑈𝑘,𝑖 that resulted from the nonlinear strain displacement relationship (as taken in equation (2.13)) and taking only the effect of 3rd
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order non-linear elastic constant, equation (2.27) and equation (2.30) simplifies to the following
forms;
𝑠𝑖𝑗 = 0.5(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖 )
[(𝑡𝑖𝑗 ),𝑗 = 𝜌𝑢̈ 𝑖 ]

𝑖𝑛 𝑉

(2.32)
(2.33)

The final set of equations used to model the sensor are equations (2.26), (2.28), (2.29), (2.31), (2.32)
and (2.33). This completes the derivation of the equations for modeling the stress effects on a quartz
resonator due to stresses.

2.1.3 Weak Form Formulation of Governing Equations
The modeling of the sensors has been accomplished in two parts. Firstly, the effect of initial
stresses on the sensor structure (due to pressure or thin film stress) has been modeled in Comsol
Multiphysics® 5.3 software by utilizing the Solid Mechanics module and conducting a stationary
study. By doing so, the initial strains are evaluated. These strains are then used in the incremental
system of equations and an eigenvalue study is carried out to evaluate the resonance frequency of
the sensor.
To model the incremental system of equations as presented in the previous section, finite
element modeling approach has been utilized. To accomplish this, the incremental equations of
motion (i.e. equation (2.33) and the incremental equation of charge balance (i.e. equation (2.31))
were first converted into a weak form (integral form) from their strong form (differential form).
This weak form of the governing equations then can be easily implemented in Comsol software by
utilizing the weak form PDE module and imposing the appropriate boundary conditions to solve
for the effects of stresses on the quartz sensors. In the current system at hand, two variables that
are solved for by the incremental system of equations are the incremental displacement 𝑢𝑖 and the
incremental electric potential 𝜙. To formulate the weak from equations, two arbitrary test functions
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are introduced namely 𝑢̃ and 𝜙̃ corresponding to the two variables such that their value is 0 at the
boundary of the system. The strong form equations i.e. equation (2.31) and equation (2.33) in tensor
form are as follows;
[𝜌𝑢̈ − ∇. (𝑡) = 0]

𝑖𝑛 𝑉

[−∇. 𝑑 = 0]𝑖𝑛 𝑉

(2.34)
(2.35)

where ∇. is the divergence operator, single bar below a symbol indicates that the variable is a vector
and double bar under the symbol indicates that the variable is a second order tensor. A dot product
of the above equation 2.34 and equation 2.35 is done with the test function 𝑢̃ and 𝜙̃ respectively
and integrated over the entire volume of the domain 𝑉. By using the divergence theorem and taking
the traction at boundary to be 0 (as no additional body force is applied in incremental state), the
following set of integral equations are obtained;
∫ 𝑢̃. 𝜌𝑢̈ 𝑑𝑉 + ∫ ∇𝑢̃. 𝑡𝑑 𝑉 = 0
𝑉

𝑉

∫𝜙̃𝑑. 𝑛 𝑑𝑆 + ∫ ∇. 𝜙̃. 𝑑 𝑑𝑉 = 0
𝑆

𝑉

(2.36)

(2.37)

The above equations are scalar equations in the weak from that will be solved simultaneously in
Comsol software using the weak from PDE module. Due to the complexity involved in formulating
the above equations, Mathematica has been utilized to obtain the symbolic representation of the
above equations. The details of the Mathematica code are given in the Appendix A.

2.1.4 Model Validation
The weak form formulation discussed in the previous section was validated with the experimental
results by Mingins and Ballato [13], [14]. The experiment was carried out on a circular AT-cut
quartz plate of dia. = 12 mm, electrode dia. = 4 mm, and thickness = 166.5 μm (as shown in Figure
2-2 (a)). Diametric forces on the quartz disc was applied and the force sensitivity coefficient
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𝐾𝑓 = (

Δ𝑓 𝑑
× )
𝑓02 𝐹

(2.38)

Figure 2-2: (a) Experiment conducted by Mingins and Ballato where a diametric force was applied across a circular
quartz plate. (b) Equivalent setup modeled in Comsol where one end is fixed and force applied on the diametrically
opposite side.

Figure 2-3: Image of a circular quartz plate resonating in its fundamental thickness shear mode at f0 = 10.06 MHz (d =
12mm dia., t = 166.6 μm thick and delec = 4mm).
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𝐾𝑓 was evaluated for different azimuthal angle where 𝐾𝑓 is given by equation 2.38 [57] (where Δ𝑓
is the frequency shift, 𝑓𝑜 is the initial resonance frequency, 𝑑 is the diameter of the quartz plate,
and 𝐹 is the applied force to the plate) . To model the experiment in Comsol, an equivalent
mechanical system was used where instead of applying force diametrically, one boundary on the
edge of the plate was fixed and line force was applied on the other diametrically opposite edge.
Figure 2-3 shows the thickness shear mode resonance for the plate with dimensions mentioned
earlier when no applied force. Figure 2-4 shows the experimental results obtained by Mingins and
Ballato and compares it to the Comsol modeling results. The model agrees well with the
experimental results and follows the trend accurately. However small variations in the model and
the experimental results are present which can be due to mismatch in the certain material parameters
that were used and neglecting the displacement gradients (i.e. 𝑈𝑘,𝑖 ) during the final model
formulation.

Figure 2-4: Experimental observations of force sensitivity constant (K f) v/s azimuthal angle (Ψ) by Ballato and Mingins
compared with the Comsol modeling results [13], [14].
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2.2

Introduction to Quartz Crystal
Quartz is a highly anisotropic crystalline material that occurs naturally or can be man-

made. Quartz belongs to the class 32 point group trigonal-trapezoidal crystal that does not have a
mirror symmetry (or is enantiomorphic). Quartz crystals occur in two forms i.e. left handed and
right handed and hence have certain differences in the material properties depending upon the
handedness (as shown in Figure 2-5).

Figure 2-5: Piezoelectric, elastic and electrical properties of left handed and right handed crystal quartz based on IEEE
1978 standard [15], [16].

There have been two standards in literature that are followed, namely the IRE standard of
1949 and IEEE standard for 1978, which defines the crystalline axis (as shown in Figure 2-6).
Quartz usually is used by cutting the crystal at a particular angle in the form of thin plates. The
orientation of a piezoelectric crystal cut is defined with respect to its crystal axis and is specified
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Figure 2-6: Left handed and right handed quartz crystals along with 1949 IRE (dashed lines) and 1978 IEEE (solid lines)
crystalline axis [17].

by a set of rotations. The commonly used notation for these set of rotations are (Y X l t) A/B. The
method of carrying out this set of rotations is illustrated in Figure 2-7. The first two symbols denote
the axes and can have values as X, Y and Z. The first two symbols guides how to orient the plate
with respect to the crystal axis. The first letter of the rotation symbol indicates the thickness
orientation axis and the second letter indicates the length orientation axis. The following symbols
inside the braces defines the axis about which the rotation needs to be carried out and can take
values of l (length), w (width) and t (thickness). Depending upon the number of rotations required,
there can be one or more symbols following the first two rotational symbols in the braces. Most of
the commonly used quartz plates have either one or two rotations. Finally, the values of rotations
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Figure 2-7: Schematic showing the method to define and orient a crystal cut (in the right handed sense) [17].

Figure 2-8: Schematic of various cuts in quartz crystals in use with their orientation w.r.t. the crystal axis (Source:
https://www.fcd-tech.com/quartz-crystal-resonator-saw-resonator-qcm-sensor).

Table 2-5: Overview of different crystal cuts used in quartz crystal.
Cut ID

Orientation

Resonance Mode

AT

(YXl)35.15°

Thickness shear

Property
Zero frequency drift near room
temperature

SC

(YXl)35.15°,21.54°

Thickness shear

BT

(YXl)-49.8°

Thickness shear

Stress compensated
Stable and repeatable resonance
characteristics

Y

(YXl)0°

Thickness Shear

High temperature sensitivity
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are defined in the order they need to be carried out. Many different crystal cuts are used for quartz
crystals which offer unique properties as well as possess different resonance modes based on their
orientation. Figure 2-8 shows the different cuts of quartz crystals along with their orientations with
respect to the crystal’s axis. The unique properties along with their orientation of important cuts in
(Y X l t) A/B notation is given in Table 2-5.

2.3

Introduction to AT-Cut Quartz

In this section, AT-cut quartz will be discussed in detail as this cut has been utilized for the work
presented in the dissertation. AT-cut was first discovered in 1934 by researchers at Bell labs where
they found extremely stable oscillator properties with temperature for this cut [58]. Its orientations
w.r.t. quartz crystal axis is shown in Figure 2-9.

Figure 2-9: (a) Orientation of quartz crystal with respect to the Cartesian coordinates. (b) Orientation of AT-cut quartz
plate with respect to the Cartesian coordinates (Source: http://large.stanford.edu/courses/2007/ph210/hellstrom2/).

The insensitivity of AT-cut quartz crystal is an important characteristic for near room temperature
sensing applications as many piezoelectric materials suffer from high fluctuations in their response
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to temperature. The dependence of relative frequency shift on temperature can be given by the
following relationship [59];
Δ𝑓
= 𝑎1 (𝑇 − 𝑇0 ) + 𝑎2 (𝑇 − 𝑇0 )2 + 𝑎3 (𝑇 − 𝑇0 )3
𝑓0

(2.39)

where 𝑎1 , 𝑎2 , and 𝑎3 are the first, second, and third order frequency coefficient, 𝑇0 is the inflection
temperature (~ 26°C for AT-cut quartz) and 𝑓0 is the fundamental resonance frequency. The
coefficients are a function of the cut orientation given by the following equations;
𝑎1 = −0.08583 × 10−6 (𝜃 − 𝜃0 )

(2.40)

𝑎2 = 0.39 × 10−9 − 0.7833 × 10−9 (𝜃 − 𝜃0 )

(2.41)

𝑎3 = 109.5 × 10−12 − 0.033 × 10−12 (𝜃 − 𝜃0 )

(2.42)

where (𝜃 − 𝜃0 ) is the difference between the actual cut orientation and the theoretical cut
orientation with respect to the quartz crystal axis. Figure 2-10 shows the frequency characteristic
for three different orientations near room temperature range. As can be seen clearly in the figure,
for the temperature range of operation of 10°C to 40°C, the shift in frequency is extremely low
(≤0.5 ppm) which is highly desirable for sensing applications.

Figure 2-10: Frequency shift (in ppm) v/s temperature for different AT-Cut crystal orientations.
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AT Cut quartz plate resonates in it thickness shear mode (as shown in Figure 2-11) and its
resonance frequency is a function of the plate thickness and shear acoustic wave velocity which is
given by the following equation;

Figure 2-11: Fundamental thickness shear mode resonance in AT-cut quartz crystal where motion of particles is
perpendicular to wave propagation direction.

𝑣
𝑡

(2.43)

𝐶66
𝑣=√
𝜌𝑞

(2.44)

𝑓𝑛 = 𝑛

where 𝑛 is the resonance mode, 𝑣 is the shear acoustic wave propagation velocity, 𝑡 is the thickness
of the quartz plate, 𝐶66 is the shear modulus of elasticity and 𝜌𝑞 is the quartz crystal material
density. As can be seen in equation 2.43, the resonance frequency is inversely dependent upon the
thickness of the plate and hence can be increased by reducing the thickness of the plate. This
reduction in thickness is helpful in sensing application as the response of an AT-cut quartz based
sensor to a stimulus depends greatly upon the thickness (as will be shown in the subsequent
chapters). Even though quartz is a highly anisotropic material, its piezoelectric properties can be
defined by only ten independent quantities of which six are elastic quantities, two are piezoelectric
coupling quantities and two are electrical permittivity. As has been previously shown, the response
of AT-cut quartz to stresses not only depends upon the second order elastic coefficients but also on
the third order elastic coefficients. The third order elastic matrix is a 6x6x6 matrix and contains
216 elements. All the properties of AT-cut quartz are summarized in Appendix B.
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2.4

Mass Sensitivity of Quartz
Quartz is widely used for microbalance applications owing to its exceptional mass

sensitivity (< 10-12 g/cm2) and ease of sensing frequency shifts precisely. It is extensively used as
thin film thickness monitor for thickness monitoring and control. By functionalizing quartz crystal
surface that binds selectively to certain biological or chemical species, it is used as biological and
chemical sensor as well.

2.4.1 Sauerbrey Equation
For rigid and thin films deposited on quartz, Sauerbrey deduced a simple relationship
between the film thicknesses to frequency shifts in quartz. By considering the thickness of the
deposited thin film as an extension of quartz itself and calculating the change in frequency due to
this thickness increase, he obtained what is popularly known as the “Sauerbrey Equation.” This is
used by many thickness monitoring units to control thicknesses in a process. The relationship
between the thin film thicknesses to the frequency shift is given by;
Δ𝑓 = −

2𝑓02
𝐴√𝜌𝑞 𝜇𝑞

Δ𝑚

(2.45)

where 𝑓0 is the unloaded quartz crystal’s resonance frequency (given by equation (2.43)), 𝐴 is the
active area of the crystal (usually the area of the electrode smaller in area), 𝜌𝑞 is the quartz crystal
mass density, 𝜇𝑞 is the shear modulus, and Δ𝑚 is the change in mass on the active area. This change
in mass is given by;
Δ𝑚 = 𝐴𝜌𝑚 𝑡𝑚

(2.46)

where 𝜌𝑚 and 𝑡𝑚 is the deposited material’s mass density thickness respectively. The equation 2.45
holds true for rigid films that are distributed evenly over the quartz crystal. It does not provide
accurate measurements as the thickness increases which leads to a shift in resonance frequency >
2 percent of the original resonance frequency (i.e. Δ𝑓/𝑓0 > 0.02).
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2.4.2 Acoustic Impedance Match Method
As the thickness of the film increases (such that Δ𝑓/𝑓0 > 0.02), the linear relationship
between frequency shifts and thickness does not hold true as deduced by Sauerbrey. A more
accurate method to determine the thickness of the deposited thin film was derived by Lu and Lewis
by considering the quartz crystal and the deposited thin film as a composite acoustic resonator [60].
By doing so, the acoustic impedance of the deposited material was also considered while
calculating the frequency of this composite resonator system and hence the name “Acoustic
Impedance match” for the method. The derivation for the impedance match equation is given in the
following part of the section.
To derive the relationship, Lu and Lewis considered a 1-dimensional mechanical system
of quartz and thin film as shown below in Figure 2-12 [61];

Figure 2-12: Schematic of a 1-D composite resonator with a quartz plate and a thin film.

