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Abstract

MEMS Resonant Strain Sensor Integration

by

David Richard Myers

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor Albert P. Pisano, Chair

Despite commercial availability since the 1950’s, silicon strain sensors have not experi-
enced the same success as other microdevices, such as accelerometers, pressure sensors, and
inkjet heads. Strain sensors measure mechanical deformation and could be used in many
structural components, improving safety, controls, and manufacturing tolerances. This thesis
examines major strain sensing techniques and highlights both advantages and disadvantages
of each. MEMS resonant strain gauges are identified to have superior performance over
many traditional strain gauges in terms of sensitivity, resolution, stability, and size. To
use these gauges, additional issues such as harsh environment survivability, strain transfer,
temperature stability, and encapsulation must be solved, as detailed in this thesis.

Concerning harsh environment survivability, this work presents a MEMS resonant strain
gauge fabricated from silicon carbide, which operates at 600◦C, and has been tested to
64,000 G, while still resolving 0.01 microstrain in a 10 kHz bandwidth. Specific details on
how to create harsh environment testing equipment are presented. Additionally, this original
work identifies a unique temperature stability method based on purposely mismatched device
and substrate layers. Full analytical equations are presented, and experimental confirmation
of the scheme shows that temperature stability is improved from 23 ppm/◦C to 3.6 ppm/◦C.

All MEMS devices are created on flat substrates, which are useful when integrating
electronics, but can be difficult to use when measuring strain in structural components,
especially round objects. Furthermore, no work has been presented for gauges operating at
high strain. To address this issue, this thesis contains the first demonstration of a MEMS
resonant strain gauge operating at 1000 microstrain on a static automobile halfshaft. Details
on joining the substrate to the circular halfshaft are presented, as well as how to treat the
issue of strain transfer.

To protect the device, encapsulation is designed specifically to not change the strain sen-
sitivity of the gauge. The encapsulation utilizes directional ion beam sputtering, which is
experimentally shown to deposit spatially confined, extremely thin material through the re-
lease holes. Typical depositions were nanometers in thickness (<0.5% of deposited material)
and on the order of tens to hundreds of femtograms.
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Chapter 1

Introduction

1.1 MEMS Integration Overview

This thesis specifically considers MEMS resonant strain sensors and the challenges which
have prevented them from becoming commercially successful. Specifically, MEMS double-
ended tuning fork (DETF) strain gauges are identified to have superior performance over
traditional strain gauges in terms of sensitivity, resolution, stability, and size. To use these
gauges, additional issues such as harsh environment survivability, strain transfer, temper-
ature stability, and encapsulation must be solved, as detailed in this initial chapter. The
remaining chapters will focus on each individual issue, and recommend solutions. However,
before examining these issues, it is helpful to first consider a brief history of MEMS, not-
ing both successes and failures, and to provide some context on the development of MEMS
resonant strain sensors.

Although the exact starting date of microelectromechanical systems (MEMS) is a bit
ambiguous, most experts agree on a few common milestones branching from the integrated
circuit industry, such as the invention of surface micromachining [1]. Since that early time,
a number of researchers have made great strides towards the goal of creating fully integrated
sensing systems and sensing networks. Within the commercial sector, some MEMS products
have been quite successful, including inertial sensors such as Analog Device’s accelerometer
lines, or the highly anticipated Invensense gyroscopes, or Texas Instruments Digital Light
Projection, or Knowles MEMS Microphones. The key to the success of all of these products
has been the successful integration of the MEMS based device and the surrounding sensing
environment.

Despite the inherent advantages of MEMS in regards to cost, size, and sensitivity, addi-
tional precautions are needed to ensure that the devices are properly protected from extra-
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neous environmental stimuli. Furthermore, the size and cost of these devices opens up the
possibility of ubiquitous network sensing, but only with additional research on wireless data
transmission and reasonable power requirements. Hence, research on MEMS integration
with the local environment is essential.

The MEMS strain gauge presents an interesting example of the need for integration
research. Silicon piezoresistive strain gauges were first offered commercially in 1958 by
Kulite. However, many MEMS technologies which were introduced much later in the 1970’s
have gone on to become successful products, where MEMS strain sensors tend only to be
used in research settings. While one could argue that there are non-MEMS based strain
sensors commercially available, they do not enjoy the same ubiquity of pressure sensors,
print heads, and inertial sensors.

This is surprising when considering that strain gauges offer the ability to turn virtually
any object into a force sensor. In the simplest case, this knowledge could be used to an-
ticipate yielding and failure of a component. However, knowledge of the forces on different
components could be used in active feedback systems, enabling better controls and smaller
components.

A key reason for the lack of success is inherent to the measurand. Aside from optical strain
sensors, strain sensors must be directly attached to an object in order to measure strain.
However, this direct attachment can cause thermally applied strains, fatigue from repeated
cycling, and creep. A number of different strain sensing solutions have been proposed over
the years, but each one has a significant drawback which has prevented the technology from
gaining widescale commercial acceptance. Simply put, the strain gauge must be able to
only measure mechanical strain, remain stable, and be sensitive enough such that it can be
mounted on virtually any part without modification.

In more recent times, the double-ended tuning fork (DETF) structure was examined
as a strain sensor given it’s high sensitivity. A continued research effort on these gauges
has helped overcome some of the major integration issues which could prevent widescale
success. From better temperature compensation [2], to harsh environment operation [3, 4],
to nanostrain resolution [5]. The nanoscale resolution is of special interest since virtually all
objects experience these levels of strain during normal use. Furthermore, these sensor can
be attached to virtually any object and will have a minimum impact on the strength and
dynamics of the structure given the small form factor.

1.2 Review of Existing Strain Sensing Technology

The following section gives a brief overview of competing strain sensing technologies, but
is by no means exhaustive, skipping some technologies such as magnetoelastic based stress
sensing [6]. The goal of this section is to examine a variety of strain sensing technologies,
and note both the advantages and disadvantages of each. The section concludes with the

2



key advantages of MEMS double-ended tuning forks (DETF) and introduces what research
is needed to solve remaining integration issues.

1.2.1 Metal Foil Strain Gauges

Traditional metal foil strain gauges are composed of a thin metal on a plastic substrate.
Figure 1.1A shows a typical metal foil strain gauge. The metal is typically patterned in a
serpentine shape, such that applied strain causes an elongation of the metal dimensions. As
a consequence of Poisson’s ratio, the metal also contracts in a perpendicular direction to the
strain. Both phenomenon contribute to an increased resistance in the metal foil gauge.

Since the gauges are very thin and typically created on plastic substrates, they have
the unique advantage of being very compliant relative to the component which they are
measuring. The gauges may also be made from a number of different materials, enabling a
good coefficient of thermal expansion (CTE) match with the measurement surface. However,
these gauges typically suffer from creep and fatigue. Furthermore, since the measurement
is resistive based, temperature increases cause thermal noise. Finally, they suffer from poor
sensitivity compared to other strain gauges. The interested reader is referred to [7, 8] for
further information on the theory and use of metal foil gauges.

1.2.2 Piezoresistive & Piezoelectric Strain Gauges

Initially, MEMS based strain sensors were piezoresistive based, and can be quite small
as shown in Figure 1.1B. These sensors capitalized on the piezo-properties of silicon [12],
which could be tailored using simple doping schemes. These sensors were easy to integrate
using existing technology, since they could be created with a simple lithographic and ion
implantation step. Compared to metal foil gauges, the sensitivity is 10 to 50 times greater.
However, piezoresistive gauges suffer from high temperature sensitivities and nonlinear strain
measurements [7]. Very small changes in temperature cause large changes in the sensor
output, leading to erroneous measurements.

These sensors were originally commercialized by Kulite in 1958, which, according to
their company website ”began as the first commercial source of bare silicon strain gauges”.
However, it is interesting to note that the current primary focus of Kulite is on pressure
transducers which utilize piezoresistive elements. Even today, the electrical change in a
semiconductor due to applied strain is being used for high level research work [13]. However,
the strain sensing properties are rarely used to directly measure strain on an object. This
is most likely due to the originally mentioned drawbacks of piezoresistive gauges, which are
the most useful in controlled environments.

3



Figure 1.1. A) Metal Foil Strain Gauge B) Piezoelectric Strain Gauge C) SAW Torque
Sensor with included package [9] D) Fiber Bragg Grating Based Optical Strain Gauge
[10] E) MEMS Capacitive Based Strain Gauge [11] F) MEMS Double Ended Tuning
Fork [5]

1.2.3 Surface Acoustic Wave Strain Gauges

Surface acoustic waves (SAW) were first shown to be directly coupled into a material
in 1965 [14] using interdigitated electrodes on piezoelectric materials. SAWs can be used
to detect temperature, strain, mass, conductivity, and other phenomenon [15]. In all cases,
sensing is done by measuring changes in the path over which the acoustic waves travel [16].
SAW strain sensors, such as the one shown in Figure 1.1C can be wirelessly interrogated,
eliminating the need for a power source.

As such, these sensors are enjoying some commercial success, as seen by Transense plc.
and Honeywell (through licensing agreements). However, the ultimate success and ubiquitous
use of these sensors will depend on overcoming some current issues. First, the packaging
is quite large and cumbersome, locally reinforcing the area of measurement. Second, while
the passive design is advantageous, careful attention must be paid to the antenna to ensure
that it does not add a significant mass or volume on moving parts. Finally, SAW devices
are typically constructed on piezoelectric substrates, limiting flexibility in reducing CTE
mismatch with other materials. While this can be calibrated out on an individual basis,
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even a two point temperature calibration (room temp and 90◦C in Kalinin [17] will take
quite a bit of time and effort.

1.2.4 Optical Strain Gauges

Optical Strain gauges typically refer to using optics to track the elongation of a material.
There are multiple ways to do this, in the simplest case, a direct measurement may be
made by tracking the change in distance between two points fixed to a material. Other
possibilities involve gratings which cause changes in diffraction patterns [18]. Since the
strain measurement is visual, the sensing electronics and optics do not necessarily need to
be in direct contact with the gauge itself. This is a key advantage as the strain sensor can be
created from materials which can survive harsh environments, and be remotely measured.
However, the tools used to measure the optical gauges also represent the key disadvantage.
They are typically bulky, preventing their use in confined spaces [19].

An important subset of optical strain gauges are based on fiber Bragg gratings. The
fiber Bragg grating is created in a thin optic fiber and is composed of alternating sections of
different indexes of refraction. This back and forth index of refraction will reflect a portion
of light passed along the fiber, which is dependent on the strain. These fibers have the
advantage of size, as shown in Figure 1.1D and electromagnetic insensitivity. However, these
sensors need to be directly connected to the optical measurement equipment. To fully utilize
this area microscale, disposable, optical equipment which can integrate with circuitry is
needed.

1.2.5 MEMS Capacitive Based Strain Gauges

MEMS Capacitive based strain gauges simply transduce strain to a capacitive signal.
The simplest case would be a parallel plate attached to a substrate. Strain induced in the
substrate would cause the change in the distance between plates to increase or decrease,
changing the capacitance. More complicated structures use mechanical linkages to amplify
the movement caused by strain [20, 21, 11]. While the structure in [20] utilizes an optical
readout, this could be changed into a capacitive structure.

One of the primary drawbacks to capacitive sensors is the sensitivity. This can be im-
proved through the use of comb-drive structures [22], as seen in Figure 1.1F [11]. However,
this typically means increasing the size of the gauge, which prevents localized strain measure-
ments. This also is problematic because large area gauges are typically less shock resistant.
However, MEMS based sensors can be easily mass produced and integrated with electronics
and packaging. These gauges can also be created from materials which perform well in harsh
environments [23, 11].
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1.2.6 MEMS Double-Ended Tuning Fork Strain Gauges

The measured frequency of a double ended tuning fork (DETF) is dependent on applied
strain. DETFs have been extensively studied [24, 25], since they can be used directly as strain
sensors, or as the basis of more complicated sensors such as accelerometers [26] or gyroscopes
[27]. The key advantage to using a frequency to strain conversion is that frequency can be
measured with excellent accuracy, and electronics capable of measuring nanostrain have been
created [5, 28].

DETFs share the advantages of MEMS capacitive strain gauges, with the added ad-
vantage of exceptional strain sensitivity. Unfortunately, they are also sensitive to other
environmental influences, such as temperature, humidity, and pressure. The key to suc-
cessfully implementing MEMS double ended tuning forks lies in isolating or compensating
other environmental factors while maintaining a high strain sensitivity. This can be difficult
as these isolation, protection, and compensation mechanisms can change the strain sensing
properties of the devices.

Based on the high sensitivity, integrated electronics, and potential for use in a number
of different environments, this thesis will focus on the integration and implementation of
a MEMS DETF strain gauge. The key need is to provide solutions to integration issues
which do not affect the existing strengths of the gauge. For example, encapsulation must be
designed not to change the strain sensitivity of the device. As such, a systems overview of
the DETF strain gauge is needed.

1.3 Key DETF Integration Issues in Thesis

There are a number of integration issues which need to be resolved before any MEMS
based strain gauge may be commercially deployed as shown in Figure 1.2. This section
introduces the four key integration issues examined within this thesis: harsh environment
survivability, temperature stability, strain transfer, and encapsulation. An overview of the
problem with general strategies to solve the issue are provided.

1.3.1 Harsh Environment Survivability

The chief advantage of making harsh environment MEMS sensors is the ability to place
them directly in environments previously inaccessible to standard sensors. Some proposed
locations include engines for single cylinder monitoring [29, 30] and aircraft [31]. The key
to making this transition with traditional MEMS lies in changing materials from silicon to
ones suited to harsh environments. Early on, silicon carbide was proposed and has since
been used in harsh environments due to it’s excellent material properties [32].
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Figure 1.2. Once a strain gauge has been successfully demonstrated, a number of
issues still need to be resolved before the gauge may realistically be used for any
commercial purposes.

Silicon carbide has a high bandgap and is mechanically stronger and more stable with
temperature when compared to silicon. However, processing constraints such as sidewall
angle, deposition rate, and etch times limit device dimensions. Furthermore, to characterize
the completed device, unique testing setups need to be designed. Cost is also currently an
issue for SiC processing, especially with regard to the substrates, however, this is expected
to become less of an issue as the technology matures.

This thesis builds on the design work of Azevedo [3], and presents a MEMS strain gauge
which survives 600◦C and 64,000 G, without sacrificing sensitivity and resolution-bandwidth.
In Chapter 2, details of the device fabrication, and high temperature high shock testing are
presented. Ultimately, it is shown that MEMS strain gauges can use different materials
to enable high temperature, high shock, harsh environment operation. However, with the
processing constraints in mind, the sensitivity and resolution bandwidth are maintained.

1.3.2 Temperature Stability

The temperature stability of DETFs is dependent on changes in the Young’s Modulus
with temperature. As temperature increases, the Young’s modulus tends to decrease, with
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the noted exception of silicon dioxide. Several methods for dealing with this effect have been
researched previously, and are discussed more fully in Chapter 3. Both active techniques
involving multiple resonators and passive techniques using creative mechanical structures
can be employed. However, these techniques can change the strain sensitivity of the device
and performance characteristics.

This thesis specifically explores a newly discovered passive temperature compensation
method which simply uses a different substrate material from the device layer. The CTE
mismatch between the device layer and substrate induces thermal strains which cancel the
modulus of elasticity changes. Chapter 3 provides the needed design equations, discusses
this new technique in light of other materials, and presents experimental evidence showing
reduced temperature sensitivities.

1.3.3 Bonding & Strain Transfer

Since MEMS devices are fabricated on silicon substrates, a key issue to resolve is bonding
this silicon to a number of different surfaces, especially metals. Sosnowchik has addressed
a number of these issues [33, 34], and was able to find a relatively low temperature, rapid
method way to bond silicon dies to steel. This method proved that blank substrates could be
bonded, and survive high strains up 2000 microstrain with no bond fatigue after thousands
of high strain cycles. In this work, it was found that thin substrates (100 µm) had the best
performance in terms of bond fatigue and ultimate strain.

However, attaching a silicon die to a surface also has the effect of changing the localized
strain field in the test object. Azevedo was able to perform an extensive numerical analysis
for strain transfer in silicon dies attached to steel parallels of varying thicknesses [35]. Briefly,
it was found that both the ratio of the silicon die thickness to silicon length and the ratio of
the die thickness to steel object thickness determined the strain transfer. In axial conditions,
the die tends to locally stiffen the area of measurement, reducing strain sensitivity. However,
for bending conditions, the die will increase the sensor’s distance from the neutral axis of
the measurement object. As such, it is possible to actually amplify the strain experienced
by the object.

Building on the work of Azevedo and Sosnowchik, this thesis examines how to modify
and measure strains on round objects in Chapter 4. Specifically, strain is measured on a
static halfshaft, the stiff metal component joining the differential and wheel of a passenger
automobile. This system has great potential given the ability of the gauge to measure very
small applied strains, such as those experienced during normal driving and maneuvering.
This work includes a discussion of bonding to circular objects, and the effect of modifying
such objects, and the systems level analysis needed to understand the strain transfer to the
gauge. Finally, this work demonstrates the first high strain measurements using a MEMS
DETF strain gauge, up to 1000 microstrain.
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1.3.4 Encapsulation

Strain gauge encapsulation is required to meet all of the demands placed on traditional
encapsulation. The encapsulation must protect the device from dirt and particulates, and
from changes induced by the environment (such as humidity). Furthermore, the MEMS
device itself is fragile when directly touched, so the package must protect the device from
harm. Also, the package should be able to survive the same conditions that the device it
is protecting can survive or more. For example, if the tuning fork is capable of surviving a
shock of 100,000 G, the package should similarly be able to survive this shock.

For MEMS devices which are also being used as strain sensors, additional constraints
exist on the encapsulation. First, the encapsulation itself must be compact and compliant
such that it does not locally reinforce the sensing area, similar to the problems discussed in
1.3.3. Second, the packaging must be able to directly transfer strain from the sensing surface
to the device. One possible implementation of this might be a wafer level encapsulation
with a solder placed directly on the underlying silicon surface. Depending on the bonding
method chosen, the device must occasionally withstand direct pressure which occurs during
the bonding process or an injection molding process.

Finally, for the case of double ended tuning fork, the encapsulation should not shift the
resonant frequency of the device. Most wafer level encapsulation options include a sealing
step which applies material to the tuning fork, changing the fundamental resonant frequency.
In chapter 5, designs and preliminary results for a novel encapsulation method using ion beam
deposited silicon carbide are presented.

1.4 Remaining DETF Issues

While this thesis does address several key DETF integration issues, several still remain,
including thermal strains, power, and data transfer. However, these are well known issues
which have been examined by other research groups as well. In this section, the issues are
explained and key research in this area and the relation to the DETF is mentioned. By
combining the work in this thesis with some of the ideas mentioned below, a fully deployable
MEMS DETF strain gauge becomes a potential reality.

1.4.1 Thermal strains

Thermally induced strains plague all strain sensors which have a coefficient of thermal
expansion (CTE) mismatch with the measurement surface. Often, this problem is dealt with
by trying to match the sensing device CTE with that of the sensing surface. For example,
when ordering metal foil gauges, it is possible to specify the desired coefficient of thermal
expansion. However, most MEMS strain gauges are fabricated on semiconductor surfaces,

9



which tend to have coefficients of thermal expansion around 2-4. Unfortunately, most metal
surfaces have coefficients of thermal expansion above 10, and as high as 30 (zinc). As such,
roughly 8-25 µε can be induced with each degree. These thermal strains are indistinguishable
from mechanical strains, so removing them is challenging.

Most of the techniques which have been developed to date rely on clever strain gauge
deployment. The general idea is that temperature tends to be a global phenomenon, uni-
formly affecting all strain gauges, while mechanical strains tend to be more local. Also, these
deployment techniques rely on some apriori knowledge of the expected failure mode. For
example, consider a cantilever with strain gauges mounted such that when the cantilever is
placed in bending, one gauge will measure tension and one will measure compression. Both
gauges will have a CTE mismatch to the substrate, so changes in temperature will affect
both gauges equally. By using a differential signal, the CTE mismatch is effectively cancelled
out. However, in such a case, the gauges are now susceptible to making a measurement error
when the beam is pulled on axially.

Another option is to bond a dummy gauge to an area of a component which is not
experiencing mechanical strain. Expanding upon that idea, a dummy gauge could simply
consist of a MEMS device bonded to a thin piece of metal which is the same composition
as the measurement surface. For the case of a MEMS tuning fork, this dummy gauge would
actually be quite small and unobtrusive. More work is needed to solve this problem in a
definitive manner. However, given that direct bonding of MEMS DETF strain sensors has
just been achieved [36], additional research in this area is warranted.

1.4.2 Power & Wireless Data Transfer

Aside from a repeatable way to deal with thermal strains, these issues are the last re-
maining barrier which prevents wide scale deployment of MEMS DETF strain gauges. Power
is needed for sense electronics and to resonate the tuning fork. Ideally, the power supply
will be small such that it will not drastically change the dynamics of moving systems when
attached to them. Some researchers have examined using energy scavenging for this area,
but more work will be necessary to lower the power requirements of the DETF electronics
and to raise the power generated from scavenging. Other approaches include small scale
batteries [37], nuclear scavenging [38, 39], thermoelectric generation [40], and remote power
[41]. All of these technologies are at varying stages of development, and need additional
work to be considered a mature technology.

Once bonded to the substrate, a method of getting data out of the gauge is needed.
Since strain monitoring will most likely be examining many points on a given structure, or
on moving and rotating components, a wireless solution may be the only way to realistically
implement such a system. This system will need to be carefully planned to manage tradeoffs
between the amount of information being transmitted and the power available for the system.
The previously mentioned remote powering scheme also has an integrated wireless solution
[41], which achieves sub-microstrain resolution in a 10 kHz bandwidth.
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1.5 Concluding Remarks

Strain gauges are more difficult to implement than other MEMS gauges because mea-
suring strain requires that the MEMS be in direct contact with the measurand surface. The
measurand surface itself can influence the behavior of the gauge, causing erroneous readings.
The ideal gauge must only measure mechanical strain, but remain stable, and be sensitive
enough to measure very small strains. Aside from large equipment, the primary drawback
for the other strain sensors is either low strain sensitivity, or high temperature sensitivity.

Since DETFs have a number of inherent advantages compared to other strain sensors, this
thesis focuses on addressing some of the integration issues introduced in coupling these gauges
to real world objects. Specifically, this thesis will consider harsh environment survivability,
temperature stability, strain transfer, and encapsulation. It is important to keep all strain
gauge issues in mind when designing, such that design changes to address one issue, such
as harsh environment survivability, do not adversely effect other issues, such as temperature
stability. Other issues such as thermal strains, power, and data transfer have been effectively
addressed by other groups mentioned previously. Each of the following chapters will address
the issues presented, and provides design ideas that do not influence the other aspects of the
gauge. When combined into a single design, the solutions presented in this thesis could lead
to a fully deployable MEMS DETF strain gauge for commercial use.
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Chapter 2

Harsh Environment Strain Gauge

2.1 Silicon Carbide DETF and Uses

This chapter describes the fabrication and testing of a silicon carbide (SiC) MEMS
double-ended tuning fork (DETF). Beginning with the design described by Azevedo [3],
an alternate material set is used to enable high temperature, high shock operation. Being
mindful of processing constraints, the SiC tuning fork is shown to have the same strain sen-
sitivity and resolution bandwidth of comparable silicon double ended tuning forks. However,
using previously described [42] and novel testing apparatuses, this chapter elaborates on
some of the first high temperature testing at 600◦C and high shock testing above 50,000 G
previously described in [4]. Additionally, this chapter also reports on lower than expected
quality factors for these devices.

Silicon carbide is used in for MEMS harsh environment sensors because SiC has attractive
thermal, chemical, and mechanical stability at elevated temperatures as well as a large
bandgap suitable for high temperature electronics [32]. When compared to traditional MEMS
materials, such as silicon, SiC has a higher fracture toughness [43], which allows for the
creation of MEMS devices able to survive higher shock events. Furthermore, silicon carbide
has a higher Young’s modulus (E) than silicon, reducing the deflection of device layers
experiencing high G load forces.

SiC MEMS sensors and actuators have potential applications in a variety of harsh envi-
ronment situations. For example, SiC sensors have operated in corrosive high temperature
environments such as those experienced in automotive engine exhaust [44] and those found
inside engine cylinders [29]. In addition, sensors have been designed to survive high shocks
(>60,000 G) such as those found in avionic, space, and military applications [45]. Since
SiC sensors and electronics may operate at high temperatures (500◦C) [46], there is no need
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for active cooling systems to ensure operation, saving weight in critical avionic, hybrid and
electric automotive applications [47].

Besides being useful for strain sensing, tuning forks may also be used to create other
sensors. Combining the tuning fork structure with a proof mass allows for the creation of
an accelerometer [48] or gyroscope [27]. By placing a tuning fork on a diaphragm, one can
create a pressure sensor [49, 50]. Alone, the double ended tuning fork also be used as a
temperature sensor [51]. The versatility of the DETF is further improved when combined
with a square wave oscillator circuit, allowing for high resolution operation at atmospheric
pressure [5].