The symbols 𝜇, 𝜌, and 𝑡 are shear modulus, mass density, and thickness respectively. Subscripts 𝑞
and 𝑓 stands for quartz and film respectively. Considering an acoustic shear wave along the xdirection propagating in both the medium with no losses, the equation of wave can be described as;
𝑦𝑞 (𝑥, 𝑡) = 𝐴 exp(𝑖𝜔𝑥/𝑣𝑞 ) + 𝐵 exp(−𝑖𝜔𝑥/𝑣𝑞 )

(2.47)
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𝑦𝑓 (𝑥, 𝑡) = 𝐶 exp(𝑖𝜔𝑥/𝑣𝑓 ) + 𝐷 exp(−𝑖𝜔𝑥/𝑣𝑓 )

(2.48)

𝑣𝑞 = √𝜇𝑞 /𝜌𝑞 ; 𝑣𝑓 = √𝜇𝑓 /𝜌𝑓

(2.49)

where 𝑦𝑞 and 𝑦𝑓 denotes the particle displacement of quartz and film respectively, 𝜔 is the angular
velocity, and 𝑣𝑞 and 𝑣𝑓 are the shear acoustic wave velocity of quartz and film respectively. For
continuity of the particles at the interface i.e. at x = 0, the particle displacement and stresses are
same. The corresponding equations are as follows;
𝑦𝑞 = 𝑦𝑓
𝜇𝑞 (

(2.50)

𝑑𝑦𝑓
𝑑𝑦𝑞
) = 𝜇𝑓 (
)
𝑑𝑥
𝑑𝑥

(2.51)

The two free surfaces of the composite resonator are antinodes and hence the shear strains are zero;
𝐶𝑞

𝑑𝑦𝑞
= 0;
𝑑𝑥

𝐶𝑓

𝑑𝑦𝑓
= 0;
𝑑𝑥

𝑎𝑡 𝑥 = −𝑡𝑞

(2.52)

𝑎𝑡 𝑥 = 𝑡𝑓

(2.53)

By using the boundary condition equations (2.50) to (2.53) in the wave equations, the following set
of liner equations are obtained;
𝜌𝑓 𝜇𝑓
𝐴−𝐵−(
)
𝜌𝑞 𝜇𝑞

0.5

[𝐶 − 𝐷] = 0

(2.54)

𝐴+𝐵−𝐶−𝐷 = 0

(2.55)

𝐴 − 𝐵 exp(2𝑖𝜔𝑡𝑞 /𝑣𝑞 ) = 0

(2.56)

𝐶 − 𝐷 exp(−2𝑖𝜔𝑡𝑞 /𝑣𝑓 ) = 0

(2.57)

The above system of equations can be simplified and reduced to the following equation;
exp(2𝑖𝜔𝑡𝑞 /𝑣𝑞 ) − 1
exp(2𝑖𝜔𝑡𝑞 /𝑣𝑞 ) + 1

=(

𝜌𝑓 𝜇𝑓
)
𝜌𝑞 𝜇𝑞

0.5

exp(−2𝑖𝜔𝑡𝑞 /𝑣𝑓 ) − 1
exp(−2𝑖𝜔𝑡𝑞 /𝑣𝑓 ) + 1

(2.58)

46
By using the trigonometric identity tan(𝑖𝜔) = (exp(𝑖𝜔) − exp(−𝑖𝜔))/(exp(𝑖𝜔) + exp(−𝑖𝜔)) ,
the above can be further simplified to the following equation;
𝜌𝑓 𝜇𝑓
tan(𝜔𝑣𝑞 𝑡𝑞 ) = − (
)
𝜌𝑞 𝜇𝑞

0.5

tan(𝜔𝑣𝑓 𝑡𝑓 )

(2.59)

By defining a new term, the acoustic impedance ratio or the popularly known as the Z-factor as
follows;
𝑍𝑞
𝜌𝑞 𝜇𝑞
𝑍=
=(
)
𝑍𝑓
𝜌𝑓 𝜇𝑓

0.5

(2.60)

the equation (2.59) can be further simplified as follows;
tan (

𝜋𝑓𝑙
1
𝜋𝑓𝑙
) = − (tan ( ))
𝑓𝑞
𝑍
𝑓𝑓

(2.61)

where 𝜔 = 2𝜋𝑓𝑙 (𝑓𝑙 is the loaded quartz crystal frequency), 𝑓𝑞 = 𝑣𝑞 /2𝑡𝑞 and 𝑓𝑓 = 𝑣𝑓 /2𝑡𝑓 . Lastly,
by using the trigonometric identity that tan(𝜋 − 𝑥) = −tan(𝑥), the final equation for the film
thickness can be written as;
𝜌𝑞 𝑣𝑞
𝜋(𝑓𝑞 − 𝑓𝑙 )
𝜌𝑓 𝑡𝑓 = (
) atan(𝑍 tan (
)
2𝜋𝑍𝑓𝑙
𝑓𝑞

(2.62)

By defining the dimensionless parameters 𝑀(measure of film thickness) and 𝐹 (measure of
frequency shift) as follows;
𝜌𝑓 𝑡𝑓
𝜌𝑞 𝑡𝑞

(2.63)

𝑓𝑞 − 𝑓𝑙
𝑓𝑞

(2.64)

atan(𝑍 tan(𝜋𝐹))
𝜋𝑍 (1 − 𝐹)

(2.65)

𝑀=

𝐹=
equation (2.62) reduces to;
𝑀=

The above relationship has shown exceptional match with the experimental results even though the
formulation is carried out only in 1-dimensional system. Figure 2-13 shows the comparison
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experimental results and theoretical predictions based on equation (2.65) for aluminum, gold and
copper carried out on a quartz resonator with f0 = 6.05 MHz [18]. As can be seen in the figure, the
theory matches well with the experimental observations even when the thickness ratio M is high.
It can also be seen that at the thickness increases (especially for M > 0.15), the linear relationship
between frequency shift and thickness change cease to hold true and hence Sauerbrey equations
will yield inaccurate results.

Figure 2-13: Normalized frequency versus normalized thickness for aluminum, gold and copper. Theoretical estimations
and experimental results are shown [18].

The method of acoustic impedance match is derived for only single thin film layer. It does not hold
true for cases when multiple layers of different materials are deposited and hence requires a new
model involving contribution from all the deposited materials. For multilayered composite
resonator system, the 1-D acoustic wave analysis becomes extremely complicated and hence
requires sophisticated computer codes to solve such a system. However, if the stack of the films
deposited are thin enough, Z-match method works well for estimating thickness by considering
that all the previous layers are of the same material as of the one being deposited currently [62].
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Chapter 3
Micromachined Quartz Based Differential Pressure
Sensor
Force frequency effect in quartz has been utilized for sensing applications such as pressure
and magnetic field [63], [64] . Pressure sensor based on quartz that has been demonstrated caters
to high pressure sensing applications mainly for oil exploration industry. No studies to date has
been done on exploring the feasibility of using quartz for vacuum sensing applications as
demonstrated in this work. For vacuum sensing application, one would need a structure that is
mechanically pliable so as to produce enough stress/strain when sub-atmospheric pressure is
applied to a quartz based sensor leading to an appreciable frequency shift. One such method for
making flexible mechanical system is by using micromachining techniques used by MEMS
industry. However, until recently, reports on micromachining quartz in plasma environments which
can produce reliable and high quality devices has been low. We have been successfully able to
fabricate and demonstrate miniaturized quartz based sensors with good success. Micromachined
quartz fabricated in our group has been utilized for various sensing applications such as infrared
sensing, chemical sensing, magnetic field sensing, and bio-sensing to list a few [65]–[67]. In this
chapter, the design, modeling, parametric optimization and experimental results for micromachined
AT-cut quartz based differential vacuum sensor are discussed.

3.1

Theoretical Background
The governing equations of the working of the device has been explained in detail in

chapter 2. The equations have been modeled in Comsol Multiphysics© 5.3 finite element software
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and an eigenvalue study has been carried out for different thicknesses of quartz diaphragm. The
schematic of the quartz sensor plate is shown in Figure 3-1. While modeling in Comsol, only a
quarter part of the plate was modeled and appropriate mechanical symmetry boundary conditions
were applied. By doing so, computational time and solution space significantly reduces without
any loss of solution accuracy.

Figure 3-1: (a) Schematic of a 9 mm x 9 mm square plate of quartz with eight 1 mm dia. resonators with centers arranged
on a 4 mm x 4 mm square plane. (b) Image of the quarter of the plate modeled in Comsol Multiphysics® 5.3 software
using the mechanical symmetry conditions. The inner circle in the resonator region marks the area where the electrodes
are present. (c) Rotated view of the quartz plate.
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Figure 3-2: (a) Image of the quarter plate modeled in Comsol. (b) Eigenvalue study results for a 20 μm thick quartz
resonator. (c)-(e) Displacement ux for 20 μm thick, 30 μm thick and 40 μm thick quartz resonators in their fundamental
thickness shear mode.

As has been discussed in section 2.4.2, the stresses and the strains in the initial state needs to be
evaluated first. Solid mechanics module has been utilized for calculating these stresses/strains
generated due to differential pressure on the quartz plate. Once the stresses and strains were
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evaluated, the incremental governing equations were modeled for only the resonator region of
interest to evaluate the eigenvalues at different applied differential pressures across the quartz plate.
Effect of electrode mass has not been considered as its effect is insignificant on the response of
quartz sensor due to the pressure [68]. Figure 3-2 (c), (d) and (e) shows the displacement in xdirection of 20 μm, 30 μm and 40 um devices in the first thickness shear mode when no differential
pressure is applied respectively. The figure clearly shows the confinement of the displacement in
the electrode region which is a distinctive property in such bulk acoustic resonating devices. The
eigenvalues obtained for the respective thicknesses are within 0.2% of the expected eigenvalues
evaluated by equation 2.43.

3.2

Device Fabrication

The device fabrication starts with a 100 μm thick and 1 inch diameter AT cut quartz wafer. The
wafers are cleaned in piranha solution (4:1 – H2SO4 : H2O2) and rinsed with iso-propyl alcohol to
remove organic residues. Chromium (10 nm) and gold (100 nm) metal layers are deposited by using
an e-beam evaporator. This metal layer acts as a seed layer for electroplating nickel later.
Photolithography is carried out using SPR-220 photoresist to define the nickel hard mask regions.
Nickel is electroplated for 10-12 hours to get a 14 μm to 16 μm thick layer. After electroplating,
photoresist is removed and the quartz wafer plated with nickel is mounted on a 100 mm diameter
silicon wafer using indium as adhesive. The quartz is then etched in a deep reactive ion etching tool
using argon and SF6 gases. The thickness and hence the final resonance frequency of the sensor is
controlled by controlling the etch time. After etching is complete, quartz is demounted from the
silicon wafer and all the metals on the quartz wafer are wet etched in aqua regia solution (3:1 – HCl
: HNO3). Chromium (15 nm) and gold (150 nm) electrodes on the top and the bottom side of the
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Figure 3-3: Fabrication procedure for pressure sensor (showing steps in a part of the chip only).

etched regions are subsequently patterned using two photolithography steps. Figure 3-3 gives a
schematic summary of the fabrication steps and details are provided in the Appendix C.

3.3

Sensor Packaging and Test Setup
After microfabrication, the 1’’ diameter quartz wafer is broken into four pieces of 9 mm x

9 mm squares with each piece having eight resonators in it. This square quartz plate is then
packaged in a ceramic dual inline package with the help of a conductive silver epoxy which forms
the bottom electrode for the device. The ceramic package has a 5 mm x 5 mm hole in the center
providing access to the other face of the quartz plate for applying the differential pressure across
quartz diaphragm. Electrical connections from the resonators to the ceramic package are done by
wedge type wire bonding. The RTV 157 silicone epoxy is applied carefully around the periphery
of the quartz plate to provide a hermetic seal across the two faces of the diaphragm. Figure 3-4
shows an image of the one such packaged device. This ceramic package is placed in a custom
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Figure 3-4: The resonator chip with eight devices packaged in a ceramic dual inline package and sealed on the periphery
by RTV 157 silicone gel.

holder. The custom holder consists of two parts, each having a Viton gasket to provide compression
hermetic sealing on either side of the ceramic package. The compression sealing is achieved by
tightening the four screws on the custom assembly. Figure 3-5 shows the assembly of the ceramic
package in the custom holder. This assembly is then mounted on a vacuum test setup where pressure
on one side of the diaphragm can be controlled by introducing nitrogen gas with the help of needle
valves. The other side of the quartz diaphragm is kept at high vacuum thereby creating a differential
pressure across the diaphragm. The measurements are carried out by monitoring the impedance
characteristics near resonance with the help of Agilent precision impedance analyzer. The pressure
is monitored with the help of MKS capacitance diaphragm gauges (0-760 Torr and 0-100 mTorr

(a)
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(b)

Figure 3-5: (a) Sequence of assembly of the packaged device in the custom holder. (b) Schematic of the cross section of
the custom holder with the ceramic package

range) on the side where nitrogen is introduced. An MKS ionization gauge is used on the high
vacuum side to monitor the pressure on the other side of the diaphragm. Figure 3-6 shows a
schematic and image of the actual test setup.

3.4

Measurement Technique
The measurements have been carried out with the help of an Agilent 4395A impedance

analyzer controlled using a LabView software. The resonator is driven into its bulk acoustic wave
shear mode resonance and its impedance characteristics (conductance and susceptance) are
continuously monitored using the impedance analyzer. The impedance analyzer is carefully
compensated for the experimental conditions using an RF short, open, and 51 ohm load fixture
compensation. Figure 3-7 shows the at resonance conductance and susceptance curves of a 128.48
MHz (~13 μm thick) quartz resonator in high vacuum (< 1E-6 Torr). For measuring the effect of
Pressure in the range of 0 – 100 mTorr, the susceptance of the resonator was monitored in real time

55

Figure 3-6: (a) Schematic of the test setup for testing of quartz pressure sensors. (b) Image of the actual test setup with
all the main components listed.
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Figure 3-7: Conductance and susceptance characteristics of a 128.48 MHz resonator

f0

Linear slope

Figure 3-8: Susceptance characteristics for different stress states showing the limit of linear assumption when
monitoring susceptance at resonance frequency f0.
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Figure 3-9: Shift in conductance peaks when pressure>1 Torr is applied to the sensor for a 129.133 MHz resonator.

at a frequency f0, where f0 is the unloaded resonance frequency determined by the peak of the
conductance sweep as shown in Figure 3-8. As the frequency shifts due to applied differential
Pressure, changes in frequency manifest as changes in the value of the susceptance at f0 in a linear
manner. However, this method is valid only for relatively small frequency shifts determined by
range of frequency bounded by the two inflection points in the at resonance susceptance curve
shown in Figure 3-8 for the 128.48 MHz resonator, where a linear relationship between the
frequency and susceptance exists. For larger pressure signals i.e., differential pressure > 1 Torr, the
shift in conductance peak was monitored as the differential pressure was applied by rapidly
scanning the frequency within a narrow band near the resonance frequency (as shown in Figure 39).
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3.5

Results

3.5.1 Effect of pressure on susceptance slope
To validate the method of monitoring susceptance at frequency fo as a measure of frequency
shift in low pressure range of 0-100 mTorr (as explained in section 3.4), an experiment was done

Figure 3-10: (a) Conductance and (b) Susceptance characteristics of a 34.66 MHz resonator at different applied
differential pressure across the sensor.

Figure 3-11: (a) Susceptance characteristics for 34.66 MHz resonator at 0 mTorr and 96.5 mTorr differential pressure.
(b) Close-up view of the linear region of susceptance near resonance frequency and their respective linear fits.
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on a 34.66 MHz resonator. The aim behind this test was to confirm that the linear slope of the
susceptance curve does not change when a differential pressure is applied. The conductance and
susceptance characteristics of the resonator were measured while keeping the applied differential
pressure constant across the sensor for different differential pressure values. The difference in the
susceptance slope was evaluated at each pressure point and the difference in slope was calculated.
Figure 3-10 shows the conductance and susceptance characteristics for various differential
pressures applied across the sensor. Figure 3-11 (a) shows 0 mTorr and 95.2 mTorr case with Figure
3-11 (b) showing the close-up view of the susceptance in the linear region with linear fits. The
slope of the susceptance in this linear region varied from 0.3321 S/MHz for 0 mTorr to 0.3326
S/MHz for 95.6 mTorr. This change is <0.2% of the slope and hence it confirms the validity of the
use of the method in the pressure range of 0-100 mTorr.

3.5.2 Effect of resonator’s thickness
A systematic study was carried out to understand the effect of the resonator thickness on
the pressure sensitivity of the device. Figure 3-12 shows the change in susceptance of the three
different thickness resonators versus differential pressure applied to the sensor. As can be seen in
the figure, the change in susceptance is very linear with the applied differential pressure for all the
three resonators. The change in susceptance can be converted to shift in resonance frequency by
multiplying the susceptance values with their respective susceptance to frequency slope (as shown
earlier in Figure 3-8). Figure 3-13 shows the experimental sensitivity (in Hz/mTorr) as a function
of thickness for four resonator thicknesses of ~34 μm (45 MHz), ~31 µm (49 MHz), ~10 µm (128
MHz) and ~6 µm (211 MHz) and compares it to the results from theoretical model. The thicknesses
of the quartz diaphragms were evaluated by compensating for the electrode mass loading effect on
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Figure 3-12: Change in susceptance v/s applied differential pressure for ~31 μm (49 MHz), ~10 μm (128 MHz), and ~6
μm (211 MHz) device. The solid lines are linear fits and are drawn to guide the eyes

Figure 3-13: Theoretical and experimental sensitivity v/s thickness for ~34 μm (45 MHz), ~31 μm (49 MHz), ~10 μm
(128 MHz), and ~6 μm (211 MHz) thick device.
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the resonator’s fundamental frequency after fabrication by using the impedance Z-match method.
It can be seen clearly from the sensitivity plot that as the thickness is reduced, the sensitivity
increases. The theoretical model agrees well for the three of the thicknesses corresponding to the
~34 μm, ~31 μm and ~10 μm devices but significantly overestimates the sensitivity for the ~6 μm.
A closer examination of the ~6 μm thick diaphragm device showed that there was a cracks in the
chip. We believe that such cracks and imperfections can easily result in changes in the actual
mechanical boundary conditions and consequently resulting in lower than expected stress
generations for the applied differential pressure leading to lower than expected sensitivity.
Although better sensitivity can be achieved by reducing the thickness, by doing so, the sensor
becomes more fragile which is likely to reduce the operation span of the sensor apart from posing
issues with yield during fabrication.
The resolution of the sensors was obtained by studying the Allan deviations of the
resonators. Allan deviation is commonly used statistical measure for the frequency stability of
oscillators. The Allan deviation (𝜎𝑦 ) for an oscillator can be evaluated by the following equation;
𝑀−1

𝑀−1

2

1
1
𝜎𝑦 (𝑀, 𝑇, 𝜏) = {
𝑦𝑖2 − ( ∑ 𝑦̅𝑖 ) ]}
[ ∑ ̅̅̅
𝑀−1
𝑀
𝑖=0

𝑦̅𝑖 =

𝑥(𝑖𝑇 + 𝜏) − 𝑥(𝑖𝑇)
𝜏

0.5

(3.1)

𝑖=0

(3.2)

where 𝑀 is the number of frequency samples used in variance, 𝑇 is the time between each frequency
sample, and 𝜏 is the time length of each frequency estimate. Figure 3-14 shows the Allan deviations
(noise) for the four different thickness sensors. As the thickness is reduced, the Allan deviation
increases for a given measurement time which could be due the effects from random vibrations and
mounting stresses [69], [70]. Figure 3-15 shows the resolution of the resonators for a measurement
time of 1.12 sec. The best resolutions observed were 8.3 mTorr, 4.24 mTorr, 1.04 mTorr, and 4.67
mTorr for ~34 µm, ~31 µm, ~10 µm, and ~6 µm thick resonators respectively. There are many
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Figure 3-14: Allan deviations versus measurement time for ~34 μm (45 MHz), ~31 μm (49 MHz), ~10 μm (128 MHz),
and ~6 μm (211 MHz) thick device (solid lines are guide to eyes).