2.2 Device Structure and Fabrication

2.2.1 Extending Device Survivability to 600◦C

The resonator structure and principle of operation has been presented in detail by
Azevedo et al. [3]. A conceptual schematic of the device is shown in Figure 2.1A. It features
a central node comb drive configuration which minimizes torque applied to each tuning fork
during shock events. However, the increased transduction area of a comb drive is maintained,
which improves strain resolution.

The previously reported process flow has been modified in this work to include key
changes to improve the ability of these devices to withstand higher temperature, harsh
environment operation. First, the routing layer is now created from silicon carbide to improve
corrosion resistance. Second, the low-temperature oxide (LTO) insulation layer is seen as a
potential failure point under high thermal cycling as well as in a corrosive media. Therefore,
the LTO is replaced with a thick LPCVD low-stress silicon nitride (LSN). LSN is more
corrosion-resistant than oxide, and is used as protective coating by the IC industry and an
etch mask for KOH etching. Moreover, LSN has higher thermal conductivity than oxide
and its thermal coefficient of expansion (TCE) is significantly closer to SiC than oxide.
These changes reduce the thermally induced stress mismatch between layers and improve
the oxidation resistance, providing a strain sensor capable of working at 600◦C. The material
properties of different thin films are summarized in Table 2.1. The aforementioned changes
will also accelerate the future transition of this device from Si substrate to SiC substrate,
creating an all-SiC sensor.

The modified stack structure is shown in Figure 2.2. It has several characteristics which
could be useful to the designer in creating other structures. It is readily adaptable to
a variety of fabrication situations, and includes an electrical feedthrough layer to allow
for the creation of more complicated and compact MEMS structures. Diaphragms, proof
masses, and encapsulation layers can be incorporated into the existing structure with minimal
changes. The maximum thickness of the poly-SiC device layer is limited by the selectivity
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Figure 2.1. A) Conceptual schematic of a Balanced Mass Double Ended Tuning Fork
(BDETF) featuring a central node comb drive B) Optical Micrograph of BDETF

Table 2.1. Material properties of different films [43, 52, 53]

4H-SiC Poly-SiC Poly-Si LSN SiO2

Dielectric Constant 9.66 9.72 11.7 7.5 3.9

Dielectric Strength (106 V/cm) 3.5 3 0.3 6.5 13

Young’s Modulus (GPa) 448 340 160 290 57

Thermal Conductivity (W/cm-K) 4.9 3.2 0.35 0.15 0.01

Thermal Coefficient of Expansion (ppm/K) 4.2 2.9 2.8 3 0.5

Thermal Coefficient of Young’s Modulus (ppm/K) - -51 -64 - -

Fracture Toughness (MPa m1/2) - 2.9 0.8 - -
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10 µm

Figure 2.2. Process flow cross section before sacrificial oxide release

and sidewall angle of the etching process used. The minimum thickness is determined by the
desired strain resolution, since the thickness is proportional to the motional current passing
through the MEMS.

2.2.2 Etching Considerations

The design of SiC MEMS structures is similar to silicon, but there are some subtleties in
regards to etching. Etching can be difficult because current CMOS compatible masks, such
as silicon dioxide and silicon nitride, experience a selectivity, sidewall angle, and etch speed
tradeoff [54, 55]. Recent results using aluminum nitride have been promising, but have not
been demonstrated on poly-SiC films [56]. The sidewall tradeoff can be especially difficult
when dealing with intricate structures such as comb-drives, which need narrow gaps for high
performance. Also, it should be noted that since silicon optimized equipment was used, etch-
ing of whole four inch wafers was not possible. While performing etch optimization recipes
for the BDETF, it was discovered that changing etch parameters such as pressure, gas ratio,
and power had little effect on the actual etching, it was all bad. When individual dies were
etched instead, the results closely matched the published literature [54]. In this particular
case, 7 µm represented the maximum thickness which could be achieved for 2 µm comb drive
gaps. Greater thickness would have been preferable as it improves shock resistance [3] and
improves the signal coming from the device.

The stack used to create this tuning fork begins with a 100 mm diameter n-type <100>
silicon wafer and LSN (1.3 µm) is deposited by LPCVD. The first mask is used to pattern
the thick LSN layer using Lam Autoetcher 590 to provide electrical contact to the substrate.
Subsequently, in-situ nitrogen-doped poly-SiC (300 nm) is deposited by LPCVD using an
optimized recipe for achieving an acceptable film residual stress (300 MPa tensile) and low
resistivity (∼0.025 Ω-cm) [57]. The poly-SiC layer is patterned to form the electrical routing
layer. Then, a thick LPCVD LTO (2 µm) is deposited and annealed at 950◦C for 1 hour to
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Wire-bonded MEMS Die

Figure 2.3. Oscillator Board with senor die attached (some electronic components
are beneath the board)

serve as the sacrificial release layer. Anchors and electrical contact points are then patterned
on the LTO using a Lam Autoetcher 590. Afterward, thick poly-SiC (7 µm) is deposited
by LPCVD at Case Western Reserve University using the process described in [29], and
patterned using LTO as the etch mask to form the resonator structure. Finally, the etch
mask and sacrificial oxide are removed in vapor hydrofluoric acid to release the resonator
structure.

Patterning of all the poly-SiC films in the fabrication process is performed with plasma
etching in a commercial LAM Transformer Coupled Plasma (TCP) 9400 system, using an
etch vapor mixture of HBr (125 sccm) and Cl2 (75 sccm). The TCP forward and bias powers
used are 300W and 150W respectively, while the chamber pressure is kept at 12 mTorr for
optimized etch selectivity and sufficient etch rate [54]. The final fabricated device is shown in
Figure 2.1B. Thicknesses of deposited thin films are measured using a Nanospec 4000 AFT
Spectrophotometer and confirmed by cross-sectional scanning electron microscopy (SEM).
Resistivity values are obtained using a Tencor RS35C 4-Point Probe.
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2.3 Test Setup and Characterization

2.3.1 Strain Sensitivity, Strain Noise, & Quality Factor

The fabricated devices are wire-bonded onto a square-wave oscillator (SWO) board shown
in Figure 2.3, which is able to drive the BDETF into resonance in air despite the presence
of large feed-through capacitance. The oscillator design is detailed in Reference [5]. The
strain sensitivity of the sensor is characterized using an on-chip electrostatic actuator. The
electrostatic actuator applies axial force to the BDETF which can be equated to an applied
strain. The strain resolution of the senors is computed from phase noise data, measured
using an Agilent E4440A Spectrum Analyzer.

The quality factor as a function of pressure was measured in a vacuum chamber modified
with electrical feedthroughs. To make these measurements, a different board was used. The
square wave oscillator board mentioned above worked well in air, but under vacuum condi-
tions, mechanical spring stiffening was observed. Instead, the tuning fork was wirebonded
to a small pcb board, containing two LF353 amplifiers. One was configured as a unity gain
buffer, and the other was configured as a transimpedance amplifier with a gain of 10,000, as
detailed in [58]. To modify the board to accept a larger die size, a razor blade was used to
scrape the appropriate traces for signal in and out on the board. These scraped traces could
then accept a wirebond.

2.3.2 High Temperature Testing

For the temperature testing, a specialized high temperature test setup that locally heats
the fabricated device up to 600◦C in air was constructed and is shown in Figure 2.4, as
described in [42]. This setup allows for the testing of the SiC BDETF with well known,
well characterized silicon electronics shown in Fig 2.3. An IR lamp (SpotIR Model 4085,
Research, Inc.) is placed underneath the oscillator board with the focal point targeted on the
backside of the die. A heat shield consisting of a steel plate and wood is added to prevent
scattered radiation of the IR lamp from warming the silicon electronics. Also, a piece of
Fiberfrax R© insulation is placed between the heat shield and PCB. The fiberfrax has a hole
drilled in it to allow some light to pass through to the die. The hole was cut such that it
prevented scattered radiation from hitting the board, but still mechanically supported the die
during wire-bonding. To extend temperature testing time, a heat sink created from square
brass tubing was attached to the PCB with copper tape. During experiments, compressed
air is blown in the square tubing at 550 kPa to cool the silicon electronics. Before testing
MEMS dice, the setup was calibrated using a blank silicon die and thermocouple.

Dice are heated to various temperatures for approximately 100 seconds at a time, both
with and without steam. Steam was used to accelerate potential oxidation at the elevated
operating temperature. After 100 seconds, the signal from the square wave oscillator was
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Figure 2.4. Schematic of High Temperature Heating Setup
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Figure 2.5. A) Schematic of G-shock light gas gun system B) Specialized MEMS die
holder for use in light gas gun system with bonded MEMS die
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lost. This could be due to the oscillator electronics being pushed out of tolerance, but after
sufficient cooling, the board would begin working again. For the steam tests, the dice were
allowed to heat up to 600◦C (approximately 40 seconds) before applying dry steam. The dry
steam was directed towards the MEMS die using a nozzle. Steam was created using a Top
Innovations model SF-290 Multi-Purpose Steamer. The steam was routed through copper
tubing into a heater coil which was kept at approximately 300◦C to ensure that only dry
steam is present around the device. Wet steam could with water droplets could cause the
device to stop working. A steam shield consisting of additional insulation was constructed
to protect the PCB from steam.

2.3.3 Shock Testing

For the shock testing, two samples were bonded to steel rounds using Vishay MBond 610
strain gauge epoxy. Once bonded, images of the dice and individual devices were taken to
document the pre-shock condition of the sensor. The steel rounds were placed in a specialized
testing holder used in conjunction with a light gas gun system at the Aerophysics Research
Center located at the University of Alabama, Huntsville. Shock was applied to the dice using
a hard-launch, soft-catch method, in which the dice were rapidly accelerated while leaving
the gas gun and landed on soft padding. A schematic of the light gas gun system and MEMS
die holder is shown in Figures 2.5A and 2.5B, respectively. Acceleration data was determined
by examining sub-millisecond high speed video of the shock event and correlating distance
and time data to acceleration. Images of the devices were taken after exposure to G-shock
and operation was tested by attempting to resonate the device.

2.4 Results

2.4.1 Phase Noise

Several dice were taken from different locations on multiple wafers for testing. The
poly-SiC BDETFs without the on-chip electrostatic actuator have resonance frequencies
between 196 and 207 kHz in air. The variation in resonance frequency is attributed to
the non-uniformity of thin film deposition and etching variation. The sensitivity of the
BDETF resonant frequency to applied strain is measured to be 66 Hz/µε using the techniques
described in [3]. The phase noise density is measured at room temperature and is used to
compute the strain resolution according to Equation 2.1.

εres =

(
∂f

∂ε

)−1√
f 2

res =

(
∂f

∂ε

)−1
√∫ BW

0

φ(fc)dfc (2.1)
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where fc is the carrier offset frequency, BW is the bandwidth of interest and φ is the measured
phase noise density [59]. Figure 2.6 shows measurements of the strain resolution as a function
of both film thickness and bias voltage.

With the bias voltage set to 80V, the measured strain resolution is 0.045 µε at a band-
width of 10 kHz. This is comparable to the state-of-the-art silicon comb-drive DETF strain
sensor [5]. However, implementing this high voltage in conjunction with application specific
circuitry could be difficult, so the strain resolution for other voltages was tested as well.

For this particular device, the range of bias voltages was limited between 40V and 80V.
Below 40V the motional current was too low for the oscillator circuit to work properly. Above
80V the electrostatic combs exhibit snap-in behavior. Decreasing the bias voltage reduces
the motional current passing through the MEMS, and therefore reduces the strain resolution
of the oscillator circuit. However, at 40V the BDETF is still capable of resolving 0.2 µε in
a 10 kHz bandwidth.
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Figure 2.6. Strain resolution as a function of measurement bandwidth and bias voltage
(Data taken at room temperature).
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Figure 2.7. The three layers of SiC used to achieve 7 µε are clearly visible here. Also,
it is noted that a great deal of texture can also be seen in the layers, indicating a
large grain size.
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Figure 2.8. Quality factor of BDETF and completely different device with varying
geometry. The low quality factor appears to be related to a systems level issue, such
as material quality.
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2.4.2 Quality Factor under Vacuum

Given the high acoustic velocity of silicon carbide, the quality factor was surprisingly
low. Both the BDETF and a similar well characterized comb driven double ended tuning
fork (CDDETF) were tested [5]. Both resonators showed maximum quality factors that were
not limited by pressure, and were in the range of several thousand, shown in Figure 2.8. The
CDDETF was a replica of a previously fabricated device, created with a 10 µm epitaxial
silicon device layer. The CDDETF displayed a maximum quality factor of 25000 under
vacuum, indicating that the device geometry is not the limiting factor. Also, the quality
factor associated with thermoelastic damping (TED) was calculated and found to be orders
of magnitude larger than the quality factors measured here.

The lower quality factor is believed to come from a combination of the slanted sidewalls,
rough sidewall edges, and interface layers. The slanted, rough sidewalls which were common
to this etching process can contribute to spurious modes, and the rough edges can be a source
of energy dissipation. Also, the method of deposition could be contributing to energy losses
in the silicon carbide layer as well. To get thicknesses of silicon carbide which are greater
than 2.5 µm, it is necessary to perform several long furnace runs. In examining cross-sections
of our devices, it was possible to clearly see three distinct layers with a scanning electron
microscope, as shown in Figure 2.7. When cleaving devices for inspection under the SEM,
occasional delamination between these layers would occur. It is hypothesized that some
oxidation or layer inhomogeneity is dissipating energy, limiting the quality factor. Recent
research also indicates that the grain size of a polycrystalline silicon carbide film is much
more important than electrical resistivity in determining quality factor [60].

2.4.3 Temperature Sensitivity

The temperature sensitivity of this device for temperatures up to 602◦C is shown in Figure
2.9. The device has a temperature sensitivity of approximately −17 Hz/◦C (−91 ppm/◦C)
from 26◦C to 600◦C. When possible, devices are created from the same material as the
substrate to minimize thermal strains induced by coefficients of thermal expansion mismatch.
However, for these experiments, silicon substrates were used due to their substantially lower
cost.

For comparison purposes to the CTE data, it is useful to calculate the expected temper-
ature dependence for a SiC device fabricated on a SiC substrate. Assuming that a perfectly
matched substrate was used, the expected temperature sensitivity would only be a function
of the modulus of elasticity. In this case, using data from [53], the calculated frequency de-
pendence is approximately −5 Hz/◦C (−23 ppm/◦C). Over the entire range of temperatures,
the temperature sensitivity of the device is much higher. However, in examining Figure 2.9,
it is noted that there is a flat region near room temperature, where changes in temperature
cause little change in the frequency. This is attributed both the temperature dependence of
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the modulus of elasticity and to the coefficient of thermal expansion mismatch between the
silicon substrate and silicon carbide structure. Additional details are discussed in Chapter 3.

In Figure 2.10 is shown a sample transient response curve of the BDETF in dry steam.
In dry steam, the BDETF resonance frequency was 185.5 kHz at 592◦C. This steady state
value matched that of the same resonator without steam to within the resolution limits of
this experiment. This indicates that the resonator was not oxidized, demonstrating the high
temperature stability of the device.

2.4.4 Shock Testing

Example time lapse photography of the G-shock testing is shown in Figure 2.11. Videos
of the shock event shown in Figure 2.11 are used to extract the position and time data shown
in Figure 2.12. A superimposed line to help the reader identify the front of the MEMS die
holder has been included in Figure 2.11. A fourth order polynomial curve was fit to the data.
Taking the derivative twice, the acceleration on the die as a function of time was determined
and is also plotted in Figure 2.12.

Visually, the BDETF pre-shock and post-shock images were identical, and looked sim-
ilar to Figure 2.1B. No cracks, film delamination, or fracture was observed on or around
the BDETF structure. The BDETF also successfully resonated within normal operational
parameters after the shock event, indicating no damage had occurred.

2.5 Discussion

This chapter details the fabrication and testing of a MEMS SiC BDETF with a modified
materials set which enables 600◦C operation in steam, and survives a shock of 64,000 G.
Detailed descriptions of the specialized testing equipment and customized setups are given.
A high temperature testing setup is used which is capable of locally heating a MEMS chip
to 600◦C while using traditional silicon electronics. Furthermore, a light gas gun is used
for shock testing which exceeds that which can be achieved using an accelerated drop test
rig [3].

This device achieves a resolution of 0.045 µε in a 10 kHz bandwidth, which is compa-
rable to previously reported silicon-based strain sensors. The current design uses a low Q
tuning fork with a square wave oscillator, which is optimized to reduce phase noise in large
bandwidth [5, 28]. Future devices may need higher quality factor devices, so additional work
is needed to improve the quality factor under vacuum.
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Chapter 3

Temperature Compensation

3.1 Temperature Compensation Overview & Methods

This chapter presents an analytical model for a novel temperature compensation mech-
anism with experimental verification. By purposely mismatching the device layer and sub-
strate layer, thermal strains can be induced which cancel changes in the frequency due to
a shift in the modulus of elasticity. Two poly-SiC double ended tuning forks (DETF) of
different physical dimensions are fabricated on single crystalline substrates (SCS). The de-
vices are tested between 5◦C and 320◦C, and have reasonable agreement with the model.
However, the model is found to be quite sensitive to coefficient of thermal expansion (CTE)
values. Before examining the analytical model itself, it is helpful to review typical device
construction for temperature stability and existing temperature compensation schemes.

Typically, a DETF is constructed on a substrate composed of the same material. By
doing this, the coefficients of thermal expansion are well matched between the tuning fork
and substrate. As such, changes in temperature do not cause thermal strains to be induced.
However, temperature compensation is still needed for tuning fork structures because the
modulus of elasticity of a material also changes with temperature. These changes in the
modulus of elasticity will cause the resonant frequency to shift, and in the case of strain
sensors, cause erroneous readings of strain. This effect is especially detrimental in the case of
timing references, and several different approaches have emerged to counteract temperature
effects.

These temperature compensation methods can be divided into two categories: active or
passive. Active compensation typically involves the addition of extra sensors. In the simplest
form, the compensation is simply another resonator coupled to the substrate differently [61].
It is also possible to measure multiple modes [2] or quantities of the same resonator, such as
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Figure 3.1. Conceptual schematic of the temperature response of a poly-SiC resonant
DETF micro-extensometer on a SCS substrate near the turnover temperature. Device
construction typically relies on closely matching the coefficients of thermal expansion.
However, in this case, slightly mismatched coefficients of thermal expansion create
tensile strain in the tuning fork, compensating the drop in the modulus of elasticity.

Q [62]. These additional measurements presumably have a different temperature dependence.
By using a model of the system, the temperature-induced error can be canceled. Although
these methods may produce well compensated resonators, they typically involve additional
circuitry and complexity. Furthermore, active measurement techniques are not always able
to eliminate large error in frequency due to temperature, thereby requiring additional passive
temperature compensation techniques [63].

Passive temperature compensation methods typically rely on mechanical design to cancel
out the effects of modulus changes [64], but often increase the fabrication complexity. One
clever approach involves using a thin film of silicon dioxide which stiffens with temperature to
cancel out shifts in silicon resonators [65]. Unfortunately, these techniques were not designed
for strain sensing applications. More analysis on these areas would be needed to account
how the compensation mechanism may attenuate on-axis strain or increase susceptibility to
off-axis strain.
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Instead, this work proposes to cancel out the modulus of elasticity change by inducing a
thermal strain in the device layer by purposely mismatching the device and substrate layer.
Specifically, silicon carbide (SiC) has a slight difference in CTE from silicon, which will
induce tensile strain with increasing temperature. This tensile strain cancels out temperature
changes in the modulus of elasticity. This technique is advantageous because it enables
passive temperature compensation without degrading the mechanical strain coupling of the
tuning fork to the substrate (Figure 3.1). Furthermore, design equations for the strain
sensing properties of the tuning fork are simpler since they involve just one material.

3.2 Analytical Model

The following analysis considers the case of a DETF which is sensitive to temperature.
Beginning with the equation for a fixed-fixed beam, the frequency for a DETF as a function
of geometry, material properties, and strain is determined. The modulus of elasticity and
thermal strains are identified as the key parameters which can be changed with temperature.
Both are explored in further detail with a discussion of the existing experimental data for
each. Afterwards, physical insights are discussed to give the reader a more intuitive under-
standing of the mechanism. Also discussed is the turnover temperature, where the linear
temperature coefficient of the frequency equals zero [65]. This section concludes with a brief
discussion of methods to estimate this point and methods to tune this temperature.

3.2.1 Frequency of Fixed-Fixed Beam with Trapezoidal

Cross Section

The analysis begins by solving for the tuning fork frequency dependence on geometrical
properties, material properties, and induced strain. Later in the analysis, all temperature
dependent properties and thermal strains will be incorporated into this equation. This
section specifically considers the case of a tuning fork with a trapezoidal cross-section. This
is needed since many existing compatible silicon carbide etching processes tend to create
sloped sidewalls [54, 3]. The analysis starts with the Bernoulli-Euler governing differential
equation for a fixed-fixed beam subjected to an axial force:

∂2

∂x2

(
EIxz

∂2u

∂x2

)
+ β

∂u

∂t
+

∂

∂x

(
F

∂u

∂x

)
+ ρA

∂2u

∂t2
= −P (x) (3.1)

where u is deflection in the y-diretion, E is the elastic modulus, Ixz is the moment of inertia
of the beam, β is the damping coefficient, F is the axial tension in the beam, ρ is the density
of the film, A is the cross-sectional area of the beam, and P is the transverse force applied
to the beam. The natural frequency is found by solving using the Rayleigh-Ritz method,
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as described by Azevedo [66]. The interested reader is directed to [25, 24] for additional
details. In this case, the fixed-fixed beam frequency equation for a beam with trapezoidal
cross-section vibrating along the width of the cross-section is:

f =
1

2π

√
198.6EIxz + 4.85EAL2ε

L3(0.397ρAL + mc)
,

Ixz =
h

48
(wa + wb)(w

2
a + w2

b ),

A =
h

2
(wa + wb).

(3.2)

Here mc is the mass of the sense and drive comb arrays and wa and wb are the upper and
lower widths of the trapezoidal beam, respectively. In examining 3.2, the main terms which
can be affected by temperature are the modulus of elasticity (E) and the strain (ε). The
density, ρ, also tends to decrease with increasing temperature. But this effect is significantly
smaller than the change in Young’s modulus with temperature. So, it can be ignored with
little loss in accuracy. Likewise, possible softening of the substrate with temperature is
ignored because its cross-sectional area is approximately 105 times that of the tines.

3.2.2 Modulus of Elasticity of Silicon Carbide

Pozzi et al. [53] experimentally determined the Young’s modulus dependence of poly-SiC
on temperature as shown in equation 3.3. The films used in this experiment were obtained
from the same lab as Pozzi, so the films are expected to be similar.

E(θ) = E0

(
η0 + η1 θ + η2 θ2

)
,

η0 = 1.0134,

η1 = −4.1 ∗ 10−5,

η2 = −1.3 ∗ 10−8

(3.3)

where E0 is the Young’s modulus at room temperature.

One of the chief difficulties with microfabricated devices is determining the exact mod-
ulus of elasticity and initial strain. The range of silicon carbide values can be as low as
295 GPa [53] to as high as 448 GPa [67]. In this study, there are two separate tuning forks,
with different geometrical dimensions. Given the two known resonant frequencies at room
temperature, it is possible to use equation 3.2 to solve for the modulus and initial strain. In
other words, using equation 3.2 twice, once for each tuning fork, E and ε may be calculated.
In performing this calculation, the room temperature frequencies are used, and zero thermal
strain is assumed.

The modulus of elasticity is calculated to be 298 GPa, and the initial strain is esti-
mated to be 419 µε (equivalent to 125 MPa). The modulus of elasticity matches well with
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340 ± 45 GPa measured by Pozzi. The initial stress is 125 MPa, which is a bit lower than
the 200 MPa ± 25 MPa, but is likely due to processing improvements. Also, by taking
the derivative of 3.2 with respect to strain, the sensitivity of the BDETF is estimated as
80 Hz/µε. This compares well to the measured sensitivity of 75 Hz/µε [3]. To get the mea-
sured sensitivity, it is important to scale the previously reported value by the new modulus
value, since this number is calculated based the estimated value of the modulus of elasticity.

3.2.3 Mechanical & Thermal Strain

For a doubly-anchored DETF resonator, the relevant strains are

ε = ε0 + εm + εth (3.4)

where ε0 is the intrinsic film strain and εm is the mechanically applied strain that the micro-
extensometer is trying to measure.

The thermal strain, εth, induced by a difference in coefficient of thermal expansion of a
poly-SiC tuning fork on SCS is estimated as:

εth(θ) =

∫ θ

0

(αSCS(θ)− αSiC(θ))dθ (3.5)

where θ = T − T0 and T0 is some reference temperature, taken as room temperature in
this work, and α is the CTE. This equation builds on the aforementioned concept that the
substrate has a much larger cross-sectional area than the tuning fork. As such, it is assumed
that the substrate thermal expansion is not constrained by the mechanical stiffness of the
gauge. Therefore, the thermal strain is the difference between how much the substrate and
gauge expand with temperature, independent of each other. This assumption would not be
appropriate when the device layer and substrate are of similar stiffness.