Figure 3-15: Resolution of the devices for four different thickness resonators at 1.12 sec measurement time.
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factors that leads to the noise in these resonator systems such as drive level, random vibrations,
pressure fluctuations, packaging stress on sensors, adsorption/desorption of species, and
temperature fluctuations [71]. In the current system, stresses from silicon epoxy and vibrations
from vacuum test setup were expected to have significant contribution to the noise. Hence, a
systematic study on the noise source due to vibrations from vacuum setup and epoxy stress was
carried out to get a better understanding of the dominant factor. For this study, three different
resonators of ~10 µm (128 MHz) thickness were used to conduct the noise source analysis for three
different cases i.e. packaged device (no RTV 157 silicone) in air, packaged device (no RTV 157
silicone) in vacuum, and packaged device (with RTV 157 silicone) in vacuum. Table 3-1 shows
the Allan deviations for the three cases. The noise reduces significantly for all the devices in
vacuum as compared to devices tested in air. This suggests that effect of vibrations induced by the
mechanical and turbomolecular pumps or other potential sources is much smaller than factors such
as adsorption/desorption and pressure fluctuations that are typically present when testing in air.
Table 3-1 also shows that the silicone-based packaging induces insignificant noise indicating that
the mounting stresses do not play a significant role in the noise characteristics these devices. Hence,
further noise source studies need to be carried out that include a precise measurement of
temperature and pressure fluctuations, and the effects of these on the acoustic energy confinement
within the sensor pixel for understanding and thereby reducing their impact on the signal to noise
ratio for obtaining improved resolution.
Table 3-1: Allan deviations for three devices (~10 um thick) in air, in vacuum and in vacuum with
silicone epoxy around the sensor plate.

Device 1

In Air (s)
(no epoxy)
3.31

In Vacuum (s)
(no epoxy)
2.89

In Vacuum (s)
(with epoxy)
2.98

Device 2

5.10

1.43

1.22

Device 3

5.04

3.51

3.62

Device ID
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3.5.3 Effect of resonator’s diameter

Figure 3-16: Image of a 5 mm diameter resonator packaged in a ceramic dual inline package.

The role of diameter of the sensor’s diaphragm on the sensitivity was also studied. For this
study, a different device layout was used whereby in the same chip dimensions of 9 mm x 9 mm
square plate, only one resonator was fabricated in the center (as shown in Figure 3-16). It is well
known from structural mechanics that for an edge clamped diaphragm, as the diameter of
diaphragm is increased, the stress/strain in the diaphragm increases for a given differential pressure.
Figure 3-17 shows the change in resonance frequency as a function of the differential pressure
applied across the diaphragm for 1 mm and 5 mm diameter sensors ~20um thick (82 MHz
resonance frequency). However, contrary to the expected behavior, the differential pressure
sensitivity of the 5 mm diameter resonator was found to be lower than that of the 1 mm diameter
resonator. To understand this behavior, study of the stress profile across the thickness of the
resonator’s diaphragm was carried out. Figure 3-18 shows the stress profile across thickness of the
sensors for the two different diameters modelled in Comsol Multiphysics® 5.3 software. It can be
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Figure 3-17: Resonance frequency shift for 1mm diameter and 5 mm diameter resonators (solid lines are guide to eyes).

Figure 3-18: (a) Cross-section of the device with diameter d. (b) Stress in x-direction evaluated from finite element
modeling of the device along the thickness.

seen from the figure that for 5 mm diameter resonator, although the absolute value of the stress (in
x-direction) generated is ~4x higher than 1 mm diameter resonator, the stress distribution across
the thickness is very symmetric about the mid-plane of the resonator area. This symmetry in stress
leads to reduction in sensitivity as the overall shift in frequency of the resonator due to the
differential pressure would include the effect of stresses from throughout the volume present under
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B1

B2

Figure 3-19: (a) Schematic of the square quartz plate of length ‘2L’ and a thinned diaphragm in the center with
diameter ‘d’. (b) A quarter section of the plate modeled in Comsol using symmetric boundary conditions at boundaries
B1 and B2. (c) Front view of the quarter plate with substrate thickness ‘Ts’ and thinned diaphragm thickness ‘t’.

(a)

(b)

Figure 3-20: Stress Sx v/s distance (along thickness) for (a) 4 mm and 8 mm long quarter plates, and (b) 50 um and 200
um thick substrate plates (t = 20 um).
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the electrodes. The reason for this asymmetry in stress is dependent upon two geometrical aspects
of the sensor. The first aspect is the ratio of the sensor’s diaphragm diameter with the distance of
the clamping boundary of the plate and second aspect is the relative thickness of the sensor region
with respect to the plate thickness. To understand this better, stress analysis study was carried out
in Comsol Multiphysics® 5.3 software. The details of the geometry are shown in Figure 3-19. The
quarter section of the plate was modeled in Comsol to save computational time by using the
appropriate mechanical symmetry conditions. Two separate parametric studies were carried out
with the two parameters being the length of the quarter plate ‘L’ and thickness of the substrate ‘Ts’
while keeping the substrate thickness ‘t’ (= 20 μm) and the etch diameter ‘d’ (= 5 mm) constant for
both the studies. In the first parametric study, the length ‘L’ was varied from 4 mm to 8 mm while
keeping the substrate thickness Ts = 50 μm. In the second parametric study, the substrate thickness
‘Ts’ was varied from 50 μm to 200 μm while keeping length L = 4 mm. The simulation results of
stress Sx, where Sx is stress in x direction, along the thickness are plotted in Figure 3-20. As can be
seen from Figure 3-20 (a), as the length ‘L’ of the plate is increased, the stress distribution
asymmetry as well as the stress magnitude increases and hence the sensitivity will increase for the
device. In Figure 3-20 (b), the effect of varying the thickness of the substrate ‘T s’ on stress in xdirection is shown. Again, the stress distribution asymmetry and magnitude increase for the thicker
200 μm substrate when compared to 50 μm thick substrate. Hence it can be inferred that a better
pressure sensitivity of the sensor can be achieved by reducing the thickness of the diaphragm
relative to the substrate thickness. By comparison, the effect of changing length ‘L’ on both stress
magnitude and stress distribution asymmetry is higher than that of substrate thickness relative to
the thinned diaphragm thickness. One can also infer from this experiment that to obtain higher
sensitivity, the electrodes in the diaphragm should be placed in a region where there is higher stress
asymmetry.
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3.5.4 Results for differential pressure > 1 Torr
The sensors exhibit a high linearity in the vacuum range of 0-100 Torr as well. Figure 321 (a), 3-21 (b) and 3-21 (c) show the measured response of ~34 μm (45 MHz), ~31 μm (49 MHz)

(a)

(c)

(b)

(d)

Figure 3-21: Resonance frequency shift v/s applied differential pressure in low vacuum regime (0-100 Torr) for (a) 34
μm, (b) 31 μm, and (c) 10 μm thick resonator. (d) Frequency shift response for three devices of ~10 μm thickness.
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and 10 µm (128 MHz) sensors to applied differential pressure respectively. These pressure sensors
thus span ~ 105 orders of magnitude i.e. from mTorr to hundreds of Torr range of differential
pressure sensing with high linearity. The variability in response among similar thickness resonators
is also very low. Figure 3-21(d) shows the response of three resonators of ~10 μm (128 MHz)
thickness. The response of these three resonators to differential pressure is very similar till ~60
Torr. The difference in the measured behavior increases for differential pressures > 60 Torr which
can be attributed to the non-ideal rigid edge-clamped boundary condition at the higher pressure
values. It must be emphasized that although pressure sensor was originally designed for only the
thinned diaphragm region to flex upon application of a differential pressure input, the actual
response can be different. This is due to the fact that the 8-resonator chip is clamped on the 9 mm
x 9 mm boundary using the silicone adhesive. For small pressures, the 100 µm thick quartz substrate
effectively acts as a rigid plate and the boundary conditions experience by all the 8 resonators are
very similar, with rigid edge clamp around the 1 mm diameter. However, at higher pressures, the
100 µm quartz substrate can no longer be approximated as being rigid and likely flexes about the
silicone attached boundary. Depending upon the location of the individual resonator with respect
to the clamped chip boundary condition, the uniformity in the edge clamped boundary condition
across the 8 resonators is now lost and thus results in differences in the response.
The differential pressure across the ~10 µm device was not increased any further than 100
Torr to avoid failure by fracture. This value is a factor of safety of two from the ultimate tensile
strength for quartz i.e. 82.73 MPa [72]. Based upon the stress analysis for the device carried out on
Comsol Multiphysics® finite element software, it was found out that the device would fracture at
~190 Torr of differential pressure using the von Mises failure criterion. This points to the typical
tradeoff between the span and resolution that can be achieved in any flexure-based pressure sensor
structure. By incorporating mechanical end stops and other structural features it may be possible to
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Figure 3-22: Resonance frequency shift v/s applied differential pressure for different side of diaphragm pressurized
(solid lines are guide to eyes).

(a)

(b)

Figure 3-23: Comsol modeling results for stress state in the sensor region (a) when 1 Pa pressure is applied on the etched
side, and (b) when 1Pa pressure is applied on the unetched side.
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improve upon the classical limits of span and sensitivity imposed by a simple edge clamped
diaphragm.

3.5.5 Effect of polarity
A study on effect of the polarity of the applied pressure with respect to the two faces of the
diaphragm was also carried out. Figure 3-22 shows the shift in frequency versus applied pressure
for the two cases. Surprisingly, the resonance frequency shifts in the opposite direction depending
upon which face is pressurized with respect to the other. This behavior can be understood by
carrying out a stress state analysis in the resonator region due to differential pressure application.
Figure 3-23 shows a Comsol simulation of the stress state in the resonator for the two cases. As can
be seen clearly in Figure 3-23, in the case where pressure is applied on the etch side, the stress is
predominantly tensile in the sensor. Whereas in the case when pressure is applied on the unetched
side, the stress is predominantly compressive. The resonance frequency is seen to shift downwards
for tensile stress case and shifts upwards for compressive stress case. Similar effect has been
observed in thick circular quartz plate subjected to diametric forces whereby depending upon the
direction of force applied (i.e. into or away from resonator), the sign of the resonance frequency
shift was found to be opposite between the two cases [73]. This property could be useful for
maintaining equal pressures in two regions without the knowledge of the pressure on the other side.

3.6

Conclusions
In this study, micromachined quartz based pressure sensor has been studied. The sensitivity

of the device has been shown to be a function of device thickness. The sensitivity increases from
0.18 Hz/mTorr to 1.2 Hz/mTorr when the thickness of the quartz sensor diaphragm is reduced from
34 μm to 6 μm. A resolution of 1.04 mTorr for a ~ 13 μm thick device has been demonstrated by
studying the Allan deviation noise of the resonators. It was observed that the setup vibrations and
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the mounting stresses from the epoxy were not the dominant sources of noise in these resonators.
The sensors span a range 10-3 Torr to 100 Torr which can be improved by simple sensor structural
design optimizations. Table 3-2 shows the comparison of different conventionally used vacuum
gauge technologies. The sensitivity of the resonators reduced from 0.42 Hz/mTorr to 0.14 Hz/mTorr
when the diaphragm diameter was increased from 1 mm to 5 mm. This reduction in sensitivity is
related to the overall stress distribution across the resonator where in the 1 mm diameter resonator,
the stress distribution across the thickness of the resonator is more asymmetric than that of the 5 mm
diameter resonator. The shifts in resonance frequency of the device was also dependent upon the
face of the diaphragm on which the pressure was applied. This polar behavior is a result of nature
of stresses (i.e. tensile or compressive) that are generated in the device due to the device’s geometry
when the pressure was applied.
Table 3-2: Comparison of different conventional vacuum gauge technologies
Technology

Range of Operation

Gas Species

Best Resolution

(Torr)

Sensitivity

(Torr)

Insensitive

~ 10-7

~ 10-4

10-6 – 103
Capacitance Manometers [74]

(spanned by differently
ranged sensors)

Convectron Manometers [75]

10-4 - 103

Sensitive

Ionization Gauges [76]

10-11 – 10-2

Sensitive

1% of the
indicated decade
This work

10-3 - 102

Insensitive

~ 10-3
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Chapter 4
Micromachined Quartz Based Stress Sensor
In this chapter, another potential application of stress sensitivity in quartz crystals has been
explored for in-situ thin film stress monitoring. Stress in thin films deposited on substrates is a
well-known phenomenon and has been studied by various researchers to understand and control
the factors that leads to these stresses. The only study based on bulk quartz plates for stress sensing
has been done by E. P. Eernisse by using a double resonator method (DRT) [77]. However, no insitu stress measurements were made for thin film deposition process by using the DRT method.
The sensitivity of this method has been estimated to be ~ 0.125 N/m for a 0.1 Hz of frequency shift
meaning it can sense a stress of 1.25 GPa for a 1Å film thickness. However, in most of the thin
films the stresses range from 100 MPa to a few GPa depending upon various deposition
mechanisms and deposition conditions [78]–[80]. Hence the DRT method will not be able to span
the range of stresses that are generally observed in such thin films.
In the current chapter, we have explored the feasibility of using a single micromachined
AT-cut quartz chip to sense in-situ thin film stresses. Different designs based on micro cantilevered
quartz plate have been proposed and model predictions based on the theory developed in chapter2 are presented. An independent stress characterization method by coupling a quartz resonator with
a magnetostrictive material has been discussed. Finally, in-situ stress measurement experiments by
depositing tungsten in a home-built ion-beam sputter deposition tool has been described and
discussed.
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4.1

Stress Sensor Design
Quartz crystal has been extensively used for microbalance applications owing to its

exceptional mass sensitivity (as has been discussed in chapter 2). Hence to use quartz as a material
for in-situ thin film stress sensing, a method to compensate the effect of mass on frequency shift is
essential. It is well known that as material is deposited on a quartz resonator, its thickness shear
mode resonance frequency reduces. The shift in this resonance frequency can be estimated by using
this following relationship based upon Z-match method (as described in detail in chapter 2);

𝜌𝑞 𝑣𝑞
𝜋(𝑓𝑢 − 𝑓𝑙 )
𝜌𝑓 𝑡𝑓 = (
) atan (𝑍 𝑡𝑎𝑛 (
))
2𝜋𝑍𝑓𝑙
𝑓𝑢

(4.1)

where subscripts 𝑓 and 𝑞 stands for deposited film and quartz respectively, 𝜌 is the mass density,
𝑣 is the shear acoustic wave velocity, 𝑡 is the thickness, 𝑍 is the Z-factor of the film, 𝑓𝑙 is the loaded
frequency of the quartz crystal, and 𝑓𝑢 is the unloaded quartz crystal resonance frequency.
However, quartz crystals response to stresses is not always the same. As has been reported by many
researchers, the frequency shift in quartz due to stresses is highly dependent upon the azimuthal
angle of the resonator and the nature of stress applied [13], [14], [19], [57], [73], [81]. Figure 4-1
shows the force sensitivity of an AT-cut quartz resonator as a function of azimuthal angle for two
cases with different boundary conditions. In the first case (Figure 4-1 (a)-(b)), a circular AT-cut
quartz plate is subjected to in plane compressive stresses by the application of diametrically
opposite inward forces. As can be seen in the figure, the response of the quartz resonator to the
applied compressive stress changes from positive shift in frequency from 𝜓 = 0° - 60° to a negative
shift in frequency at 𝜓 = 60° - 90°. In the second case (Figure 4-1 (c)-(d)), a cantilevered circular
AT-cut quartz plate is
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Figure 4-1: (a) Schematic of the circular quartz plate of dia. = 14mm and f0=10 MHz with diametric force applied. (b)
Normalized shift if frequency versus azimuthal angle [13]. (c) Schematic of the cantilevered quartz plate of diameter =
12 mm and f0 = 10 MHz with a 2gf tip force applied. (d) Shift in resonance frequency versus azimuthal angle [19].

subjected to an upward force on the tip. Here again, the shift in resonance frequency changes its
sign from negative to positive for 𝜓 = 0° - 180° to 𝜓 = 180° - 360°. For the two cases discussed, it
is important to understand the stress states that the quartz resonator is experiencing. It is to be noted
that the quartz resonator’s response to stress is an average effect taken over the entire volume of
the resonator present under the electrode. This understanding of the average stress state will form
the basis for designing of the thin film stress sensor as will be explained later. Figure 4-2 shows the
stress states for the two cases i.e. for in-plane compressive stress on a quartz plate and for out of
plane force applied to a cantilevered quartz plate respectively. The stress state is biaxial in the case
of diametric forces with no shear stresses present in the plate [82]. However, the average stresses

76

Figure 4-2: (a) Stress state in a circular quartz plate element when a pair of diametrically opposite force is applied. (b)
Stress state in a cantilevered quartz (considered as a beam with rectangular cross-section for discussion) plate with tip
force F acting on it and depicting the normal and shear stress distribution across the thickness.

are mainly shear stresses in the case of tip force applied as the normal stress distribution is
symmetric about the mid-plane of the quartz cantilever and hence will have very little effect on the
frequency shifts of quartz [83]. It is well known that the intrinsic stresses present in a thin film
deposited by various methods such as physical vapor deposition or chemical vapor deposition are
in-plane and biaxial stresses of either compressive or tensile nature as shown in Figure 4-3 [84].
When this stressed film is deposited on a thicker substrate, the stresses generated in the substrate
are mainly bi-axial and in-plane but opposite in sign from that of the thin film. The magnitude of
the shear stresses generated are much lower in comparison as has been suggested by Eernisse for
the case of quartz resonators with thin stressed films [77].
Based on these observations, two designs for stress sensors are proposed and presented in
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Figure 4-3: (a) Schematic of a stressed thin film deposited on a thick substrate illustrating two possible bi-axial stress
states (b) compressive stress state, and (c) tensile stress state.

this work. Both the designs consist of two resonators. The schematic of the two designs is shown
in Figure 4-4. The first design consists of a resonator that is cut in a cantilever shape by using
micromachining methods and another quartz resonator of similar thickness but with no such cut.
The rationale behind this cut and uncut configuration is that the effect of thin film stresses would
be much higher for a resonator cut in a cantilever shape whereas would be minimal for the uncut
resonator. However, the effect of mass on frequency shift of both the resonators should be similar
and hence a differential measurement of the frequency shifts of the two resonators would be a
measure of stress in the deposited thin film.
The second design proposed consists of two resonators that are both cut in a cantilever
configuration but at different azimuthal angles. The motivation behind this design lies in the
observation of dependence of quartz resonator’s response to in-plane stress at different azimuthal
angle as shown in Figure 4-1 (b). The cantilevers were cut at azimuthal angles 𝜓 = 0° and 𝜓 = 90°
respectively such that the response to in-plane stress from the deposited stressed film would lead
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Figure 4-4: (a) Design 1 with one quartz resonator cut in a cantilever shape and the other quartz resonator is uncut. (b)
Design 2 having one quartz resonator cut at 𝜓 = 0 deg. and 𝜓 = 90 deg.

to an opposite shift in frequency for the two resonators. However, the shift in frequency due to
mass addition would be similar for both the resonators and hence by doing a differential
measurement of the frequency shifts of the two resonators, we should be able to obtain the effect
of stress on the frequency shift.

4.2

Stress Sensitivity Characterization using Metglas
In this section, a method to characterize the stress sensitivity of the quartz cantilevers has

been discussed with the help of a magnetostrictive amorphous alloy of Fe80-85Si10-15B0-5 called
“Metglas®.” Magnetostriction is a property of ferromagnetic material whereby the material changes
its shape when placed in a magnetic field (as shown in Figure 4-5). This change in shape is a
function of magnetic field and hence by controlling the magnetic field, strain in the ferromagnetic
material can be controlled. By integrating quartz cantilevers with a magnetostrictive material, we
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Figure 4-5: Schematic showing the magnetostriction effect in a ferromagnetic material whereby change in length occurs
when a magnetic field is applied. The oval shaped objects represents the magnetic domains. (Source:
https://www.holmarc.com/michelson_interferometer_magnetostriction.php)

have been able to induce in-plane surface stresses in quartz in a controlled and non-contact manner
by placing the device in a calibrated magnetic field environment. The experimental details and
results are presented in the following sections.

4.2.1 Device Description

Figure 4-6: (a) Optical image of the 9 mm x 9 mm stress sensor chip with four sets of stress sensors (and in total eight
resonators). (b) Enlarged optical image of the stress sensor before ion beam milling.
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The device was fabricated in a similar manner as explained in section 3.2 of chapter 3. The design
of the sensors was changed to accommodate longer cantilevers and with smaller widths by reducing
the upper electrode diameter from 400 μm to 250 μm. Also, the etched region shape was changed
from a circle of diameter of 1 mm to a rectangle of 2.3 mm x 1 mm (L x W). By doing so, two
cantilevers can be cut in the same etched region thereby leading to lesser dissimilarities in the
resonance frequencies due to potential non-uniformity in etching. Figure 4-6 shows the image of a
9 mm x 9 mm fabricated device chip with 4 sets of stress sensors (in total 8 resonators) packaged
in ceramic dual inline package having a 5 mm x 5 mm hole in the center. After packaging of the
device, ~500 nm of Metglas® was blanket deposited with the help of ion-beam sputter deposition
system on the unetched side of the chip by exposing only the 5 mm x 5 mm area through the hole
in the ceramic package. Once the deposition was completed, the resonator region was cut into
cantilever shape in the desired azimuthal angle with the help of focused ion beam (FIB) milling
system. Figure 4-7 shows the scanning electron microscope (SEM) image of one such cut device.

Figure 4-7: SEM image of a stress sensor after FIB cutting a device at 𝜓 = 90 deg.
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4.2.2 Theoretical Background
For a magnetostrictive material, the piezomagnetic coefficient or 𝑑33 is defined as;
𝑑33 = 𝑑𝜆/𝑑𝐵

(4.2)

Figure 4-8: A typical magnetostrictive and 𝑑33 curve for a Metglas thin film.

where λ (in ppm) is the strain in the magnetostrictive material and B is the applied magnetic field.
The subscript 33 implies that the magnetic field is applied along the length of the cantilever and
strain is measured in the same direction as the applied magnetic field. Figure 4-8 shows a typical
magnetostrictive curve for a 500 nm thin film of Metglas® deposited on a 20 mm x 5 mm x 70 μm
(L x W x t) glass cantilever unimorph measured using an OFV-5000 single point laser Doppler
vibrometer. When a unimorph is placed in a magnetic field, the magnetostrictive material tries to
change its shape leading to a generation of strain and hence an out of plane deflection of the glass
cantilever. This out of plane deflection was measured at the cantilever tip using the displacement
decoder of the laser Doppler vibrometer setup while the magnetic field was swept by applying
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current to a pair of Helmholtz coils. For small deflections, the strain in the cantilever can be
approximated as;
𝑆3 = 𝑥𝑑𝑒𝑓 /𝐿 = ∫ 𝑑33 . 𝑑𝐵

(4.3)

where 𝑆3 is the strain in the cantilever along the length direction, 𝑥𝑑𝑒𝑓 is the cantilever deflection
and 𝐿 is the length of the cantilever. The piezomagnetic coefficient 𝑑33 is obtained by taking the
differential of the magnetostrictive curve as shown in Figure 4-8. Similarly, when the
magnetostrictive material is deposited on quartz crystal cantilever device, the magnetostrictive
effect results in out-of-plane bending of the cantilever when the device is placed in a magnetic field.
This leads to a stress generation and hence shift in the fundamental thickness shear mode resonance
frequency which can be measured by measuring the impedance characteristics of the quartz
resonator. Stresses generated in the cantilever can be estimated by using the tip deflection and
modeling the structure in a finite element software. Once the stresses are known, a relationship
between the stresses and the frequency shifts can be deduced.

4.2.3 Experimental Details
To characterize the stress sensitivity of quartz, two separate set of experiments have been
carried out. In the first set of experiments, effect of applying a magnetic field on the at-resonance
quartz impedance characteristics have been measured. Figure 4-9 shows the schematic of the test
setup for characterizing stress sensor’s impedance characteristics with varying magnetic field. The
impedance measurements have been carried out with the help of an Agilent 5061B network
analyzer controlled via a computer using LabView program. The measurement technique used is
similar to that used for measuring effect of differential pressure characteristics on quartz
diaphragms in 0 – 100 mTorr range (as explained in section 3.4 of chapter 3) whereby the
susceptance characteristics were monitored at a frequency f0 at which the peak of the conductance
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Figure 4-9: Schematic of the test setup to measure the impedance characteristics of stress sensors with magnetic field.

occurs. The stress sensor device was placed in between a pair of Helmholtz coils. This setup of
Helmholtz coils along with the device was kept inside a triple layered magnetically shielded box
made out of Mu-metal. The magnetic shielding helps in lowering down the stray magnetic noise
present in the ambient. DC current was supplied to the pre-calibrated Helmholtz coils (~6.844
Oe/A) with the help of a HP 3614A DC power supply that controls the applied magnetic field
applied onto the device.
The second set of experiments was carried out to measure the magnetostrictive behavior of
the deposited metglas film with the help of an MSA 500 Polytec® laser Doppler vibrometer (LDV).
Figure 4-10 (a) and Figure 4-10 (b) shows the schematic and image of the actual test setup
respectively. The packaged device was placed in a custom designed vacuum chamber which was
then placed under the LDV system. The pressure in the custom chamber was brought down to < 10
μTorr with the help of a turbomolecular pump to reduce the effect of any damping due to air. The
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(a)

(b)

Figure 4-10: (a) Schematic of the laser Doppler vibrometer test setup to measure magnetostrictive property 𝑑33 of the
magnetic film. (b) Image of the actual test setup illustrating the key components.
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vibrometer stage setup has been modified such that it can hold two pairs of Helmholtz coils (as can
be seen in the Figure 4-10 (b)). One pair of Helmholtz coils (~1.368 Oe/A) applies a small and
constant amplitude AC field with the help of a Keithley 6221 AC current source. This AC field
mechanically vibrates the quartz cantilever at a desired frequency. The other pair of Helmholtz
coils (~3.024 Oe/A) was used to sweep the DC magnetic field which is powered by a Keithley 2268
850W power supply. While the DC magnetic field was swept, the amplitude of the vibration is
measured using the vibrometer at the same frequency as of the applied AC magnetic field. Since
the driving AC magnetic field amplitude is constant, the vibrational amplitude is proportional to
the 𝑑33 of the magnetostrictive film which can be calculated by the following relationship;
𝑑33 =

𝐴/𝐿
× 10−6
𝐵𝐴𝐶

(4.4)

where 𝑑33 is piezomagnetic coefficient in ppm/Oe, 𝐴 is the amplitude of the vibration of the
cantilever measured using the LDV, 𝐿 is the length of the cantilever, and 𝐵𝐴𝐶 is the magnitude of
the AC magnetic field applied.

4.2.4 Results
Three different devices were tested for stress sensitivity in quartz cantilever resonators.
The experiments are focused on testing the following;
1) Stress sensitivity of cut versus uncut quartz resonator device.
2) Effect of azimuthal angle on quartz cantilever’s response to surface stress.
3) Effect of compressive and tensile stress on quartz cantilever’s response.

4.2.4.1 Stress Sensitivity of Cut versus Uncut Quartz Resonator
As has been described earlier, the stresses generated in a quartz resonator by stressed thin
film deposition will be much higher for the device that has been cut in a cantilever configuration
as opposed to the device which is not cut. It is easy to understand qualitatively that by cutting a
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Figure 4-11: SEM image of the stress sensing device with a cut resonator and an uncut resonator. The white coloration
in the SEM image above arises due to charging of the quartz substrates which is an insulating material.

Figure 4-12: Conductance and susceptance characteristics of the cut and uncut device after metglas deposition.

resonator in a cantilever shape, the flexural rigidity of the structure is reduced as opposed to a
device which is not cut and hence will lead to higher stress generation in the former case for a
surface stress applied. Figure 4-11 shows the SEM image of the device tested. Figure 4-12 shows
the typical conductance and susceptance characteristics of cut and uncut device. The device
description is given in the Table 4-1. Figure 4-13 shows the shift in resonance frequency as a
function of the applied magnetic field for the cut and the uncut resonators. As can be clearly seen
in the figure, the cut device shows much greater sensitivity to applied magnetic field as opposed to
the uncut device (~25x more frequency shift for the cut device). Hence, it can be safely said that
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Table 4-1: Uncut and cut quartz resonator device summary
Cut Device

Uncut Device

123.764

123.623

~ 11.8

~ 11.8

600 x 270

NA

Resonance frequency (f0) (MHz)
(after Metglas deposition)
Quartz thickness (μm)
Cantilever dimension (L x W) (μm2)
Metglas thickness (nm)
Q-Factor

~ 500
~ 2230

~ 13400

Figure 4-13: Shift in resonance frequency as a function of the applied magnetic field for a cut and uncut resonator.

the shifts in resonance frequency of the uncut device when a stressed thin film is being deposited
should be small. Consequently, for in-situ thin film stress monitoring application, the resonance
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frequency shift in the uncut device is expected to arise primarily due to mass addition and can be
used to actively compensate for mass effect in the stress sensor.
To estimate the stresses that the Metglas® thin film applies to the cut quartz cantilever,
magnetostrictive behavior of the magnetic film was characterized using the Laser Doppler
Vibrometer (LDV) tool. This magnetostrictive data was then utilized to estimate stresses using a
finite element model as will be explained later. To measure the magnetostrictive behavior,
amplitude of the vibrating cantilever was measured as a function of magnetic field and 𝑑33 was
estimated by using the equation 4.4. The measurements were made by vibrating the cut cantilever
at 22 kHz with the help of an AC magnetic field of ~ 13 mOe using one set of Helmholtz coils.
Figure 4-14 shows the 𝑑33 characteristics and resonance frequency shift as a function of the applied
magnetic field for the cut device. It must be emphasized here that the frequency shift is a direct
measure of the strain in the cantilever whereas 𝑑33 is the slope of the strain as a function of the
magnetic field as has been shown previously (refer Figure 4-8). Hence to obtain the strain 𝑆3, the
𝑑33 curve is integrated with respect to the magnetic field. Figure 4-15 shows the strain 𝑆3 and
resonance frequency shift as a function of the applied magnetic field. The strain and resonance

Figure 4-14: 𝑑33 and resonance frequency shift as a function of applied magnetic field.
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Figure 4-15: Strain S3 and resonance frequency shift as a function of applied magnetic field.

Figure 4-16: Strain S3 as a function of stress in Metglas film. (Inset: Comsol simulation image of the modeled quartz
cantilever showing deflection of the cantilever).

frequency shift behavior in the region of 7.5 Oe to 18 Oe is approximated as linear and the slope
for the two are 0.5692 ppm/Oe and 8.35 Hz/Oe respectively. Therefore, the strain sensitivity for
the device is ~14.6 Hz/ppm. The strain data from Figure 4-15 is utilized to estimate the stresses in
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the magnetic film with the help of finite element modeling in Comsol Multiphysics® 5.3 software.
A stationary study was carried out using the solid mechanics module in the Comsol software. Figure
4-16 shows the strain 𝑆3 as a function of the stress in the magnetic film. The slope of the stress
strain curve is 0.0802 ppm/kPa. Hence, the stress sensitivity for the cut device is ~1.17 Hz/kPa.
This shows that the device is extremely sensitive to even small stresses and should be able to resolve
stresses in the deposited thin films which range in the order of 20 MPa to a few GPa.
The theoretical sensitivity of the cantilevered device for stress applied by Metglas ® was
also studied using the model developed in section 2.1.2 of Chapter 2. Finite element modeling was
carried out in Comsol Multiphysics® 5.3 software. Stress applied by the Metglas® film was
modelled as initially stressed film in the Solid Mechanics module and an eigenvalue study was
carried out to estimate the shifts in frequencies for different stresses applied by the film. Figure 417 shows the resonance frequency shift versus the stress applied by the Metglas® film. The model
correctly predicts the direction of the frequency shift to be positive with the stress applied by the
Metglas film. However, the theoretical stress sensitivity is determined to be ~0.25 Hz/kPa for the
device. This is approximately 4.5x less than the experimentally observed value. This difference in

Figure 4-17: Resonance frequency shift versus the applied stress by the Metglas® film (solid line is guide to eyes).
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the theoretical and experimental values may be due to the non-linear initial strains that have not
been considered in the theoretical model of the device that needs to be included to accurately model
this system.