The reference temperature choice can greatly effect the expected response of the tuning
fork. Specifically, the reference temperature is the temperature in which “zero” thermal
strain is expected. Alternately, the calculation could be performed which assumes that the
“zero” thermal strain occurs at the deposition temperature. The difference between these
two approaches is simply a constant value of strain which is induced from the cooling of the
wafer from the deposition temperature to room temperature. When the zero point is set at
a high temperature, the constant value of strain is added to the thermal strains. When the
zero point is set at room temperature, this constant value is added into the intrinsic strain.
Currently reported intrinsic strain numbers are at room temperature, and already include
the thermal effects of cooling from the deposition temperature. Using the “zero” thermal
strain at room temperature simplifies comparison of intrinsic strains with current literature.

The temperature dependence of the coefficients of thermal expansion were estimated from
various literature sources. Some authors have provided their own unique fitting functions
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to tabulated data, such as Reeber [68]. For other authors who provided tabulated data,
polynomial fits were sufficient. It should be noted that even small differences in the value of
the measurement of the coefficient of thermal expansion can have a significant effect on the
predicted frequency response of this model. To try to minimize differences in measurements
between authors, data from an author who published values for both silicon and silicon
carbide was preferentially viewed.

3.2.4 Physical Insight

Given all these insights, one area which is not clear is the amount and nature of the
thermal strain which needs to be applied to counteract changes in the resonant frequency
due to modulus of elasticity softening. To gain some physical intuition one can combine
equations 3.2, and 3.3 to solve for the strain as a function of modulus, as shown in equa-
tion 3.6.

ε(θ) =
C1

C3

(
1

E(θ)
− C2

C1

),

C1 = (2πf)2L3(0.397ρAL + mc),

C2 = 198.6Ixz,

C3 = 4.85AL2,

(3.6)

Plotting this equation with numbers used from this experiment reveals that a very small
increase is needed to deal with the decreasing modulus of elasticity. However, to determine
the applied strain, one will most likely be examining coefficient of thermal expansion data,
and not the applied thermal strain directly. As such, this means that a very small constant
difference in CTE will lead to perfect temperature compensation. In practice, it is difficult
to find materials with perfectly matched, very small differences in CTE.

Instead, another way to achieve this very small difference is to find where the CTE data
for different materials will exactly match and cross-over one another (as is the case for SiC
on Si). At this cross-over point, the CTE of SiC is perfectly matched to Si. While the CTE
data does not exactly follow a constant small difference, the area close to the cross-over
point may be approximated as such, and does provide temperature compensation. As the
temperature increases further, the CTE numbers become quite different. Thus, for large
temperature excursions, this phenomenon also increases the temperature sensitivity of the
device away from the optimal operating temperature. As such, it may also be used to increase
the temperature sensitivity of a device.

It is also important to keep in mind the magnitude and direction of both the change in
the modulus of elasticity and the applied thermal strain. For the case of SiC on Si, with
increasing temperature, the modulus of elasticity decreases. As such, tensile strain is needed
to compensate, and the CTE of Si needs to be greater than SiC. Most materials follow this
trend, however, there area few materials in which the modulus of elasticity increases with
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temperature, such as silicon dioxide. If a device needing temperature compensation were
fabricated from such a material, compressive strains would need to be introduced.

Finally, it should be noted that changing the geometrical properties of the tuning fork will
also change the extent and nature of temperature compensation. In examining equation 3.6,
it is noted that the coefficients of thermal expansion and modulus of elasticity will be constant
for a given material set. However, changing the other tuning fork parameters will change
the constants in equation 3.6. This can also be used to change the temperature at which the
exact temperature compensation occurs.

3.2.5 Turn-over Temperature

While the method mentioned above is highly dependent on the exact location of the
cross-over point in CTE data between SiC and Si, there is some flexibility in where the
temperature compensation will occur. This was determined by taking the derivative of
equation 3.2, as shown in equation 3.7. Setting the derivative to zero and solving for θ
gives the temperature where the frequency is a maximum or minimum. At and around
this point, called the turn-over temperature, the passive temperature compensation has it’s
maximum effect. Alternatively, one could also use a maximizing routine in conjunction with
equation 3.7. In all cases, changing the geometrical properties of the tuning fork will also
change the turn-over temperature. However, this will also change the resonant frequency, so
care must be used if designing for specific frequency and turn-over temperature goals.

∂f

∂θ
=

√
198.6E ′Ixz + 4.85E ′AL2ε + 4.85EAL2ε′

L3(0.397ρAL + mc)

E ′ = E0(η1 + η2θ)

ε′ = αSCS(θ)− αSiC(θ)

(3.7)

3.3 Measurement Setup

To validate the analytical model presented, two different double ended tuning forks of
similar frequency but different geometrical parameters were used, as shown in Figure 3.2.
The two designs have been described and tested previously, and will be referred to as either
the balanced-mass double-ended tuning fork (BDETF) [3] or the comb-drive double-ended
tuning fork (CDDETF) [5]. The tuning forks were fabricated in a four-mask process on single
crystalline silicon substrates, described previously [3]. Both forks utilize the same anchor
(five of diamonds) and the same bond pad to ensure that the differences in frequencies are
not due to a secondary effect. The tuning forks were resonated in air using a previously
described square wave oscillator (SWO) [5]. As such, they also had a similar, low quality
factor near 500.
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Figure 3.2. Two different tuning fork topologies with identical anchors were used
in this study. A) Principle location of the tines, drive combs and sense combs of
the balanced-mass double-ended tuning fork (BDETF) B) Micrograph of the actual
BDETF C) Standard comb-drive double-ended tuning fork (CDDETF) topology and
the location of important components D) Micrograph of the CDDETF
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Table 3.1. Geometrical & Material Properties of Tested SiC on Si tuning forks [5, 3]

Property CDDETF BDETF units

Room Temperature Frequency (f) 213.92 207.88 kHz

Beam length (L) 200 306 µm

Top beam width (wa) 3.34 3.8 µm

Bottom beam width (wb) 4.7 6.7 µm

Film thickness (t) 7.0 7.0 µm

Comb-drive mass (mc) 1.997 · 10−10 1.4061 · 10−10 kg

Initial film strain 419 µε

Density 3150 kg/m3

Modulus of Elasticity at RT (E0) 298 GPa

In order to characterize the temperature response of the tuning forks at high temperature,
a localized heating setup is used, as shown in Figure 3.3. The IR lamp (SpotIR Model 4085,
Research, Inc.) is aligned to an aluminum plate aperture and focused onto the backside of
the MEMS die. Foam is used to isolate the PCB electronics from the aperture and scattered
infrared radiation. The setup is calibrated for different power and time settings using a
K-type thermocouple. This setup enables heating the die to 320◦C while keeping all of the
PCB-mounted electronics at or below 125◦C. Temperature accuracy is expected to be no
greater than ± 5◦C for this setup.

To verify that the flatting of the frequency response near room temperature was not an
artifact of the high temperature testing apparatus, additional measurements between 5◦C to
80◦C were made using a Tenney Jr. environmental chamber (Figure 3.3). The chamber has
a temperature resolution of 0.1◦C and a maximum control tolerance of ±0.3◦C. The SWO
electronics with the DETF dice attached were placed inside the environmental chamber.
Desiccant was placed inside the chamber and the chamber was purged with nitrogen prior
to starting the temperature tests in order to minimize the risk of condensation onto the
electronics during the low temperature setpoints. Tests were conducted from 5 to 80◦C in
5◦C intervals. During all tests, temperature setpoints were run in non-sequential order to
ensure the results were not influenced by possible drift in the resonant frequency with time
or with the direction of temperature ramping.
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Figure 3.3. For high temperature characterization a localized heating setup is used
to characterize the frequency versus temperature response of the resonant micro-
extensometer. This setup does not provide sufficient temperature sensitivity near the
turnover temperature, instead an environmental chamber is used in that regime.
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3.4 Results

3.4.1 Coefficients of Thermal Expansion

It is helpful to begin by examining some of the published values of the coefficients of
thermal expansion of silicon and silicon carbide, as shown in Figure 3.4. CTE data for
SCS and poly-SiC is available from a variety of literature sources [69, 70, 71]. The model
presented previously is highly dependent on the values and difference between the different
CTEs. For this particular analytical model, only CTE data from literature sources in which
the same author characterized both SCS and poly-SiC was used. It is presumed that these
authors would have less deviation between data compared to different authors.

It is interesting to note that the standard values of α found in the literature for SCS and
poly-SiC are 2.6 ppm/◦C and 4.2 ppm/◦C, respectively [72]. Furthermore, the temperature
range for which these values are appropriate is often not listed. Indeed, it is clear from
Figure 3.4 that these tabular values are not for the same temperature range. As such,
a turn-over temperature would not be expected based on the constant-value tabular data
usually presented for these materials. The temperature compensation only appears because
αSCS and αSiC are functions of temperature and αSiC decreases more rapidly near and below
room temperature than αSCS. The values are different by less than 0.5 - 1 ppm, but this
small difference is still the primary cause of temperature compensation.

For the case of a silicon substrate with a silicon carbide device layer, the exact location of
the cross-over point greatly effects the temperature compensation. As mentioned previously,
the cross-over point is where small thermal strains are produced which can counteract the
change in the modulus of elasticity. In examining Figure 3.5, it is seen that the location
of the cross-over point with respect to temperature also co-insides with the peak in the
thermal strain curve. Unfortunately, the data presented in the literature has cross-over
points at vastly different temperatures. Slack’s data has a cross-over temperature around
250 K, where as Reeber’s data has a cross-over temperature around 425 K. Also, the authors
collecting CTE data warn that the errors in this data can be high, with Slack estimating a
maximum error of 15%.

Neither of these CTE data sets exactly matched the experimental data when used with
equation 3.2. However, the experimental data showed a turn-over temperature of approx-
imately 325 K, which was in between the data presented by Reeber and Slack. To see if
the experimental data could reasonably be explained by slight changes in the CTE data,
an experimental fit to the frequency data was created and used to back calculate a CTE
difference. Beginning with the frequency data, a thermal strain for each set of experimental
data was calculated. Using this thermal strain, and a reference CTE line (in this case, Slack
Si data), an estimated SiC CTE was calculated, shown as the solid line Figure 3.4. The ref-
erence CTE was needed since the thermal strain information does not contain information
on the absolute value of the CTE, only a difference. Either author’s silicon CTE could have
been used for this plot, and similar results are expected. Since CTE data should be the same
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for each device, an average was also calculated. The slight changes in CTE data could be
attributed to a measurement errors, or through slight changes in the material properties of
the films. In all cases, the CTE data was well bounded by the authors, with a similar curve
shape and form, as seen in Figure 3.4.

3.4.2 Thermal Strain & Frequency Response

The thermal strains predicted by different authors and from an experimental fit are shown
in Figure 3.5. As mentioned previously, the location of the thermal strain peak is set by the
cross-over point. However, the actual magnitude of this peak is dependent on the reference
temperature chosen in equation 3.5. The thermal strains predicted from experimental data
have the lowest absolute value since they are the closest to the chosen reference temperature.

From Figure 3.6, it is seen that the experimental data temperature turnover point is
bounded by both Reeber and Slack. Furthermore, the shapes of the curves, especially near
the turnover temperature are similar. One of the key questions about the two different
experimental data sets was whether a single set of thermal strain data could be applied
for both tuning forks. To determine this, polynomial fits to the experimental data were
created and using equation 4.3, thermal strains were determined. These thermal strains
were the exact strains needed to fit the analytical model to the experimental data. Ideally,
the thermal strains should be matched since the same material was used for both resonating
devices. These differing thermal strains were averaged and the frequency vs. temperature
response for both tuning forks was plotted. This response is shown in Figure 3.6 as “CD.
Average” for the CDDETF and “B. Average” for the BDETF. Both of these plots are
using the same value for thermal strain, and only the geometric properties of the tuning
forks are different. Since both curves fit the experimental data well, this indicates that the
temperature phenomenon observed is not due to some unique property of a particular tuning
fork. Rather, this is a physical phenomenon which arises from a modulus of elasticity change
compensated by thermal strains.

Considering all of these results, the proposed model appears to have captured the physics
occurring to thermally compensate these tuning forks. First of all, the calculated frequencies
using an averaged thermal strain match well with the experimental data, shown in Figure 3.6.
The thermal strains needed to fit this data are similar to those calculated from other authors
as seen in Figure 3.5. Finally, the estimated coefficients of thermal expansion are within
the numbers proposed by Reeber and Slack, both in value and crossover point. Considered
together, this data does support the idea that modulus of elasticity softening is compensated
with induced thermal strains created by a CTE mismatch between the device and substrate
layers.

However, it is clear that there are some errors present in this model. For example,
there should really be a single value of the thermal strain and CTE. However, experimental
errors are the most likely explanation for this discrepancy. Collecting high temperature
data, using traditional silicon electronics is challenging and requires local heating of the
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MEMS die. In examining the data, the largest error occurs at the higher temperatures.
Furthermore, it should be noted that these devices were not encapsulated and are subject
to slight environmental variations. However, the environmental variations typically appear
over longer time scales than those used in these experiments.