4.2.4.2 Effect of Azimuthal Angle (𝝍) on Quartz Cantilever’s Response to Surface
Stress
As has been shown earlier in the Figure 4-1, the azimuthal angle (𝜓) plays an important
role in governing the shifts in the resonance frequency of the quartz resonators due to application
of an out-of-plane force on the resonator substrate. Hence a study was carried out to confirm a
similar effect in micromachined quartz cantilevers by applying surface stresses using Metglas®. For
this study two micromachined quartz resonators were cut out in a cantilevered plate shape at 𝜓 =
0° (Dev. A) and 𝜓 = 90° (Dev. B) as shown in the Figure 4-18. The details of the device are listed
in the Table 4-2. Figure 4-19 shows the conductance and susceptance characteristics of the devices
after Metglas® deposition and FIB cut. The experiment was carried out in the test setup as shown
in Figure 4-9. Figure 4-20 shows the change in frequency as a function of applied magnetic field
for Dev A and Dev B. In each case, the magnetic field is applied in the length direction of the
respective devices. As can be seen in the Figure 4-20, the shifts in the resonance frequency observed

Figure 4-18: SEM image of two quartz resonators cut at 𝜓 = 0° (Dev. A) and 𝜓 = 90° (Dev. B). (The image was taken
when the sample holder stage was tilted at 52° from the e-beam normal.)
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Figure 4-19: Conductance and susceptance characteristics of 𝜓 = 0° (Dev. A) and 𝜓 = 90° (Dev. B).

Figure 4-20: Shift in resonance frequency as a function of applied magnetic field for Dev A and Dev B.

Table 4-2: Summary of the 𝜓 = 0° (Dev. A) and 𝜓 = 90° (Dev. B) properties
𝝍 = 𝟎°

𝝍 = 𝟗𝟎°

Dev. A

Dev. B

156.441

157.817

~ 8.6

~ 8.2

Resonance frequency (f0) (MHz)
(after Metglas deposition)
Quartz thickness (μm)
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Cantilever dimension (L x W) (μm2)

~ 340 x 354

Metglas thickness (nm)
Q-Factor

~ 342 x 350
~ 500

~ 14573.4

~ 810.42

were in the opposite direction when a magnetic field is applied to the two quartz resonators cut at
different azimuthal angles. This observation is very similar to the experiments carried out on a
quartz plate with diametric force applied (as shown in Figure 4-1 (a)). Also, the shifts in the
resonance frequency for a 𝜓 = 90° cut device is higher than for the 𝜓 = 0°. This may be due to
the small differences in the mechanical boundary conditions of the two cantilevers where in one
case the cantilever is cut along the resonator’s electrode region (i.e. 𝜓 = 0°) and in the other case
the cantilever is cut across the electrode region (i.e. 𝜓 = 90°) (refer Figure 4-18). The
magnetization state of the Metglas® film also plays an important role as the magnitude of the
stresses generated depends upon this state. In this work, no specific attempt was made to magnetize
the thin film in any specific orientation. Hence it can be said that if a stress state in deposited thin
films are similar to the stresses of a magnetostrictive film, the shifts in the resonance frequency of
the two resonators at 0° and 90° orientations would be opposite and hence a differential
measurement in this case will be effective in cancelling the mass loading effect and will be an
accurate measure of stress in the film.

4.2.4.3 Effect of Tensile versus Compressive Stress on Quartz Resonator’s Response

As has been mentioned previously, shifts in resonance frequency of quartz bulk acoustic
wave resonators not only depends upon the azimuthal angle of the applied stress but also upon the
nature of stress applied. For the case of diametric force applied on a circular quartz plate, the shift
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in frequency is positive if a force is applied away from the plate and vice-versa if a force is applied
towards the plate for azimuthal angle 𝜓 = 90°. This property could be helpful in understanding the

Table 4-3: Summary of the device properties cut at 𝜓 = 90°
𝝍 = 𝟗𝟎°
Resonance frequency (f0) (MHz)
161.0939
(after Metglas deposition)
Quartz thickness (μm)

~ 8.35

Cantilever dimension (L x W) (μm2)

~ 350 x 350

Metglas thickness (nm)

~ 500

Q-Factor

~ 17812.4

Figure 4-21: (a) SEM image of the 𝜓 = 90° cut device. (b) Conductance and susceptance characteristics of the device.

nature of the stress when a thin film is being deposited in-situ. To test this effect of stress’s nature
on quartz frequency behavior, a study on a micromachined quartz cantilever plate cut at an
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azimuthal angle 𝜓 = 90° was performed. The cantilever was stressed by a thin film of Metglas®
which was deposited on the unetched side of the quartz cantilever. The details of the devices are
listed in the Table 4-3. Figure 4-21 (a) and Figure 4-21 (b) shows the SEM image and the
conductance/susceptance characteristics of the device respectively. The nature of the stress that a
metglas film applies to the quartz cantilever depends upon the orientation of the cantilever with
respect to the applied magnetic field. When the length of the cantilever is in the same direction as
the applied magnetic field, the metglas film experiences a compressive stress whereas the quartz
cantilever will experience a tensile stress along its length direction. However, if the direction of the
length of the cantilever is perpendicular to the applied magnetic field, the metglas film experiences
a tensile stress and the quartz cantilever will experience a compressive stress along its length
direction. This can be better understood by looking at the strain tensor (which governs the nature
of stresses in the magnetostrictive film based on Hooke’s law) of the Metglas in the two cases as

Figure 4-22: (i) The applied magnetic field B is parallel to the cantilever's length leading to an overall tensile stress in
quartz cantilever. (ii) The applied magnetic field B is parallel to the cantilever’s width leading to an overall compressive
stress in quartz cantilever (𝜆 is the maximum magnetostrictive strain for a given magnetization).
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described in the Figure 4-22 [85]. As can be seen in the figure above, the strain in the Metglas film
reverses and changes its magnitude depending upon the direction of the magnetic field applied.
This property has been utilized and the test was carried out on the 𝜓 = 90° cut cantilevered quartz
plate by using the same setup as shown in Figure 4-9. The results of the test are shown in Figure 423. As can be seen, the shift in resonance frequency of the resonator changes from positive to
negative when the magnetic field applied to the resonator changes its direction from parallel to
perpendicular with respect to the length of the cantilever. Similar effect in the behavior of quartz
has been observed for the micromachined pressure sensor case as was discussed in the previous
chapter (section 3.5.5). There is slight difference in the response of quartz to the applied magnetic
field when the direction of the field is changed from parallel to perpendicular with respect to length
of the cantilever. This difference could be attributed to the magnetization state of the Metglas®

Figure 4-23: Resonance frequency shift versus applied magnetic field for two different directions of magnetic field
applied.
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which governs the strain and hence stresses generated when it is placed in a magnetic field. Hence
this experiment confirms that if a stress state similar to that generated using magnetic fields on
magnetostrictive Metglas® is applied to the micromachined cantilevered quartz resonator, the shifts
in resonance frequency would be opposite for tensile and compressive stress cases.

4.3

In-Situ Thin Film Stress Sensing
In this section, details regarding the experimental setup and results will be discussed for

the work carried out on in-situ thin film stress monitoring using micromachined quartz resonators.
The fabrication of the sensors has been discussed in section 4.2.1. There were two sets of devices
that were tested referred to as Device 1 and Device 2 (SEM image shown in the Figure 4-24). Table
4-4 and Table 4-5 gives the details of the devices. The important thing to note here is that the
resonance frequencies of the cut and the uncut resonator located on the same chip were significantly
different and hence the simple differential measurement method as proposed for mass
compensation was not feasible. Mass compensation using the Z-match method could not be utilized
either as it was observed that there were large difference in the experimental mass sensitivity of the
uncut resonators when compared to the calculated mass sensitivity using the Z-match method.
Hence the mass sensitivities were empirically obtained and the stress sensitivity of the cut devices
were deduced as will be explained in the following sections.
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Figure 4-24: SEM image of stress sensor devices Device 1 and Device 2 each with an uncut and a cut resonator.

Table 4-4: Summary of properties of Device 1
Uncut Device

Cut Device

156.509

161.069

180.874

186.839

Quartz thickness (μm)

~ 9.22

~ 8.93

Cantilever dimension (L x W) (μm2)

NA

600 x 260

Q-Factor

~ 1191.39

~ 13074

Resonance frequency (f0) (MHz)
Resonance Frequency (MHz)
(w/o electrodes)

Table 4-5: Summary of properties of Device 2
Uncut Device

Cut Device

110.0372

112.332

121.883

124.691

Quartz thickness (μm)

~ 13.7

~ 13.4

Cantilever dimension (L x W) (μm2)

NA

600 x 263

Q-Factor

~ 13374.9

~ 15454.2

Resonance frequency (f0) (MHz)
Resonance Frequency (MHz)
(w/o electrodes)
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4.3.1 Experimental Details
After the devices have been cut into a cantilever shape using the FIB tool, the curvature of
the cut devices were measured using a Zygo® NexView white light interferometry tool. This was
done to understand the stress state of the device due to the gold electrodes before the deposition of
the stressed thin film was done and hence provides the initial state of the resonator. After the
measurement of curvature, the device was placed inside a thin film deposition tool. For this, a
custom made argon ion beam sputter deposition tool was used. Figure 4-25 and Figure 4-26 show
the image and the schematic of the ion beam deposition test setup for in-situ stress measurement
respectively. Thin layers of titanium/tungsten (Ti/W) ~ 5 nm / 81 nm were deposited on the cut and
the uncut resonators simultaneously at a very slow rate ~ 0.06 Å/s. Details of the deposition
conditions are given in Appendix D. Resonance frequency of the cut and uncut resonators were
tracked simultaneously by sweeping the frequencies near resonance, and measuring the
conductance and susceptance characteristics (or admittance characteristics) with the help of an
Agilent 5061B network analyzer. The network analyzer was controlled via a computer using a
LabView program and the admittance characteristics were tracked every 30s while the deposition
was going on. To avoid any interference in the electrical measurements of the cut and the uncut
resonators, a NI PXI-2546 multiplexer mounted on a NI-PXI 1033 chassis was used as a switching
unit controlled by the same LabView program as for tracking the admittance characteristics. This
switching helps in isolating the electrical paths of the two resonators and thereby reducing the effect
of any interference between the two resonators. Special care was taken to cover the electrical
connections on the ceramic package using a Kapton® tape when kept inside the sputter chamber for
in-situ stress measurement. This was done to avoid any short circuit to take place between the cut
and the uncut resonators due to the thin film deposition. Once the deposition was over, the device
was taken out of the chamber and a curvature measurement of the cut device was performed on the
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Figure 4-25: (a) Image of the ion beam deposition test setup with main components listed. (b) Image of the inside of the
ion beam deposition system with DUT. (c) Close-up image of the DUT inside the chamber.

Figure 4-26: Schematic of the ion beam deposition test setup for in-situ stress measurement. DUT is the stress sensor
device with the cut and the uncut resonator.

101
Zygo® white light interferometer tool again. The stresses in the thin film deposited were then
estimated by matching the curvatures of the device as measured with a finite element model study.

4.3.2 Results
As mentioned earlier, two sets of devices were tested for in-situ stress monitoring in the
ion-beam deposition setup. The stresses in the quartz after the deposition of Ti/W thin film were
estimated by measuring the deformation of the cut quartz cantilever at the two respective stages. A
finite element simulation study was carried out on Comsol to estimate the stresses that best matches
with the deformation observed at the two stages. Figure 4-27 shows the image of the top and bottom
side of the cut cantilever. The electrode on the top side only cover a portion of the cut cantilever
whereas the bottom electrode cover the whole of the cantilever. Figure 4-28 and Figure 4-29 show
the schematic of cut quartz cantilever cross section and measured 3-D deformation data by using
white light interferometry for cut quartz cantilever of Device-2 respectively. It can be seen from
the deformation data that the intrinsic nature of stress in the electrode material is tensile as the

Figure 4-27: Images of the top and bottom side of the cut quartz device. The metals for thin film stress experiments are
deposited on the bottom side.
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Figure 4-28: (a) Optical image of the cut cantilever taken by Zygo tool. (b) Cross-sectional view of the cut quartz
cantilever before Ti/W sputter deposition. (c) Cross-sectional view of the cut quartz cantilever after Ti/W sputter
deposition.

Figure 4-29: (a) Deformation/displacement data of the cut cantilever before Ti/W deposition showing upward deflection.
(b) Deformation/displacement data of the cut cantilever after Ti/W deposition showing downward deflection.
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cantilever is bent upwards. This observation is consistent with the nature of stress that is usually
observed in the e-beam evaporated films [86], [87]. This is mainly present due to the mismatch of
the thermal coefficient of expansion between the substrate and the material being deposited, and
grain boundary relaxations for a polycrystalline material. When the thin films of Ti/W were
deposited by the sputtering method on the cut quartz cantilever, the cantilever bends down
indicating that the stresses are highly compressive in the sputtered films. Compressive stresses in
thin sputtered films are commonly observed due to atomic peening mechanism [88]. Using the data

Figure 4-30: (a) Comsol image of a stressed cut cantilever with only gold electrodes present. (b) Deflection data (from
Zygo and Comsol simulation) along cantilever length for cut quartz cantilever of Device 1. (c) Deflection data (from
Zygo and Comsol simulation) along cantilever length for cut quartz cantilever of Device 2.
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obtained from the Zygo® white light interferometry measurements, the deflection of the cut
cantilever was obtained. The cut cantilever geometry was then modeled in Comsol Multiphysics®
5.3 software by using the dimension as given in Table 4-4 and Table 4-5. Solid mechanics module
with initial stress/strain node was utilized to estimate the stress in the gold electrode film and the
sputter deposited Ti/W films separately that best matched with the Zygo measurements. Figure 430 (a) shows snapshot of the cantilever Comsol model with a stressed thin film layer. Figure 4-30
(b) and Figure 4-30 (c) shows the deflection data obtained from Zygo measurements and Comsol
analysis for Device 1 and Device 2 respectively before and after sputter deposition of Ti/W thin
film. The estimated values of the stresses in each of the metal films is provided in the Table 4-6.
As can be seen from the table, the stresses in the upper electrode are always higher than the lower
electrode which may be due to the fact that the upper electrode is deposited first and then undergoes
subsequent thermal processes leading to a higher stress in the film. As for the stress in the Ti/W
layer, the stress in film of Device 2 is higher as compared to that in the Device 1. There are many
factors that can lead to this difference such as layer to layer adhesion and variability in deposition
conditions such as power, pressure in the chamber etc. Based on these observations, stress
sensitivities of the cut devices of Device 1 and Device 2 can be estimated by using the Comsol
model as explained in section 2.1 of Chapter 2. The stressed tungsten layer of thickness 81 nm is
coupled with the cantilevered quartz device and an eigenvalue study is carried out for the two cases
i.e. with no tungsten film on the device and with the tungsten film on the
Table 4-6: Estimated stresses in the metal layers on the cantilevered cut quartz crystals.
Device 1

Device 2

Upper Gold Electrode (MPa)

~ 300

~ 257

Lower Gold Electrode (MPa)

~ 140

~ 140

Ti/W (MPa)

~ -130

~ -370
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device in Comsol Multiphysics® software. Figure 4-31 (a) and Figure 4-31 (b) show the Comsol
simulation image of Device 2 (~ 600 μm x 300 μm x 13.4 μm (L x W x t)) resonating in its
fundamental thickness shear mode without tungsten layer and with -370 MPa compressively
stressed tungsten layer respectively. Similar study was carried out for Device 1 (~600 μm x 300
μm x 8.95 μm (L x W x t)) but the stress in the tungsten film was kept at -130 MPa that was
estimated using the deflection measurements from Zygo® white light interferometry. As can be
seen in the Figure 4-31, the fundamental thickness shear mode resonance frequency reduces when
the stressed tungsten layer is coupled with the quartz cantilevered device as seen in the experiments.

Figure 4-31: Comsol simulation image of a ~13.4 um thick device resonating in its fundamental thickness shear mode
(a) without stressed tungsten layer, and (b) with -370 MPa stressed tungsten layer.
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Table 4-7: Summary of eigenvalue study of Device 1 and Device 2
Eigenfrequency

Eigenfrequency

without Tungsten

with Tungsten

Layer (Hz)

Layer (Hz)

Eigenfrequency Shift (Hz)

-7047
Device 1

186,292,943

186,285,896
(for -130 MPa)
-10099.5

Device 2

124,806,078.7

124,795,979.2
(for -370 MPa)

Table 4-7 gives the summary of the eigenvalue study (in terms of eigenfrequency) done in Comsol
for the Device 1 and Device 2. From the table, it can be seen that, for Device 1, the shift in resonance
frequency is lower as compared to that of Device 2 even though Device 1 has higher resonance
frequency than Device 2. This is because of the fact that the stress observed in the tungsten layer
for Device 1 (~ -130 MPa) is lower than that of Device 2 (~ -370 MPa) and hence the shift in
frequency due to the stress is lower for Device 1.
Figure 4-32 shows the resonance frequency of the uncut resonators of Device 1 and Device
2 (refer to Table 4-4 and Table 4-5 for device details) while tungsten was being deposited and
compares it to the frequency estimated by using the Z-match method (equation 4.1). The
uncertainty in the thickness of the metal deposited has been taken as 5% of the total thickness
deposited which leads to an uncertainty in the slopes of the measured device. Looking at the
frequency measured and frequency estimated by the Z-match method for the uncut devices tested,
there seems to be a large discrepancy in the two values for the same amount of tungsten film
deposited. The slope of the estimated frequency versus tungsten thickness deposited of the uncut
resonators i.e. of Device 1 and Device 2 using the Z-match method is higher when compared to the
experimentally measured slope. Also, the difference between the slopes of the Z-match method
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Figure 4-32: Experimental and theoretical resonance frequency of uncut resonators versus tungsten thickness for Device
1 and Device 2.

Figure 4-33: Experimental and theoretical sensitivities of three different resonance frequency devices. The first point is
a theoretical sensitivity for a 5 MHz device.
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and the experimental data is higher for the thinner device (~ 41 kHz) i.e. Device 1 (~ 9.22 μm thick)
as compared to the relatively thicker device (~15 kHz) i.e. Device 2 (~ 13.7 μm) suggesting that
the discrepancies between the estimated frequency and experimental frequency upon mass
deposition worsens with thickness reduction. Figure 4-33 shows the experimental and theoretical
sensitivities (kHz/nm of tungsten) versus the fundamental resonance frequency for three different
resonance frequency resonators (i.e. 121.883 MHz, 180.873 MHz and 361.453 MHz) in an uncut
configuration. The calculation of theoretical mass sensitivity has been explained in detail in the
Appendix E. The experimental sensitivity of the 6 MHz device has been taken as the starting point
for both the curves in Figure 4-33 [18]. As can be seen clearly in the Figure 4-33, the experimental
mass sensitivity of the device reduces significantly when compared to the estimated mass
sensitivity using the Z-match method as the resonance frequency of the device increases. The most
plausible explanation for this difference in the two sensitivities could be that the simple model
obtained by Z-match method is not accurate to determine frequency shifts in such thin resonators
(<15 μm thick). The Z-match method described earlier has been derived for a single layer of film
deposited on a quartz crystal and has been tested for large resonator thicknesses (>100 μm) [18],
[60]. When the thickness of the quartz resonator is reduced, the role of the ideality of the interfacial
elastic coupling between the quartz and the deposited thin films on the resonance frequency of
quartz becomes increasingly important. The films can no longer be treated as a passive element and
every thin film deposited plays a role in the overall resonance frequency of the resonator. This is
especially true for materials like gold and tungsten that have a very large mass density (7.3x more
than crystal quartz) and hence provide a higher inertia for acoustic wave propagation [89], [90].
Hence a better model for mass-based frequency shifts in quartz crystal is needed to accurately
predict the quartz behavior with mass addition. Due to the lack of a model for accurately estimating
mass sensitivity of a thin resonators, the mass sensitivities of the cut cantilevers for Device 1 and
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Figure 4-34: Resonance frequency (experimental and Z-match estimated) versus tungsten thickness for cut resonator for
Device 1 and Device 2.

Device 2 has been estimated empirically by fitting a smooth curve to the experimental mass
sensitivity data for the uncut resonators (as shown in Figure 4-33). Figure 4-34 shows the in-situ
resonance frequency of the cut cantilevers for Device 1 and Device 2 during tungsten deposition.
Table 4-8 lists the estimated mass sensitivity, the measured sensitivity and the difference between
the two for the cut quartz devices for Device 1 and Device 2 (which is a measure of the stress based
frequency shift). If we attribute this difference entirely to the stress induced frequency shift, then
the stress sensitivity of the two devices can be calculated by multiplying the difference with the
Table 4-8: Various sensitivities for cut Device 1 and Device 2
Estimated Mass

Measured

Difference (Measured –

Sensitivity (kHz/nm)

Sensitivity (kHz/nm)

Estimated) (kHz/nm)

-40.992

-42.59

-1.597
Device 1

(for -130 MPa, 186.292 MHz)
-0.417
Device 2

-30.703

-31.12
(for -370 MPa, 124.806 MHz)
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total tungsten thickness deposited and dividing it by the observed stress respectively. Table 4-9
lists the stress sensitivity for the two devices obtained by experiments and by using the model
presented in section 2.1.2 of chapter 2. We again see a large difference in the experimental and
theoretical stress sensitivities of the two devices. However, with such large uncertainties in the
experimental values, there is a need for more precise experimental evaluation of stress sensitivity
in these devices to draw acceptable conclusions.
Table 4-9: Experimental and theoretical sensitivities for cut Device 1 and Device 2
Experimental Stress Sensitivity

Theoretical Stress Sensitivity

(kHz/MPa)

(kHz/MPa)

Device 1

-0.995

-0.054

Device 2

-0.256

-0.077

4.4

Discussion
In this chapter, an in-situ stress sensor based on micromachined quartz crystal resonators

has been presented. Controlled stress experiments were carried out by coupling the quartz with
sputtered thin film Metglas® material and feasibility of different device configurations were
explored. In-situ thin film stress measurements were carried out on a cut and an uncut device
configuration. However, compensating for mass effect on the resonance frequency shifts of the
device remained to be the most challenging problem in this work. Two methods were investigated
to compensate for the mass effect. In the first method, a differential resonator measurement
technique was explored whereby one resonator was designed to only respond to mass addition
(uncut resonator) and the other resonator was designed to respond to both the mass and the film
stresses (cut resonator). However, due to large differences in the resonance frequencies the two
resonators, the mass sensitivities of the two devices were different and hence a direct subtraction
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of the frequency shifts could not be used to accurately compensate for the mass effects. In these
high frequency resonators, even a small difference of a few tens of nanometers in the etched quartz
thickness or of a few nanometers in the deposited electrodes can result in significant frequency
differences. Thus, small differences (~a few 100 nm) in the thickness of the two resonators due to
uneven etching, difference in the thickness of the electrodes due to uneven depositions, any residual
polymer left on the device during microfabrication etc. can easily result in such differences. The
effects of all these small factors exacerbate as the thickness of the quartz is reduces below 15 μm.
This led us to explore the possibility of using the well-established Z-match method for
trying to estimate the mass sensitivity of the high frequency micromachined quartz resonators as a
way to accurately estimate the frequency shift due to mass loading. It became apparent that the Zmatch method could not be applied for the thin devices (<15 μm) as the experimental mass
sensitivities were found to be significantly smaller than (as shown in Figure 4-33) from those
estimated by the two layer Z-match method which is used in most of the commercial thin film
monitoring devices. This difference in mass sensitivity between the experimental and predicted
values increases as the thickness of the resonator is reduced. This is because the shear wave
propagation is affected significantly even by the thin layers of materials on the quartz resonator.
Multi-layer acoustic wave propagation have been studied by a very few researchers, however no
closed form solution have been proposed as the complexity of the equation increases exponentially
with every small layer added on the resonator. Realizing this limitation, we employed empirical
estimation of mass sensitivity using the experimental mass sensitivities of the uncut devices for
compensating for mass loading effect. However, the thin resonators are extremely sensitive to mass
addition e.g., for a ~13.7 μm thick quartz device, the mass sensitivity is 30.28 kHz/nm for tungsten
material. Hence, for a thickness uncertainty of 1Å, the uncertainty in frequency shift would be 3
kHz which is comparable or larger than the expected frequency shift arising typical thin film stress.
While this work has been successful in demonstrating the potential application of micromachined

112
cantilevered quartz resonators for stress measurements, as evidenced by the results in
magnetostrictive loading experiments where no mass loading issues were involved. However, for
thin film stress measurements mass loading effect clearly turned out to be more difficult to
compensate and confounded accurate quantification of such stress in thin films. Being the first work
in this area, some of these mass loading estimations were unexpected. A clear understanding of
why the mass sensitivity of high frequency resonators does not follow the Z-match model needs to
be still understood. It is not clear if the interface between quartz crystal and the deposited metal
begins to play a more significant role in high frequency resonators with smaller acoustic
wavelengths or if higher order non-linear terms begin to dominate the high frequency acoustic wave
propagation though these solid layers.

Table 4-10: Summary of sensitivity of various stress sensing technologies.
Technology

Sensitivity (GPa-Å)

Laser Reflection Method [91]

0.5

Differential Capacitance Method [79]

0.2

Piezoresistive Cantilever Method [12]

0.5

Micromachined Quartz Cantilever Method

0.005*

* this sensitivity has been estimated based on Quartz/Metglas® unimorph based magnetic
experiments as presented in section 4.2.4.1.
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Chapter 5
Conclusions and Future Work
In this dissertation, micromachined quartz based differential pressure sensors and stress
sensors have been studied. The working principle behind both the sensors is a phenomenon known
as “force frequency effect” whereby the resonance frequency of the quartz crystal resonator shifts
due to the application of stress. A resolution of ~1.04 mTorr was achieved for the pressure sensors.
For the stress sensors, a stress sensitivity of ~1.17 Hz/kPa has been shown based on controlled
stress experiments by using Metglas®.

5.1

Micromachined Differential Pressure Sensor
A parametric study was carried out for the pressure sensor to see the effect of thickness

and diameter of the resonator’s diaphragm on the sensitivity of the device. The sensors have shown
highly linear behavior from medium to low vacuum regime (i.e. 10-3 Torr to 100 Torr). Furthermore,
the sensors were shown to exhibit a directional response whereby changing the face on which
higher pressure is applied, changes the direction of shift in resonance frequency.
To achieve a hermetic seal in between the two faces of the quartz diaphragm, a silicone
epoxy has been utilized as it is a low stress epoxy and cures at room temperature. This property of
silicone helps in reducing the unwanted noise in the sensor due to epoxy stress. Silicone epoxy also
leaves very little residue on the sensor which otherwise can degrade the sensor’s performance in
the long run. However, silicone epoxy does not provide perfect vacuum seal between the two faces
of the diaphragm. A better sealing method would be needed for practical applications as gas can
easily diffuse through the silicone epoxy. One of the methods to achieve this vacuum sealing would
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be the use of high vacuum epoxy such as Torr Seal ®. However, a careful study will be needed as
Torr Seal® is known to leave residues and generate stresses when cured.
In the current study, the maximum differential pressure applied across the diaphragm has
not been raised above 100-150 Torr due to potential mechanical failure of the sensor structure. A
better structural design would be needed to prevent such failure and hence to improve the range of
operation. One such method could be to use end-stops as shown in Figure 5-1. By doing so, the
diaphragms bending will be restricted to a certain value as set by the distance between the end stop
and the diaphragm and hence will prevent catastrophic breakage of the device.

Figure 5-1: (a) Top view of the proposed sensor design. (b) Cross sectional view of the diaphragm showing the role of
end-stop when the diaphragm bends due to pressure.

115

5.2

Micromachined In-Situ Stress Sensor
A study on in-situ stress sensing based on a micromachined quartz cantilever based has

also been carried. Here again the stress sensitivity of quartz has been utilized to quantify the stresses
that are present in the thin films. Controlled stress experiments have been carried out by integrating
the micromachined quartz cantilever with a Metglas® thin film. The magnetostrictive nature of
Metglas® allows to apply a stress to the quartz cantilevers by application of magnetic field. A stress
sensitivity of ~1.17 Hz/kPa with stress applied by a ~500 nm of Metglas® has been demonstrated
for a ~11.8 μm (123.76 MHz) thick device. A comparison study of the effect of stress on cut versus
uncut micromachined quartz device has also been shown. The cut devices have shown ~25x more
sensitivity to stresses as opposed to the uncut resonator as the stresses generated in the cut
cantilevered devices are much higher than the uncut devices. Effect of changing azimuthal angle
(𝜓) of the micromachined quartz cantilever from 0° to 90° on its resonance frequency shifts has
also been studied. It has been observed that the shifts in resonance frequency due to applied stress
by Metglas film® for the two azimuthal angle occurs in different directions. Finally, effect of
applying tensile and compressive stresses with the help of Metglas® on the micromachined quartz
cantilever’s resonance frequency has also been studied and has been shown to change its direction
when the nature of stress is changed.
In another set of experiments, in-situ thin film stress monitoring study has been carried out
by using the micromachined quartz resonators. The stress sensor consists of a cut and an uncut
resonator. As has been shown earlier that the cut resonator is much more sensitive to stresses than
the uncut resonator, thus in principle, performing a differential measurement between cut and uncut
frequency shift, the effect of mass is expected to be cancelled out if the two resonators have their
resonance frequencies very close to each other. The remaining difference in this measurement of
the resonance frequency shift between the two resonators would contain the effect of stress which
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can be used to estimate the stresses in the thin films. However, decoupling of shifts in resonance
frequency of the resonator due to mass and stress could not be achieved as well as intended. This
arose out of the fact that the fundamental resonance frequencies of the cut and then uncut resonator
were not perfectly matched after microfabrication with a frequency difference of >1-2 MHz. This
difference in frequency implied an incomplete cancellation of mass sensitivity for the two
resonators and hence any differential measurement method will yield both the stress and mass
effects.
One other challenge that was faced while making these sensors was of the shorting of the
two adjacent resonators as shown in Figure 5-2. This occurs as the gold could not be removed
around the edges of the etched region where the photoresist gets accumulated. This photoresist
accumulation around the edges occurs due to the trenching effect in the plasma etching process.
Due to this gold path, the two resonators in a stress sensor device are shorted and hence leads to
spurious modes. The gold path was cut by a focused ion beam (FIB) milling step in the etched
region around the edges and also on the sidewalls. After the FIB, the characteristics of the two
resonators were decoupled. Figure 5-3 shows the conductance characteristics of the two resonators

Figure 5-2: SEM images of the device before and after the cutting of the gold path along the edges using FIB.
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Figure 5-3: Conductance characteristics of the device before and after the gold path cut for the two resonator devices.

before and after the gold cutting using FIB. However, this method of decoupling using FIB is a
cumbersome and expensive way. To overcome this problem, a design change is needed whereby
the etched regions of the two resonators of the stress sensor are separated (as shown in Figure 5-4).

Figure 5-4: Schematic showing the current design and a new design to overcome the shorting issue between the two
resonators.

118
To realize a stress sensor based on quartz, it is essential to decouple the effect of mass and
stress. One method to achieve this decoupling could be by integrating the quartz diaphragm with a
thin silicon diaphragm as shown in the Figure 5-5. This silicon diaphragm will be edge clamped
and will have a small tip that would be in contact with the quartz diaphragm. When the stressed
material is deposited on this thin silicon diaphragm, the diaphragm would bend out of plane due to
the intrinsic stresses in the film. This out of plane bending will be transferred to the quartz via the
contacting tip which will apply an out of plane point force on the device leading to generation of
stresses in the quartz device. Since the material is not getting deposited on the quartz resonator, this
device configuration has the potential to allow for multiple uses of the quartz resonator so long as
a reliable and repeatable method for bringing the two parts together can be realized.

Figure 5-5: Concept of a stress sensor device with a silicon diaphragm edge clamped over a micromachined quartz.
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Appendix A
Mathematica Code for Weak Form Formulation

Piezoelectricity
Copyright: Nishit Goel & Francesco
Costanzo Date: 5 July 2017

Introduction to the Document
The purpose of this Mathematica Notebook is to solve the force frequency behavior in quartz
crystal. It should successfully work through a complete example of the use of Mathematica
for solving a multi-order acoustic streaming problem. However, it will also provide a complete
description and explanation such that it can help the user consider their own problem.
As a basic overview, this notebook establishes in code, the developed balance laws in weak
form for a piezoelectric quartz problem. Then finally it exports all of these equations as well
as associated parameters to text files for import to COMSOL Multiphysics.

Notebook Initialization
Below is the framework establishing additional utilities and functions that are not already
within Mathematica. It should not be necessary to alter these sub-sections unless a specific
re-use of this file for a separate problem is creating an issue with what is defined below. The
sections of code below are meant for version 10.0 and 10.3 of Mathematica, using a newer
or older version may require some alteration.