3.4.3 Turnover Temperature Estimates

By examining the resulting equation, it is seen that the width-to-length ratio can be used
to tune the turn-over temperature. Therefore, the resonator designer has some control of the
turn-over temperature by geometric means. Figure 3.7 plots θ̂ as a function of the tine width
to length ratio, w/l. This figure demonstrates one of the design trade-offs necessary to tune
θ̂ closer to room-temperature. Namely, decreasing θ̂ also decreases the normalized strain
sensitivity of the resonator. Likewise, the unstrained natural frequency, f0, increases with
w/l, which introduces additional challenges in designing ultra-low noise oscillator electronics.
So, although the designer is allowed a geometric method in which to tune θ̂, this modification
is constrained by other aspects of the resonator design.

3.5 Discussion

The analytical model described in this chapter can be adapted for any two material
sets to predict the frequency response of a DETF for a given temperature. The key to
using this model lies in finding coefficient of thermal expansion (CTE) data as a function
of temperature. This particular model predicts that a temperature insensitive region occurs
for the case of a silicon carbide DETF on a silicon substrate. Experimental evidence taken
from two DETFs with different geometries supports this model. However, the exact location
of the temperature insensitive region is highly dependent on the actual value of the CTE for
a given temperature. Also, it is possible to slightly move the location of the temperature
insensitive region by changing the geometrical parameters of the tuning fork.

To determine the effectiveness of the temperature compensation, the data from the an-
alytical fits of the experimental data presented in Figure 3.6 is used. Each tuning fork will
have a peak temperature compensation at different temperatures due to the different geome-
tries. Considering a 50◦C range (±25◦C), the BDETF temperature sensitivity is a minimum
around 38◦C at 0.2 Hz/◦C (0.9 ppm/◦C). Similarly, the CDETF had a temperature sensitiv-
ity of 0.1 Hz/◦C (0.46 ppm/◦C) at 35◦C. This is a 10-fold improvement over an equivalent
epitaxial silicon resonant miro-extensometer (-30 ppm/◦C) at those temperatures [5]. How-
ever, the comparison to a silicon resonator is useful, but it does not compare two silicon
carbide devices. Unfortunately, experimental data has not yet been taken for an all SiC
tuning fork, but the predicted value based on modulus of elasticity softening is 22ppm/◦C.
As such, similar performance improvements are expected.
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Chapter 4

Strain & Torque Testing

4.1 Torque Sensor Uses and MEMS Potential

This chapter specifically examines how to use a MEMS double-ended tuning fork (DETF)
as a torque sensor on a circular shaft. It begins with an examination of how to join circular
objects to MEMS dies. To predict the strain transfer to the MEMS gauge, a combination
of analytical and numerical models were needed and are described here. Experimentally,
the gauge is bonded to a custom built test apparatus using both epoxy and metal induction
bonds. With the metal bonds, the chapter reports on the first high strain (1000µε) testing
of a MEMS strain sensor.

One of the key reasons for using MEMS DETF strain sensors is the extreme sensitivity.
Previous work has shown that MEMS double ended tuning fork (DETF) resonant strain sen-
sors are inherently sensitive and capable resolving nanostrain in high bandwidth applications
[5]. These properties combined with a small form factor make the MEMS resonant gauges
well suited to measuring strains on a variety different components. The extreme sensitivity
is especially useful on monitoring very stiff components, such as an automotive halfshaft,
which experience very small strains under normal use.

The halfshaft is a solid metal rod used to connect a wheel to the differential. It is
typically induction hardened and is approximately one inch in diameter. This extremely
rigid component is designed to accommodate high torques which occur during emergency
maneuvers. As such, strains which occur in the halfshaft from normal driving conditions tend
to be small and difficult to measure. Here, by taking advantage of both the high sensitivity
and resolution in high bandwidths, real time wheel conditions can be determined as shown
in Figure 4.1. Accurately knowing the torque conditions at the wheel of an automobile could
improve stability and traction control.
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Figure 4.1. Conceptual image of MEMS resonant strain sensor measuring torque on
a 2.55 cm diameter pipe. Both the main graphic and inset are to scale. The MEMS
DETF strain gauge is on a 5 mm x 5 mm die.

Aside from being useful for automotive technology, torque sensors are useful where knowl-
edge of the forces on mechanical components could significantly improve system life, function,
and efficiency. Other applications include monitoring machining operation cutting forces [73],
stability control, robotics, oil drilling, and damage monitoring in aviation components [31].

The MEMS resonant strain sensor performance compares favorably with other existing
torque sensors. Fundamentally, torque may be monitored by measuring strain, angle of
twist, or stress (magneto-elastic methods) [6]. When combined with an application specific
circuit (ASIC), the strain sensor in this work will have an extremely small form factor,
which is advantageous when compared to optical based sensors. Furthermore, the sensors
are insensitive to magnetic fields, unlike the magnetoelastic based torque sensors. Finally,
these sensors are more sensitive than surface acoustic wave (SAW) based sensors [74], the
ppm change in this work is approximately 96 ppm vs 46 ppm for the SAW sensor.
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4.2 Torque Measurements & Strain Transfer

4.2.1 Strain Based Torque Measurement

Torque measurements may be taken by measuring strain, angle of twist, or stress
(magneto-elastic methods) [6]. The sensor presented in this work operates by measuring
surface strains induced when torque is applied to the halfshaft. Typical shafts experience a
variety of principle (εx, εy) and shear strains (γxy). Each applied strain will affect the strain
(ε) measured for a given direction (θ), as shown by the normal strain transformation given
in Eq 4.1. In Eq 4.1, θ = 0 is in line with the principle longitudinal axis of the halfshaft.

ε(θ) = εx cos2 θ + εy sin2 θ + γxy sin θ cos θ (4.1)

By setting the measurement angle to 45◦, and assuming negligible applied principle
strains, the torque as a function of measured strain may be written as shown in Eq 4.2,
where G is the modulus of rigidity and r is the outer radius of a solid tube. The assumption
of negligible principle strains is valid in this system since the testing apparatus was specifi-
cally designed to give this condition. In actual practice, multiple gauges would be necessary
in a strain rosette formation to determine the complete state of strain.

T =
γxyπGr3

4
=

ε(45◦)πGr3

8
(4.2)

From Eq 4.2, it is observed that for a given torque value, T, increasing the radius slightly
will greatly decrease the measurable strain. Thus, for a constant strain sensitivity, the
torque sensitivity will decrease with increasing radius and increasing component Modulus
of Elasticity (E). For systems experiencing non-negligible principle strains, three gauges
mounted at differing angles can be used to extract the complete state of stress.

4.2.2 MEMS Double Ended Tuning Fork Strain Equation

For the case of a double ended tuning fork, the frequency change of the device as a
function of strain (ε), material properties, and device dimensions is given by equation 4.3 as
derived in [28]. Briefly, the differential equation for a vibrating beam with tension and point
masses is solved using a Rayleigh-Ritz approach, which is detailed in [25, 24]. An analytical
version of the solution is found by assuming a trial function for the first mode shape, as
found in [75, 28].
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Here, the length (L) is 200 µm; width(w) is 7 µm; and height (h) is 10 µm; the density(ρ)
is 2220 kg/m3; and Modulus of Elasticity (E) is 146 GPa. It should be noted that the
coefficient for the applied strain (ε) and the built in strain (εbi) is exactly the same, but
written differently. In this format, 2wtEε can be easily replaced with the force, F , if needed.
If the built in strain is within the same order of magnitude as the applied strain, there will
not be a significant change in the sensitivity of the gauge, but there will be a shift in the
frequency with zero applied strain. The key to accurately determining the expected frequency
response lies in determining the actual strain transfer to the gauge, from the measurement
surface, through the substrate, and coupled into the resonating beams.

4.2.3 Strain Transfer for Torque

Previous authors [35, 33] have found that the strain transfer through a silicon die may
have a significant effect on the strain measured by the strain gauge. The presence of the
silicon die tends to locally stiffen the area of measurement. However, in the case of bending,
the additional distance from the neutral axis can actually amplify the measured strain. To
understand the strain transfer for a round object in torsion with an applied die, it was
necessary to construct a finite element model.

In this case, a 3D half scale model of the experimental setup was constructed using
COMSOL 3.5a. The shaft was 25.5 mm in diameter with a 3.5 mm flat, and assumed to be
isotropic, 4340 AISI Steel. Other methods may be used to attach the die to the halfshaft,
but in this case creating a flat had a minimal effect on the structure. Only 0.5 mm of
shaft material was removed, exposing a 7 mm flat for bonding (which is a 3.5 mm flat when
modeling half of the structure). Using a modified moment of inertia and stiffness to account
for the flat[76], it was found that the shaft stress increases 9% and the stiffness reduces by
0.7% [77]. Also, the full length of the bar was not modeled, instead a length was chosen in
which the end loading conditions did not effect the middle die area.

A 30 µε isotropic solder layer of 60Sn-40Pb was used to join the steel to silicon die. The
silicon die was 5mm on a side, 200 µε thick, and modeled as anisotropic material, with the
100 direction normal to the surface, and the 110 direction parallel to the die edge. The die
was orientation mimicked what would be needed for the actual sensors used in this case,
since the tuning fork sense direction is parallel to the edges of the die. Since the tuning forks
are lithographically defined, their on-chip direction may be easily changed, and virtually any
die orientation could be chosen.

Each material was meshed with tetrahedral elements, and torque was applied to the
boundaries. In this case, a torque was applied to create 1000 µε of engineering shear strain
in the top surface of the halfshaft, as shown in Figure 4.2. Here it is noted that the maximum
strain transmitted to the center of the die is approximately 84%. The strain transfer rapidly
decreases near the edges of the die, and there is also a corner effect. In this particular case,
the gauge is mounted approximately 2 mm from the top edge and 1 mm from the left edge
of the die. At this location, the expected strain transfer is 75%. In Figure 4.2, it is seen that
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Figure 4.2. Plot of engineering shear strain (εxy) through a silicon die solder bonded
to a steel halfshaft. When compared to the top steel surface, the strain at the center
of the die is significantly lower and the shear strain rapidly decreases near the edges
of the die. In order to achieve good strain sensitivity, careful placement of the strain
gauge is needed.

there is a slight strain enhancement near the edges of the die and some induced compressive
strain at the corners of the die.

4.2.4 DETF High Strain Analysis

When performing initial experiments on this device, it was found that using the beam res-
onant theory given above in combination with substrate transfer estimates was not adequate
in describing the data. A Finite Element Analysis of the device discovered that additional
strain transfer losses occurred between the substrate and the resonating beams.

A device level simulation was implemented using ANSYS 12.1. The model geometry
was created and saved as IGES file in SolidWorks. By importing the IGES geometry in
ANSYS environment it was possible to mesh the top surface of the device with MESH200
elements and extrude the meshed surface through the volume of the device using the com-
mand VSWEEP (see Figure 1). The element type used in the 3D mesh was SOLID5; these
elements are 8 nodes with up to 6 degrees of freedom at each node are suitable for 3D coupled
field analysis. The element size used to mesh the top surface of the device was 3 µm while the
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element size used to extrude the 2D mesh through the entire volume was 5 µm. This mesh
resulted in a model of less than 14000 elements which guaranteed a short computational
time and accurate solution.

The loads and the boundary conditions are applied to the bottom surfaces of both an-
chors. In order to simulate the behavior of the strain gauge, all the degrees of freedom of one
anchor were removed. A fixed displacement was applied to the nodes of the second anchor.
In order to obtain the frequency shift due to the base displacement, the ANSYS script first
performs a static analysis to record the DETF stresses. The result of the static analysis is
then used to perform the modal analysis. The displacement was applied in steps of 0.24 µm.
The simulation shows that due to the effect/deformation of the anchors, the frequency shift
is not linear. This simulation may partially explain and clarify the non-linearity’s recorded
in the experiments.

4.3 Experiment

4.3.1 Torque Testing Apparatus

The testing apparatus used to characterize the torque sensors is shown in Figure 4.3.
The apparatus is based on a dual torsion member, closed-loop force design. This design
applies a nearly pure torsional load to the halfshaft, ensuring that the device under test is
only measuring applied torque. In this particular case, the apparatus is constructed around
a modified 1987 BMW 325 halfshaft, but it may accept other halfshafts. Additional details
on the design, construction, and validation of this testing apparatus, as well as a set of
measured drawings are available in [77].

To operate the device, force is applied to the torque arm with the hydraulic jack. The
torque arm is attached to the halfshaft via a spline, and applies a torsional load to the
halfshaft. The Rzeppa (constant velocity) joint accommodates angular misalignment and
holds the halfshaft rigidly in place during testing. The halfshaft may be completely removed
from the testing apparatus to facilitate strain gauge bonding, wire-bonding, and temperature
testing.

A flat was milled into the halfshaft to simplify the bonding process. For this particular
case, to achieve a 7 mm wide flat for a 26 mm diameter shaft, 0.5 mm of shaft material was
removed. It should be noted that the purpose of the flat is only to facilitate the connection
between the die based sensor and halfshaft, and is not intended to weaken the shaft. Using
a modified moment of inertia and stiffness to account for the flat[76], it was found that the
shaft stress increases 9% and the stiffness reduces by 0.7% [77].

The MEMS DETF has a gauge length of 200 µm and is fabricated on silicon wafers
which were diced into 5 mm squares. The DETF used for this experimentation is located
approximately 1 mm from the top and 2 mm from the left side of the die. The final die
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Figure 4.3. Torque testing apparatus. This apparatus has been specifically designed
to apply pure torque to an automotive halfshaft.

thickness is 200 µm. Additional details on the DETF fabrication and device dimensions are
given in [5].

Bonding has presented another key challenge which has prevented die based sensors from
actually being attached to components. Several recent papers [33, 34, 78] have demonstrated
the successful bonding of silicon based structures to metal substrates. In particular, the
method described in [34] has the advantage of being implemented quickly and has been
extensively tested. In this work, both a standard epoxy bond used previously [36] and the
method described by Sosnowchik [34] were implemented.

4.3.2 Epoxy Bonding

The MEMS die was bonded to the halfshaft using MBond 610 epoxy, a two-component,
epoxy-phenolic, solvent-thinned adhesive. It has a 30 minute work time and is suited to
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operation at elevated temperatures. The sense beams were aligned 45 degrees to the central
axis of the halfshaft. A well characterized Vishay CEA-13-187UV-350 metal foil strain gauge,
designed for torque sensing, was also bonded with the same epoxy to measure the actual
strain experienced on the halfshaft surface. It is noted that the metal foil gauge is expected
to have perfect strain transfer since it is constructed of a pliable polyimide backing with
thin metal traces. The metal foil gauge was applied to the halfshaft following Vishay’s
“Instruction Bulletin B-130”.

The MEMS die was attached to the halfshaft using a modified version of the Instruction
Bulletin. The area was degreased, dry abraded, conditioned and neutralized to clean and
prepare the surface for bonding. M-bond 610 was applied to the target bonding area and to
the back of the die. The die was placed on the shaft and a piece of teflon tape and a 1 mm
thick silicone sheet with square holes were placed over the die. Then a 3 mm thick piece
of aluminum was placed on the silicone, and pressure of approximately 200 Pa was applied
using a v-block and v-block clamp. The holes were slightly smaller than the die area, such
that pressure was transmitted to the edges of the die but did not touch the device area, as
the sensor was not encapsulated.

The temperature curing process is based on the manufacturers recommendation, and
is not optimized for joining two stiff objects together. The entire assembly was placed
in a Tenny Jr. environmental temperature chamber, which is rated to hold a constant
temperature within ± 0.3◦C. The temperature was ramped to 165C over 1 hour, and held
at temperature for 2 hours. The clamps were then removed, and a postcure at 200C for 2
hours was performed. The assembly was then allowed to cool overnight in the chamber.

4.3.3 Metallic Adhesive Induction Bonding

Bonding was performed using an Ameritherm Nova Star 1M induction heating module
with a power output of 1350W at 11.7MHz. At this power and frequency, the bonding time
required was 22 seconds. The copper induction coil used has an outer diameter of 16mm with
eight turns and a pitch of 3.25 mm. The bonding location of the half-shaft was positioned
2.34 mm below the bottom of the induction coil.

A metallic adhesion layer consisting of 50 nm of Titanium, 500 nm of Nickel, and 20 nm
of Gold was directionally evaporated onto the bonding surface of the MEMS device using
an Edwards EB3 Electron Beam Evaporator in the UC Berkeley Marvell Nanofabrication
Laboratory. Gold was evaporated last to reduce the formation of surface oxides during the
bonding process.

The solder used for joining the MEMS die to the torque tube was 96.5Sn/3Ag/0.5Cu
lead-free solder paste (Hi-Performance Lead-Free No-Clean Solder Paste, S3X58-M405, Koki
Company Ltd.) Using a stenciled metal screen-printing shim, it was possible to obtain a
layer of solder 50 µm thick, covering the 5 mm x 5 mm die area. The MEMS sensor was
positioned off-axis from the half-shaft at a 45◦ angle.
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The bonding process was observed using a FLIR A-320 infrared camera and using the
manufacturer’s suggested method, the emissivity of the steel on the milled flat surface was
determined to be ε=0.122 and the emissivity of the half-shaft’s paint-coating was determined
to be ε=0.96. A peak temperature of 226.13◦C was observed immediately beside the MEMS
Device, as shown in Figure 4.4

4.3.4 Testing

Once bonding was completed, the square wave oscillator (SWO) board was attached to
the halfshaft using two hole mount metal pipe clamps and screws. For the holes near signal
traces, plastic screws were used to attach the pipe clamps to the board. The MEMS die was
then wire-bonded to the SWO board. An additional wire-bond from the board ground to
the halfshaft significantly reduced noise appearing in the square wave output signal. The
frequency was measured using a frequency counter and the square wave was monitored
utilizing an oscilloscope.

The halfshaft was then placed in the torque testing apparatus, as shown in Figure 4.5.
Torque was applied to the halfshaft, and the frequency response of the MEMS strain gauge
was compared to the response of the metal foil strain gauge. The metal foil strain gauge was
used in a half-bridge wheatstone configuration, with an excitation voltage of 2V. For tem-
perature testing, the halfshaft, SWO and gauge were placed in the Tenny Jr. environmental
chamber. The temperature was changed in 5◦C increments. At each testing temperature,
the system was allowed to stabilize such that all components reached the same temperature,
and measurements were taken every 10 minutes at the temperature of interest for one hour.

4.4 Results

4.4.1 Strain Sensitivity

Using an induction metal bond enabled repeatable strains up to 1000µε as shown in
Figure 4.6. To understand how the strain is transferred to the MEMS device, it is help-
ful to consider two separate problems. The first involves determining how much strain is
transferred from the steel shaft to the top of the silicon substrate. Using the previously
mentioned COMSOL model of the silicon die mounted on the halfshaft, the strain transfer
is approximately 75% near the MEMS device. In other words, if 1000 µε is measured on the
steel, the strain near the MEMS device will be approximately 750 µε. The second involves
considering how strain is transferred from the top of the silicon substrate into the vibrating
beams of the tuning fork.

Assuming perfect strain transfer from the top of the substrate to the vibrating beams of
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Figure 4.4. Temporal temperature data from induction bonding. Power was applied
for 22 seconds at 1350W and 11.7MHz. The coating of the half-shaft has a spectral
emissivity of 0.96 and the milled-flat bonding location has an emissivity of 0.122.

Figure 4.5. Experimental setup. The gauge is oriented to measure torques applied to
the halfshaft and wire-bonded to the PCB. The inset shows the actual gauge used,
the sense tines are approximately 200 microns long.
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Figure 4.6. For the induction bonded die, the measured strain sensitivity of the
tuning fork was lower than expected when combining equation 4.3 with estimates of
the strain transfer through the MEMS die. Finite element models of the tuning fork
under strain verified that some strain loss is occuring between the top of the MEMS
die and the device itself.

the tuning fork, this strain transfer model may be combined with equation 4.3 to determine
the maximum expected strain transfer. This is plotted in Figure 4.6, labeled ”Beam Theory”,
and overestimates strain sensitivity of the device. This overestimation occurs because the
model does not consider how strain is transferred from the top of the silicon die through the
anchors and into the resonating beams.

FEM is used to understand how strain is transferred from the top of the substrate into
the vibrating beams of the tuning fork. To be clear, this structure is called the anchor-
block structure and includes the large square anchor tying the tuning fork to the substrate,
the tether, and the block connecting the resonating beams. For reference, this structure is
seen in Figure 1.1F. The strain transfers estimated by FEM are much more in line with the
experimental data, as shown in Figure 4.6 labeled “FEM Model”. In this particular case,
the strain transfer over the 1000 µε range was approximately 26 Hz/µε.

The strain sensitivity of this tuning fork was previously measured to be 39 Hz/µε. How-
ever, this number was for very low strains (several microstrain), and was performed using
on chip strain actuators. At such low strains, compliance and strain transfer in the anchor-
block structure are not as large of a concern. One area for further study is the anchor-block
structure, which couples the beams to each other and to the substrate. Most authors have
examined this structure to maximize quality factor, and minimize energy loss, but little
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Figure 4.7. Measured frequency response to applied mechanical strain for an epoxy
bonded gauge. The results show that the epoxy failed around 150 µε. Bias voltage
= 60V.

work to date focuses on this structure at high strains. Additional work in this area would
be necessary to maximize the strain sensitivity of the tuning fork under high strains.

There is some curvature to the experimental data, especially at high strains, which is
both repeatable, and not explained by the model. More analysis of the square wave oscillator
circuit and the electrical properties of resonating structures under high strains would be
useful in determining the exact nature of this non-linearity.

The induction bonding does appear to have caused some compressive strain in the gauge.
As the underlying substrate cools from higher temperatures to room temperature, it com-
presses the strain gauge. In this case, the approximate unstrained frequency was 217 kHz, as
measured in previous unbonded experiments with these strain gauges. The post induction
bonded frequency was approximately 213 kHz. Using simple beam estimations, this equates
to approximately 100 µε. However, as mentioned above, a more complete analysis would be
necessary to determine the exact number.

Epoxy bonding is an alternative for low strain applications, although the strain transfer
is much lower than that of metal bonding. Initial experiments as shown in Figure 4.7 indicate
that strains over 150 µε will cause delamination and failure of the bond. More conservative
testing under 100 µε found repeatable results, although more testing would be necessary for
long term tests. In Figure 4.8, it is seen that the strain sensitivity is low at 5 Hz/µε for
epoxy bonding, compared to 26 Hz/µε for induction bonding.
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Figure 4.8. Measured frequency response to applied mechanical strain for an epoxy
bonded gauge under 100 µε. Bias voltage = 60V. The strain sensitivity of the system
is extracted from this plot and used to determine torque sensitivities.

For epoxy bonding, it is also interesting to note that the natural frequency of the device
after bonding shifted from 217.0 kHz to approximately 223.9 kHz, indicating that some tensile
strain was induced. Unlike the induction bonding, pressure was applied during the epoxy
bonding, and may play a role in the induced tensile strain. Also, a small local curvature in
the halfshaft would have the effect of inducing tensile strain in the top of the die and could
explain this phenomenon.

Using the measured strain sensitivity for both the induction bonded case and the epoxy
bonded case, the torque sensitivity could be calculated by modifying Equation 4.2 and replac-
ing strain (ε) with strain sensitivity (∂f/∂ε). The results for different shaft configurations
and materials are presented in Figure 4.9. The torque sensitivity is mainly dependent on
the shaft diameter and modulus of elasticity of the shaft. For this particular system with a
metal bond, the torque sensitivity is 53.5 Hz/Nm. Similarly, the epoxy bonded gauge has a
torque sensitivity is 10.55 Hz/Nm (46 ppm/Nm).

The strain sensitivity was also used to estimate the resolution as a function of band-
width. Previous work [5] has shown that the resolution is a function of the mechanical
strain sensitivity of the DETF and phase noise of the SWO. Given the previously measured
noise performance of the square wave oscillator board, the resolution of this system is ap-
proximately 0.002 µε (0.0009 Nm) in a 4 kHz bandwidth. Similarly, an epoxy bond gives a
resolution 0.01 µε (0.005 Nm) in a 4 kHz bandwidth.
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Figure 4.9. Calculated torque sensitivity for various shaft diameters with differing
modulus of rigidity. The torque sensitivity has a third order dependence on the shaft
diameter.

4.4.2 Temperature Sensitivity

The temperature sensitivity of the metal bond sensor system is 142 Hz/µε, as shown
in Figure 4.10 which is equivalent to approximately 5.5 µε/◦C error. While this number is
fairly significant, it is important to note that this is due to the CTE mismatch between the
silicon and steel surface. However, parallel research efforts to create metal MEMS, such as
the one outlined in [79, 80] could lead to microscale metal double ended tuning forks which
are well matched to their substrate, with significantly lower temperature sensitivities.