Clearing Local Definitions
If[Length[Names[Evaluate[Context[]<>"*"]]] ≠ 0,
(ClearAll[Evaluate[Context[]<>"*"]];
Remove[Evaluate[Context[]<>"*"]];)]

Auxiliary Elements: Units Package and Significant Digits Function Auxiliary
Algebraic Operators
Function Creation for standard symmetric, skew, spherical and deviatoric components of tensor
operators.
1
Sym[A_]:= (A+Transpose@A);
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Skw[A_]:= (A-Transpose@A);
Sph[A_]:=If[MatrixQ[A]&&Dimensions[A][[1]]==Dimensions[A][[2]],
Tr[A]IdentityMatrix[Dimensions[A][[1]]],Print["Incorrect Argument!"] ];
Dev[A_]:=A-Sph[A];

Differential Operators: Gradient, Divergence, and Laplacian
ProblemSettings=<|"Formulation" → "3D","ComponentNaming" → "Numeric",
"Coordinates" → {x,y,z},"CSystem" → "Cartesian","TDependent" → True|>;

Premise
Only two coordinate systems are allowed: Cartesian and cylindrical. The dimension is
understood to be 3 in all cases. The symbols for the two coordinate systems are chosen by
the user. However, for the cylindrical coordinate system, the first coordinate must be the
radial coordinate and the second coordinate must be the angular coordinate.

Gradient
ClearAll[DOGrad];
DOGrad::usage=
"DOGrad[a,ProblemSettings] returns the gradient of a.
ProblemSettings is an association that specifies, among other
things the symbols used for coordinates and the type of
coordinate system used."; DOGrad::invargProblemSettings="The
problem settings provided are invalid.
Here is an example of a properly formatted ProblemSettings
association:
ProblemSettings=<|\"Formulation\"→\"3D\",\"ComponentNaming\"→\"Numeric
\",\"
Coordinates\"→{x,y,z},\"CSystem\"→\"Cartesian\",\"TDependent\"→Tr
ue|>;";
DOGrad::invCoordinateSystem="The selected coordinate system is
invalid.";
DOGrad::invCoordinates=
"It is assumed that the coordinates are for a
threedimensional physical context. Invalid number of
coordinate names provided.";
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DOGrad[a_,ProblemSetup_]:=Module[{Coordinates,CoordType,
d, ξ, η, ζ,Da,id,i,j,target,temp,sign},
(* Check that the ProblemSetup information is valid. *)
If[!AssociationQ@ProblemSetup,
Message@DOGrad::invargProblemSettings;
Return@$Failed;
];
Coordinates=ProblemSetup["Coordinates"];
CoordType=ProblemSetup["CSystem"];
If[CoordType ≠ "Cartesian"&&CoordType ≠ "Cylindrical",
Message@DOGrad::invCoordinateSystem;
Return@$Failed;
];
If[Length@Coordinates ≠ 3,
Message@DOGrad::invCoordinates;
Return@$Failed;
]; ξ =Coordinates[[1]];
η =Coordinates[[2]]; ζ
=Coordinates[[3]];
d=Length@Dimensions@
a;
If[!ListQ@a,d=0];
If[CoordType == "Cartesian",
Return@Map[{∂ξ#, ∂η#, ∂ζ#}&,a,{d}];
];
Da=Map
ξ

# &,a,{d} ];

id=Tuples[{1,2,3},{d}]; If[Length[id] ==
1,Return[Da]]; id=Drop[id,-1];
Do[ temp=Extract[a,id[[i]]]/ ξ;
Do[ sign=0;
If[id[[i,j]] == 1, target=Append[ReplacePart[id[[i]],j →
2],2];sign=1];
If[id[[i,j]] == 2, target=Append[ReplacePart[id[[i]],j →
1],2]; sign=-1;];
If[sign ≠ 0,
Da=ReplacePart[Da,target → Extract[Da,target]+sign*temp]];
,{j,Length[id[[i]]]}];
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,{i,Length[id]}];
Return[Da];
];
Protect[DOGrad]
;
example=<|"Formulation" → "3D","ComponentNaming" → "Numeric",
"Coordinates" → {x,y,z},"CSystem" → "Cartesian","TDependent" → True|>
Formulation→3D,ComponentNaming→Numeric,
Coordinates→{x,y,z},CSystem→Cartesian,TDependent→True
DOGrad[Sin[x],example]
{Cos[x],0,0}

Divergence
ClearAll[DODiv];
DODiv::usage=
"DODiv[a,ProblemSettings] returns the divergence of a.
ProblemSettings is an association that specifies, among other
things the symbols used for coordinates and the type of coordinate
system used.";
DODiv::invarga="The first argument is invalid: there is
no such thing as the divergence of a scalar.";
DODiv::invargProblemSettings="The problem settings provided are invalid.
Here is an example of a properly formatted ProblemSettings association:
ProblemSettings=<|\"Formulation\"→\"3D\",\"ComponentNaming\"→\"Numeric\",\"
Coordinates\"→{x,y,z},\"CSystem\"→\"Cartesian\",\"TDependent\"→True|>;";
DODiv::invCoordinateSystem=
"The selected coordinate system is invalid. The only allowed
coordinate systems are the Cartesian and Cylindrical ones.";
DODiv::invCoordinates="It is assumed that the
coordinates are for a threedimensional physical
context.
Invalid number of coordinate names provided.";
DODiv[a_,ProblemSetup_]:=Module[{Coordinates,CoordType,d, ξ, η, ζ,Diva,
ξlist, ηlist, ζlist,source,sourcevalue,target,innertarget,sign,i,j},
If[!ListQ[a],
Message@DODiv::invarga;
Return[$Failed];
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];
(* Check that the ProblemSetup information is valid. *)
If[!AssociationQ@ProblemSetup,
Message@DODiv::invargProblemSettings;
Return@$Failed;
];
Coordinates=ProblemSetup["Coordinates"];
CoordType=ProblemSetup["CSystem"];
If[CoordType ≠ "Cartesian"&&CoordType ≠ "Cylindrical",
Message@DODiv::invCoordinateSystem;
Return@$Failed;
];
If[Length@Coordinates ≠ 3,
Message@DODiv::invCoordinates;
Return@$Failed;
]; ξ =Coordinates[[1]];
η =Coordinates[[2]]; ζ
=Coordinates[[3]];
d=Length@Dimensions@
a;
If[d == 1&&CoordType == "Cartesian",Return[∂ξa[[1]]+ ∂ηa[[2]]+ ∂ζa[[3]]]];
If[d == 1,Return[∂ξa[[1]]+ ∂ηa[[2]]+a[[1]] ξ + ∂ζa[[3]] ] ];
Diva=ConstantArray[0,Drop[Dimensions[a],-1]]; d-=1;
ξlist=Tuples[Join[Table[{1,2,3},{d}],{{1}}]];
ηlist=Tuples[Join[Table[{1,2,3},{d}],{{2}}]];
ζlist=Tuples[Join[Table[{1,2,3},{d}],{{3}}]];
If[CoordType == "Cylindrical",
Do[

source=

ξlist[[i]];

sourcevalue=Extract[a,source];
target

=Drop[source,-1];

Diva=ReplacePart[Diva,
sourcevalue
target → Extract[Diva,target]+
{i,Length[ξlist]}
];
Do[

source=

ηlist[[i]];

target =Drop[source,-1];
Diva=

sourcevalue ];,
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ReplacePart[Diva,target → Extract[Diva,target]+

Extract[a,source] ];

Do[ sign=0;
If[target[[j]] == 1,sign=1; innertarget=ReplacePart[target,j →
2];];
If[target[[j]] == 2,sign=-1; innertarget=ReplacePart[target,j →
1];];
If[sign ≠ 0,
Diva=ReplacePart[Diva,
sign
innertarget → Extract[Diva,innertarget]+
ξ

Extract[a,source] ] ];

,{j,Length[target]}
];
,
{i,Length[ηlist]}
];
Do[

source=

ζlist[[i]];

target =Drop[source,-1];
Diva=
ReplacePart[Diva,target → Extract[Diva,target]+ ∂ζExtract[a,source]];,
{i,Length[ζlist]}
];
Return[Diva];
];
Do[

source=

ξlist[[i]];

target =Drop[source,-1];
Diva=
ReplacePart[Diva,target → Extract[Diva,target]+ ∂ξExtract[a,source]];,
{i,Length[ξlist]}
];
Do[

source=

ηlist[[i]];

target =Drop[source,-1];
Diva=
ReplacePart[Diva,target → Extract[Diva,target]+ ∂ηExtract[a,source]];,
{i,Length[ηlist]}
];
Do[

source=

ζlist[[i]];

target =Drop[source,-1];

125
Diva=
ReplacePart[Diva,target → Extract[Diva,target]+ ∂ζExtract[a,source]];,
{i,Length[ζlist]}
];
Return[Diva];
];
Protect[DODiv];

Laplacian
ClearAll[DOLaplacian];
DOLaplacian::usage=
"DOLaplacian[a,ProblemSettings] returns the laplacian of a.
ProblemSettings is an association that specifies, among other things
the symbols used for coordinates and the type of coordinate system
used.";
DOLaplacian::invargProblemSettings="The problem settings provided are
invalid.
Here is an example of a properly formatted ProblemSettings association:
ProblemSettings=<|\"Formulation\"→\"3D\",\"ComponentNaming\"→\"Numeric\",\"
Coordinates\"→{x,y,z},\"CSystem\"→\"Cartesian\",\"TDependent\"→True|>;";
DOLaplacian::invCoordinateSystem="The selected coordinate system is
invalid.";
DOLaplacian::invCoordinates=
"It is assumed that the coordinates are for a threedimensional
physical context. Invalid number of coordinate names provided.";
DOLaplacian[a_,ProblemSetup_]:=Module[
{Coordinates,CoordType},
(* Check that the ProblemSetup information is valid. *)
If[!AssociationQ@ProblemSetup,
Message@DOLaplacian::invargProblemSettings;
Return@$Failed;
];
Coordinates=ProblemSetup["Coordinates"];
CoordType=ProblemSetup["CSystem"];
If[CoordType ≠ "Cartesian"&&CoordType ≠ "Cylindrical",
Message@DOLaplacian::invCoordinateSystem;
Return@$Failed;
];
If[Length@Coordinates ≠ 3,
Message@DOLaplacian::invCoordinates;
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Return@$Failed;
];
Return@DODiv[DOGrad[a,ProblemSetup],ProblemSetup];
];
Protect[DOLaplacian];

Tensor Derivative
ClearAll[TDerivative];
TDerivative[f_,t_]:=Module[{},
MapThread[D[f,#] &, {t}, Depth[t]-1]
];
Protect[TDerivative];

Generalized Inner Product Field Instantiation Functions COMSOL Output
Functions Visualization Functions Postprocessing Functions

Usage Manual
This is a basic outline for the use of this notebook. It is not specific to
the case of Acoustic Streaming problems.

Abstract Problem Statement — Weak Form Formulation
Below is all the mathematica code that defines the formulation of the problem, the statement of
the variables, the statement of the weak contributions and the declaration of body force terms,
that appear in the balance of mass and momentum.

Problem Settings

Choice of formulation
The formulation can be one of three types: full 3D, plane strain, or axisymmetric. Here, we
proceed to choose a full 3D formulation.
PossibleFormulations={"3D","Plane","Axisymmetric"};
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Formulation=PossibleFormulations[[1]];
TimeDependent=False;

Component naming convention for vector and tensor quantities
For fields with components, such as vector or tensor fields, the components of such tensors can
be identified by “Numerical” index or an index that reflects the coordinates used. For example,
the components of a velocity vector v can be denoted as {v1, v2, v3} or as {vx, vy, vz} when using
coordinates {x, y, z}. Below, one can select the naming convention, “Numerical” for number and
“Coordinates” for that dictated by the coordinates. In all cases, partial dertivatives of a quantities
with respect to a coodinate or time will be indicated by the name of the quantity followed by the
coordinate in question or time. That is, if v1 denotes the first component of the vector v, then v1x
is the partial derivative of v1 with respect to the coordinate x. Similarly, v1t is the partial
derivative of v1 with respect to time.
ComponentNamingConventionOptions={"Coordinates","Numeric"};
ComponentNamingConvention=ComponentNamingConventionOptions[[1]];

Dimension of the solution’s domain and coordinate system
Being interested in problems motivated by physics, we will posit that these problems are always
three dimensional. With this in mind, there are mathematical formulations of 3D physical
problems that have lower dimension. Here we set the physical dimension of the problem as well
as the mathematical dimension of the problem. We denote the physical dimension of a problem
by pdim, whereas we denote the dimension of the mathematical formulation by mdim. Clearly
mdim ≤ pdim.

Standard Consequences — Do not change
pdim=3;
SetAttributes[pdim,{Constant,Protected,ReadProtected}]
mdim=Switch[Formulation,"3D",3,"Plane",2,"Axisymmetric",2];

Coordinate system and outward unit normal — Do not change for
consistency with COMSOL
Coordinates=If[Formulation == PossibleFormulations[[3]],{r, θ,z},{x,y,z}];
CoordinateSystem="Cartesian";
If[Formulation == PossibleFormulations[[3]],CoordinateSystem="Cylindrical"];

Regardless of the component naming convention, the components of the unit normal are denoted
as in COMSOL Multiphysics.
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n=ToExpression[("n"<>ToString[#])&/@Coordinates];

Summary of Problem Settings
ProblemSettings = <|"Formulation" -> Formulation,
"ComponentNaming" -> ComponentNamingConvention, "Coordinates" -> Coordinates,
"CSystem" -> CoordinateSystem, "TDependent" -> TimeDependent|>;

Initialization of the Formulation Rules and Data Associations — Do not
change for Consistency with COMSOL
FormulationRules=<|nθ → 0|>;
If[ProblemSettings["Formulation"] == "Plane",FormulationRules=<|nz → 0|>];
If[ProblemSettings["Formulation"] == "3D",FormulationRules=<||>];
Data=<||>;

Unknown Fields Instantiation
As a reference, here is the format of the default properties string:
◼ properties = <|
"Principal Unknown" -> False,
"Vector: 2D Formulation Constant Value" -> 0,
"Tensor: 2D Formulation Default Constant Value" -> 0,
"Tensor: 2D Formulation Address-Value List" -> {},
"Symmetry" -> "None"
|>;

Instantiation setup: field declarations
In this section, we will establish the principal unknowns, their labels, tensor rank, and properties.
By default, any initialized field carries with it the properties listed above. To change any of these
default settings, identify which property you wish to change and input the new characteristic.
Below we declare two more fields, u and phi, which are the displacement and electric potential.
uDec={"u",1,<|"Principal Unknown" → True|>};
phiDec={"phi",0,<|"Principal Unknown" → True|>};

Fields Instantiations: fields, corresponding test functions, gradients, time
rates, and associated replacement rules.
FieldsInstantiation[{uDec,phiDec},ProblemSettings];
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This instantiation updated the FormulationRules and produced the following fields:
{{u,Tu,Du,TDu},{phi,Tphi,Dphi,TDphi}}

Source Fields and Boundary Data Instantiation

Source fields Instantiations
Source fields declarations
The terms declared in this section are source terms that appear in the weak contribution
equations. b and psi are the body force and initial voltage respectively, while S is the initial strain
that appears in the incremental stress strain equation.
bDec={"b",1};
psiDec={"psi",0};
SDec={"S",2};

Source fields instantiations
We now instantiate these source fields, which will establish various entities including the time
derivate of the variable, the divergence of the variable and a test function of the variable. For
example, Tv1 denotes the test function of v1, Dv1 denotes the divergence of v1 and v1t denotes
the time derivative of v1.
FieldsInstantiation[{bDec,psiDec,SDec},ProblemSettings]
This instantiation updated the FormulationRules and produced the following fields:
{{b},{psi},{S}}

Boundary data instantiation
Neumann Data
The Neumann data for this problem is a displacement whose time derivative will appear in the
singular non-zero boundary condition. As only the derivative of this displacement is used, s1 and
s2 are directly used as a velocity. Two are declared below, one for each order. While these are
non-zero, they are still user defined when using the method of manufactured solutions described
later in this notebook.
ssDec={"ss",1};
FieldsInstantiation[{ssDec},ProblemSettings];
This instantiation updated the FormulationRules and produced the following fields:
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{{ss}}

pDec={"p",0};
FieldsInstantiation[{pDec},ProblemSettings];
This instantiation updated the FormulationRules and produced the following fields:
{{p}}

Kinematics and Constitutive Equations
SOM[i_,j_,k_,l_]:=Module[{p,q,II,JJ,SOMM},(*SOM - second order modulus*)
SOMM=Table[ToExpression["C"<>ToString[p]<>ToString[q]],{q,6},{p,q}];
If[i == 1&&j == 1,II=1];
If[i == 1&&j == 2 || i == 2&&j == 1 ,II=6 ];
If[i == 1&&j == 3 || i == 3&&j == 1 ,II=5 ]; If[ i
== 2&&j == 2 ,II=2 ];
If[ i == 2&&j == 3 || i == 3&&j == 2 ,II=4 ];
If[ i == 3&&j == 3 ,II=3 ];
If[k == 1&&l == 1,JJ=1];
If[ k == 1&&l == 2 || k == 2&&l == 1 ,JJ=6 ];
If[ k == 1&&l == 3 || k == 3&&l == 1 ,JJ=5 ]; If[ k
== 2&&l == 2 ,JJ=2 ];
If[ k == 2&&l == 3 || k == 3&&l == 2 ,JJ=4 ];
If[ k == 3&&l == 3 ,JJ=3 ];
Return[Extract[SOMM,Sort[{II,JJ},Greater]]];
];
TOM[i_,j_,k_,l_,m_,n_]:=
Module[{p,q,r,II,JJ,KK,TOMM},(*TOM - second order modulus*)
TOMM=Table[ToExpression["C"<>ToString[p]<>ToString[q]<>ToString[r]],
{r,6},{q,r},{p,q}];
If[i == 1&&j == 1,II=1];
If[ i == 1&&j == 2 || i == 2&&j == 1 ,II=6 ];
If[ i == 1&&j == 3 || i == 3&&j == 1 ,II=5 ]; If[ i
== 2&&j == 2 ,II=2 ];
If[ i == 2&&j == 3 || i == 3&&j == 2 ,II=4 ];
If[ i == 3&&j == 3 ,II=3 ];
If[k == 1&&l == 1,JJ=1];
If[ k == 1&&l == 2 || k == 2&&l == 1 ,JJ=6 ];
If[ k == 1&&l == 3 || k == 3&&l == 1 ,JJ=5 ]; If[ k
== 2&&l == 2 ,JJ=2 ];
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If[ k == 2&&l == 3 || k == 3&&l == 2 ,JJ=4 ];
If[ k == 3&&l == 3 ,JJ=3 ];
If[m == 1&&n == 1,KK=1];
If[ m == 1&&n == 2 || m == 2&&n == 1 ,KK=6 ];
If[ m == 1&&n == 3 || m == 3&&n == 1 ,KK=5 ]; If[ m
== 2&&n == 2 ,KK=2 ];
If[ m == 2&&n == 3 || m == 3&&n == 2 ,KK=4 ];
If[ m == 3&&n == 3 ,KK=3 ];
Return[Extract[TOMM,Sort[{II,JJ,KK},Greater]]]; ];
PC[k_,i_,j_]:=Module[{II,JJ},(*piezoelectric constants*)
em=Table[ToExpression["pc"<>ToString[II]<>ToString[JJ]],{II,3},{JJ,6}];
If[i == 1&&j == 1,II=1];
If[ i == 1&&j == 2 || i == 2&&j == 1 ,II=6 ];
If[ i == 1&&j == 3 || i == 3&&j == 1 ,II=5 ]; If[ i
== 2&&j == 2 ,II=2 ];
If[ i == 2&&j == 3 || i == 3&&j == 2 ,II=4 ];
If[ i == 3&&j == 3 ,II=3 ];
Return[em[[k,II]]];
];
EP[i_,j_]:=Module[{p,q,PEM},(*electrical permittivity*)
PEM=Table[ToExpression["e"<>ToString[p]<>ToString[q]],{q,3},{p,q}];
Return[Extract[PEM,Sort[{i,j},Greater]]];
];
T[S_,s_,e_]:=Table[
Sum[ SOM[i,j,k,l]+Sum[TOM[i,j,k,l,p,q]S[[p,q]],{p,3},{q,3}] s[[k,l]],
{k,3},{l,3} ] -Sum[PC[k,i,j]e[[k]],{k,3}],
{i,3},{j,3} ];(*Creates a Stress table*)
d[s_,e_]:=Table[
Sum[PC[i,j,k]s[[j,k]],{j,3},{k,3}]+Sum[EP[i,k]e[[k]],{k,3}],{i,3}];
(*Creates a Electric Displacement table*)
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Weak Form

Weak contribution in the interior of the domain
MSb=-1/rho(DODiv[T[S,Sym[DMSu],-DMSphi],ProblemSettings])
mIWC=IP[Tu,rho(-freq2u-b)]+IP[TDu,T[S,Sym[Du],-Dphi]];
eIWC=IP[TDphi,d[Sym[Du],-Dphi]]-IP[Tphi,psi];
mBWC=-IP[Tu,-pn];(*p is the pressure on boundary*)

133

Appendix B
Properties of AT-Cut Quartz
Voigt notation is used in defining the properties of AT-cut quartz as shown below;
Tensor Notation
xx or 11
yy or 22
zz or 33
yz or zy or 23 or 32
zx or xz or 31 or 13
xy or yx or 12 or 21

Voigt Notation
1
2
3
4
5
6

Properties of AT-cut quartz rotated at orientation (YXl) 35.25° [16].

p=1
p=2
p=3
p=4
p=5
p=6

Second order elastic coefficients Cpq (109 N/m2)
Cpq
q=1
q=2
q=3
q=4
q=5
86.74
-8.26
27.15
-3.655
0
-8.26
129.76
-7.42
5.70
0
27.15
-7.42
102.83
9.92
0
-3.655
5.70
9.92
38.61
0
0
0
0
0
68.81
0
0
0
0
2.53

q=6
0
0
0
0
2.53
29.01

q=1
q=2
q=3
q=4
q=5
q=6

Third order elastic coefficients Cpqr for “p=1” (109 N/m2)
Cpqr
r=1
r=2
r=3
r=4
r=5
-210.0
-379.7
46.73
113.85
0
-379.7
-401.09
-157.80
-62.87
0
46.73
-157.80
-406.29
16.58
0
113.85
-62.87
16.58
2.19
0
0
0
0
0
-54.58
0
0
0
0
-101.76

r=6
0
0
0
0
-101.76
-203.17

q=1
q=2
q=3
q=4

Third order elastic coefficients Cpqr for “p=2” (109 N/m2)
Cpqr
r=1
r=2
r=3
r=4
r=5
-379.73
-401.09
-157.80
-62.87
0
-401.09
-636.69
199.47
-259.81
0
-157.80
199.47
-472.90
-4.73
0
-62.87
-259.81
-4.73
-132.90
0

r=6
0
0
0
0
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q=5
q=6

0
0

0
0

0
0

0
0

191.22
-0.95

-0.95
22.61

q=1
q=2
q=3
q=4
q=5
q=6

Third order elastic coefficients Cpqr for “p=3” (109 N/m2)
Cpqr
r=1
r=2
r=3
r=4
r=5
46.73
-157.80
-406.29
16.58
0
-157.80
199.4
-472.90
-4.72
0
-406.29
-472.90
-590.02
-47.99
0
16.58
-4.72
-47.99
-150.52
0
0
0
0
0
-213.71
0
0
0
0
-240.47

r=6
0
0
0
0
-240.47
-26.86

q=1
q=2
q=3
q=4
q=5
q=6

Third order elastic coefficients Cpqr for “p=4” (109 N/m2)
Cpqr
r=1
r=2
r=3
r=4
r=5
113.85
-62.87
-16.58
2.19
0
-62.87
-259.81
-4.72
-132.90
0
16.58
-4.72
-47.99
-150.52
0
2.19
-132.90
-150.52
98.93
0
0
0
0
0
57.87
0
0
0
0
39.68

r=6
0
0
0
0
39.68
82.39

q=1
q=2
q=3
q=4
q=5
q=6

Third order elastic coefficients Cpqr for “p=5” (109 N/m2)
Cpqr
r=1
r=2
r=3
r=4
r=5
0
0
0
0
-57.58
0
0
0
0
191.22
0
0
0
0
-213.71
0
0
0
0
57.87
-54.58
191.22
-213.71
57.87
0
-101.76
-0.95
-240.47
-39.67
0

r=6
-101.76
-0.95
-240.47
39.67
0
0

q=1
q=2
q=3
q=4
q=5
q=6

Third order elastic coefficients Cpqr for “p=6” (109 N/m2)
Cpqr
r=1
r=2
r=3
r=4
r=5
0
0
0
0
-101.76
0
0
0
0
-0.95
0
0
0
0
-240.47
0
0
0
0
39.68
-101.76
-0.95
-240.47
-39.68
0
-203.17
22.60
-26.87
82.39
0

r=6
-203.17
22.60
-26.87
82.39
0
0
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p=1
p=2
p=3

p=1
p=2
p=3

q=1
17.1
0
0

Piezoelectric coefficients epq (10-2 C/m2)
epq
q=2
q=3
q=4
-15.237
-1.862
6.702
0
0
0
0
0
0
Dielectric coefficients εpq (10-12 C/V.m)
q=1
q=2
39.21
0
0
39.82
0
0.859

q=5
0
10.772
-7.612

q=6
0
-9.487
6.705

q=3
0
0.859
40.43
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Appendix C
Quartz Microfabrication Process Steps
Process details for fabricating thin quartz resonators.
1. Cleaning the quartz wafer
a. Prepare the Piranha solution (4:1 – H2SO4:H2O2 by volume) carefully by pouring
the hydrogen peroxide to sulfuric acid.
b. Dip the 100 μm thick and 1 inch diameter quartz wafers in the solution for 30 mins
c. Rinse in DI water
d. Rinse in IPA
e. Blow dry using nitrogen
2. Mount the wafer on a glass slide
a. Apply a small amount of S1805 photoresist on a glass slide
b. Gently place the wafer on the glass slide such that the photoresist spreads evenly
c. Bake at 115°C for 5 mins
3. Cr/Au deposition in Kurt J Lesker Lab 18 e-beam tool
a. Deposit 10 nm of Cr as the adhesion layer. (Titanium should be avoided as it may
not stick well with quartz)
b. Deposit 100 nm of Au.
4. 1st Lithography: Defining quartz etch pattern
a. Bake the sample at 97°C to dehydrate
b. Spin HMDS at 4000 RPM for 40s (adhesion promoter for photoresist)
c. Bake at 97°C for 60s
d. Spin SPR-220 at 1000 RPM for 45s. The thickness of the resist is ~15-16 μm
e. The baking sequence is 95°C/115°C/95°C for 90s each
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f.

Multiple exposure: 6 cycles of exposure. Every cycle is 15s expose (at 8.0 W/cm2)
– 10s wait time. (Total: 720 mJ/cm2)

g. Wait for 5 min before developing
5. Develop in CD-26 for 3-4 min
6. Nickel Electroplating (use magnetic stirrer while plating)
a. Current: 7mA (Duty Cycle: 20%)
b. Plating time: 11-12 Hours
c. Thickness: ~ 15-16 μm
7. Demount the electroplated quartz wafer in Remover PG solution. Solution temperature
70°C
8. Mounting quartz wafer on 100 mm Silicon wafer
a. Place indium on a silicon wafer enough to cover a the quartz wafer
b. Place this wafer with indium on a heater and set the plate temperature to 170°C
c. When the indium has melted, spread it evenly in a 1 inch dia circle using a pin and
place the quartz wafer gently on it
d. Press and move the quartz wafer very gently so that the indium sticks to the quartz
wafer evenly
9. Etching the quartz in Alcatel AMS 100 oxide etcher
a. Source power: 2000 W, Substrate Power: 400 W
b. Ar flow rate: 49 sccm, SF6 flow rate: 7 sccm
c. Etch/Cool cycle – 5 min etch/ 5 min wait (to avoid silicon wafer cracking due to
overheat)
d. Average etch rate: 0.29-0.3 μm/min. Total process time depends upon the final
thickness desired
10. Demounting quartz from silicon wafer
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a. Place the silicon wafer on a hot plate and set the temperature to 170°C
b. Nudge the quart wafer on it edges very gently using a tweezer and pull it out of the
silicon wafer
c. The quartz wafer will break into four square pieces due to the etching process
11. Wet etching of all metals on quartz
a. Prepare Aqua Regia (HCl:HNO3 – 3:1 by volume) by adding nitric acid to
hydrochloric acid
b. Dip the quartz pieces in the solution till all the metal is dissolved
c. Rinse in DI water
d. N2 blow dry gently
12. Mount the quartz pieces on glass slide
a. Apply very small amount of S1805 photoresist on a glass slide
b. Place the quartz piece gently
c. Apply S1805 photoresist on the glass slide at either side of the quartz piece
d. Place two small pieces of thin cover glass (this prevents the hard contact between
the quartz piece and mask during lithography)
e. Bake at 115°C for 10 mins.
13. 2nd Lithography: Top electrode patterning
a. Clean the sample in M4L for 120s with power – 300 W, He/O2 – 50/150 sccm flow
rates and pressure – 550 mTorr
b. Bake sample for 60s at 100°C
c. Spray coat the sample using AZ4999 photoresist using USI Prism spray coater.
Photoresist thickness ~ 700nm
d. Bake at 100°C for 60s
e. Expose for 8sec (8 mW/cm2)
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14. Develop in CD-26 for 50-60s
15. Etching Cr/Au to define top electrode
a. Au etch: Transene TFA solution, 30s
b. Rinse in DI water
c. Cr etch: Transene 1020 solution, 10-12s
d. Rinse in DI water
e. N2 blow dry
16. Demount and strip photoresist
a. Heat the Remover PG solution to 70°C
b. Dip the samples in the solution for 15 mins
c. Rinse with acetone for 15s
d. Rinse with IPA for 15s
e. Rinse with DI water for 15s
f.

N2 blow dry gently

17. Mounting quartz on glass slide with unetched side up
a. Follow the same procedure as step 12
18. 3rd Lithography: defining bottom electrodes
a. Bake at 97°C for 60s for dehydration
b. Spin HMDS at 4000rpm for 45s
c. Bake at 97°C for 60s
d. Spin LOR 5A at 2000 rpm for 45s
e. Bake at 180°C for 180s
f.

Spin SPR3012 at 4000rpm for 45s

g. Bake at 97°C for 60s
h. Expose for 8s (8mW/cm2)
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i.

Develop in CD-26 for 60s

19. Descum in M4L
a. Power: 150W
b. He flow rate: 50 sccm, O2 flow rate: 150 sccm
c. Time: 120 s
20. Evaporate Cr/Au – 20 nm/ 150 nm in Kurt J Lesker Lab 18 e-beam tool
21. Resist stripping and lift off
a. Heat the Remover PG solution to 70°C
b. Dip the samples in the solution for 1-1.5 hrs
c. Rinse in acetone, IPA and DI water for 15s each
22. Package in ceramic dual inline package
a. Apply a small amount of two part Epo-Tek silver epoxy on the ceramic package
b. Place the quartz piece such that the bottom electrode gold is in contact with the
silver epoxy
c. Bake the package at 150°C on a hot plate for 15 mins
d. Wire bond on the front electrodes of the quartz to the ceramic package using
aluminum wire wedge bonder tool.
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Appendix D
Ion Beam Sputtering Deposition Parameters
Parameter

Set point

Argon Pressure (μTorr)

70

Gun Voltage (kV)

5.7

Stage Rotation

No

No. of Guns Used

1

Stage Height

2 cm above the base

Duration

3 hrs and 20 mins (for ~81 nm W)
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Appendix E
Linearization of Z-Match Method
The relationship between the normalized frequency shift (F) and normalized mass (M) as deduced
in Chapter 2 is given by;
atan(𝑍 tan(𝜋𝐹))
𝜋𝑍 (1 − 𝐹)

(E.1)

𝜌𝑡𝑓 𝑡𝑡𝑓
𝑓𝑞 − 𝑓𝑙
;𝐹=
𝜌𝑞 𝑡𝑞
𝑓𝑞

(E.2)

𝑀=

𝑀=

Subscripts 𝑞 and tf stands for quartz and thin film respectively, 𝑍 is the Z-factor of the film, 𝜌 is
the density, 𝑡 is the thickness of the material, 𝑓𝑞 is quartz unloaded resonance frequency and 𝑓𝑙 is
quartz loaded resonance frequency. For tungsten, the Z- factor is 0.163. The F versus M curve for
tungsten is shown in the figure below;

Fig. E-1: Normalized frequency versus normalized mass for tungsten material.
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To obtain the mass sensitivity for very small addition of material to the quartz resonator, the above
relationship is linearized in a small region of frequency shift around 𝐹𝑒𝑙𝑒𝑐 given by;
𝐹𝑒𝑙𝑒𝑐 =

𝑓𝑞 − 𝑓𝑒𝑙𝑒𝑐
𝑓𝑞

(E.3)

where 𝑓𝑒𝑙𝑒𝑐 is the measured frequency of the resonator after the electrodes have been deposited.
Considering a small region of Δ𝐹 = 0.05 near an 𝐹𝑒𝑙𝑒𝑐 = 0.25 as an example, the F versus M is
very linear and has been utilized to obtain the estimated linearized mass sensitivity (as can be seen
in the figure below).

Fig. E-2: Normalized frequency versus normalized mass for tungsten in a small region showing a linear behavior
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