The natural frequency as a function of temperature for the epoxy bonded sensor is shown
in Figure 4.11. The linear temperature sensitivity of the bonded device with oscillator elec-
tronics was measured to be -10.4 Hz/◦C (2 µε/◦C). For comparison purposes, the frequency
response of a resonator with oscillator electronics not attached to any surface was -6.3 Hz/◦C
. The epoxy result is surprising since a simple linear model would predict that at increased
temperature, the steel would tension the gauge, and increase the resonant frequency. This
effect is most likely caused by an interaction related to the low strain transfer present in the
epoxy bonded gauge.
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Figure 4.10. Frequency response to temperature with a metal bond. The linear fit is
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4.5 Discussion

For this testing, a flat was milled into the halfshaft to assist in bonding the MEMS die.
For a one-inch component, the flat needed is quite small and has a minimal effect on the
stiffness (0.7% reduction) and stress (9% increase) of the shaft. It should be noted that the
current MEMS die has not been optimized for strain transfer or torque testing, and that an
improved layout would reduce the flat size.

In considering the strain transfer from the component to the actual MEMS device, two
strain transfer cases must be considered. First, the strain from the bottom of the component
to the top of the die must be considered. Second, the strain from the top of the die into the
resonating beams must be considered. More research is needed on the second phenomenon
to understand the exact mechanism of strain loss and to improve the strain gauge itself.

The metal bond was able to withstand strains of 1000 µε, and had a strain sensitivity of
26 Hz/µε, which correlated to a torque sensitivity of 53.5 Hz/Nm. The epoxy bond was able
to withstand strains of 100 µε, and had a strain sensitivity of 5 Hz/µε, which correlated to
a torque sensitivity of 10.55 Hz/Nm. The temperature sensitivities of the gauges was fairly
high at 5.5 µε/◦C and 2 µε/◦C for the metal and epoxy bond, respectively. While these
numbers are high, research into devices with better matched CTEs could maintain the high
strain sensitivity but reduce the temperature sensitivity.
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Chapter 5

Ion Beam Sputtered Silicon Carbide

Encapsulation & Film

Characterization

5.1 Tuning Fork Encapsulation Issues and Needs

This chapter proposes and tests a novel encapsulation method which is especially suited
for MEMS double-ended tuning forks (DETF). The encapsulation uses a novel ion beam
sputtering method to seal a scaffolding layer. The scaffolding layer provides structural sup-
port for the encapsulation, and is designed to withstand applied pressures while preserving
device sensitivity. Furthermore, while using ion beam sputtered material for sealing encap-
sulation is a promising technique, it is not known if and how much material passes directly
through release holes. Experiments in this chapter directly measure the amounts of material,
and this method is shown to deposit much less material than typical wafer level encapsulation
methods.

Many of the key reasons that tuning forks need encapsulation are highlighted in Fig-
ure 5.1. Typical wafer level encapsulation focuses on either novel structural layers or on
novel final sealing methods. Regardless, this type of encapsulation typically begins with the
deposition of a sacrificial layer, which defines the space between the final device and the
encapsulation layer. Next, a structural (or scaffolding) layer is deposited over the sacrificial
layer. This structural layer will either possess pores or have lithographically defined holes
through which the underlying sacrificial layer(s) may be removed. Finally, the encapsulated
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structure will be sealed with a film to maintain the desired internal humidity and pressure
conditions.

An interesting class of research has been focused on taking advantage of the porous
structure of varying scaffolding layers. Authors have reported on permeable polysilicon [81]
or electrochemically etched polysilicon [82]. This technique has also been expanded to use
other materials such as silicon dioxide [83], as well as alumina [84]. All of these methods
depend on a special material property enabling for a permeable membrane, limiting the
available materials for the designer.

For MEMS strain gauges, the encapsulation must protect the underlying device while
not significantly changing the device operating characteristics. The resonant frequency and
expected strain transfer should remain the same to make a truly manufacturable product.
Effective mechanical design can guarantee that the strain transfer is not affected. However,
the device resonant frequency would change if mass were deposited on the exterior of the
tuning fork. One of the chief problems with current wafer level encapsulation techniques is
that the final sealing step tends to deposit mass on the underlying structure, causing the
problem mentioned above.

Typically, the final step of monolithic encapsulation involves removing sacrificial layers
through release holes and sealing these release holes with a final thin film deposition. Figure
5.2 shows several common final sealing techniques and the typical mass which is deposited
using each technique. The techniques based on chemical depositions tend to coat all sides
of the MEMS device, since they have a diffusive component. Physical depositions such as
sputtering have poor step coverage, and do not efficiently seal release holes. Ion beam sput-
tering has the unique advantage of being a physical based deposition with good directionality
control.

5.2 Ion Beam Deposited Silicon Carbide for

Encapsulation

Extensive development has been placed into micro and nanoscale sensors which take ad-
vantage of scaling laws and micro and nano physical phenomenon. However, simple mono-
lithic integrated encapsulation remains a key barrier for commercial deployment of these
devices. Monolithic integrated encapsulation offers cost savings since it can be created with
the same techniques used to pattern the micro and nano devices, saving space, reducing
fabrication complexity, and potentially improving yield.

Chemical vapor deposition (CVD) techniques have been used previously [85], but some
mass is deposited onto the underlying micro or nano structure as shown in Figure 5.2A&B.
Plasma-enhanced chemical vapor deposition (PECVD) has also been shown to have low
mass depositions, but have not conclusively proven that there is no mass deposition in
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Figure 5.1. Key Issues for Tuning Forks which can be solved with encapsulation A)
Oxidation B) Epoxy Bonding C) Liquids D) Oily residue in Engine Environment [30]
E) Mechanical Impact F) Dirt

the cavity [86, 87, 88]. Both techniques have a diffusive component, enabling material to
deposit conformally within the encapsulation cavity. Some authors have proposed techniques
which circumvent mass deposits, but these methods rely on specific nano-pourous material
properties [81, 83], require extra processing steps [84], or may only be used with certain
materials, such as metals [89]. While microdevices may be designed to accommodate some
deposited sealing material, such a deposition would likely be detrimental to the functionality
of nanometer sized devices.

To date, ion beam sputtering has been used for a variety of purposes, including nanowire
fabrication [90] and ultrathin film deposition [91]. Preliminary results indicate that the
technique adequately seals holes and channels [92], but the topography seen in release hole
sealing has not been thoroughly examined. Furthermore, the technique may be combined
with ion beam assisted deposition to tune a variety material parameters [93, 94, 95, 96].

As an alternative to traditional techniques, this chapter proposes and examines the merits
of using ion beam sputter deposition as a final sealing layer. In this technique, high energy
ions are streamed towards a target, and the material is sputtered in a mirrorlike manner
towards the substrate. The amount of sputtered material leaving the target is a strong
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Figure 5.2. Possible sealing methods and their step coverage on a sample micro or
nanoscale device. A) Chemical Vapor Deposition (CVD) has a diffusive component
which deposits material on the undelying device structure. B) Plama Enhanced
Chemical Vapor Deposition (PECVD) still coats the underlying structure, but to a
lesser extent when compated with CVD. C) Sputtering, which typically suffers from
poor step coverage, resulting in a large amount of material being used to seal the
release holes. D) Ion beam sputtering (IBS) enables anglar sputtering of material
preventing mass loading of the target device.
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Figure 5.3. View of Ion Beam Deposited SiC Encapsulated Balanced Mass Double
Ended Tuning Fork Strain Gauge

function of the angle of departure, unlike traditional sputtering which has a fairly uniform
angular distribution. Figure 5.2C shows traditional sputtering with a uniform deposition for
all angles, causing a large mass to be deposited below the release hole. In Figure 5.2D, the ion
beam sputtering method is shown, showing the highly directional nature of the deposition.

One of the key issues which is not discussed in this work, and would need to be addressed,
is the stress typically found in the ion beam sputtered films. It is possible that the high
stresses encountered during deposition could cause the encapsulation layer to collapse on the
underlying device. However, one approach could involve breaking the final encapsulation
sealing step into a series of deposition and annealing cycles.

5.3 Encapsulation Overview & Design

While the ion beam deposited silicon carbide is useful for preventing mass loading (dis-
cussed later) and for harsh environment encapsulation, careful attention must still be paid
to the mechanical design of the packaging layer. Mechanically, the package must withstand
directly applied pressures to facilitate bonding. Furthermore, the package itself should be
able to survive the same shocks as the device which it protects. Finally, the package must
not attenuate strain measured by the tuning fork.
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Ultimately, each of the constraints mentioned above will have some effect on the desired
encapsulation thickness. The package must be thick enough not to fracture or deflect into
the device, but thin enough to prevent strain attenuation. To find the optimal design, each
constraint is examined with respect to encapsulation thickness. The area of the encapsulation
will be the minimum area which can adequately cover the device of interest, in this case, a
rectangle of 480 µm x 310 µm is modeled. The order in which the analysis is performed is
not important, however, at the end of the analysis, each constraint must be considered in
order to find an optimal design. In this analysis, it was found that pressure was the active
constraint.

Pressure may cause the membrane to fail in two ways: inducing high stresses leading to
fracture or inducing high deflections leading to device failure. In this analysis, it is assumed
that if the membrane touches the device, failure occurs. Clever device design could create
membranes which could purposely deflect into the center of the device area without causing
damage. However, this encapsulation was specifically designed for the BDETF discussed in
Chapter 2, conceptually shown in Figure 5.3.

Determining exact applied pressure requirement is highly dependent on the final applica-
tion of the system. Previous authors have suggested that the encapsulation survive 80 atm
(for injection molding) [97]. However, the solution to achieving encapsulation capable of
surviving high pressures lies in using very thick (20 - 40 µm), fast depositions of silicon
[97, 85]. Unfortunately, this option is simply not possible or feasible for existing silicon
carbide technology, due to the low deposition rate. This design instead focuses on creating a
lid which will survive rough handling and directly applied pressures on the order of 10 atm.

5.3.1 Stress & Deflection Calculation

The scaffolding or structural layer of the encapsulation is analytically modeled as a flat
diaphragm in this analysis. This layer will be created from LPCVD SiC, have lithographically
defined release holes, and will be subsequentle sealed with ion beam sputtered SiC, as shown
in Figure 5.3. Once an optimal thickness for the scaffolding layer is determined, the design
can be further refined to include release holes and potential stress concentrations using FEM.
Both the stress and the deflection for a square membrane undergoing a uniformly distributed
load have been derived previously by Roark [76], and a concise form of the solution is given
below for convenience.

ymax =
αqb4

Et3
(5.1)

σmax =
−βqb2

t2
(5.2)

where q is the distributed load expressed in force per area (in this case pressure), t is the
thickness, b is the length of the short edge. The equation also includes, α and β, which are
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Figure 5.4. Design Graph for the Maximum Deflection of a membrane and fracture
stress for SiC as a function of applied pressure. Below the line marked “Fracture”
the membrane will fail. Also, in the area below “Nonlinear”, additional calculations
would be necessary to find the exact failure points.

factors which account for the rectangular shape of the membrane and are functions of the
geometry of the membrane. For a perfect square, β is 0.3078, increasing to 0.5 as the long
side to short side ratio approaches infinity. Similarly, α is 0.0138 for a square membrane,
increasing 0.0284 as the long side to short side ratio approaches infinity [76].

Equation 5.1 is re-arranged to solve for the necessary thickness for a given deflection
at a given pressure. Figure 5.4 shows the needed thickness for several maximum deflection
constraints (1, 1.5, and 2 µm). In designing encapsulation, these deflection constraints
are dependent on the sacrificial layer thickness above the device of interest and below the
scaffolding layer. For oxide, 1-2µm was considered a reasonable thickness. Young’s Modulus,
E, has a a wide range of reported values, from 283 GPa [98] to 448 GPa [67]. In this case,
an average value of 360 GPa was used.

Equation 5.2 is re-arranged to solve for the minimum thickness in which the maximum
stress is equal to the fracture stress, also shown in 5.4. The fracture stress can be difficult to
determine in microspecimens since this number is inherently dependent on the film quality
and the number of defects. In this case, an average value of 0.17% was assumed to be the
fracture strain, and the same Young’s Modulus was used to convert to fracture stress.
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5.3.2 Nonlinear Considerations

It is important to remember that for a flat diaphragm, Roark’s solution involves linear
assumptions. For high deflections and thin membranes, shear forces must also be considered,
creating a nonlinear response. This has also been solved for previously by Giovanni [99]. In
looking at these solutions, the nonlinear solution typically reduces the maximum deflection
and maximum stress. However, for conservative engineering design, it is important to note
where the nonlinear response begins. In Giovanni, the condition for linearity is given in
equation 5.3, and this condition is plotted in Figure 5.4.

Pb4

Et4
≤ 10 (5.3)

5.3.3 Shock Survivability

In considering shock survivability, it is helpful to begin by estimating a shock force. While
the designer must be careful to distinguish between dynamic and static shock events, static
loads are simple to estimate and are a useful place to begin the analysis. The distributed load
is estimated as the density times the thickness times the shock factor. To make comparisons
between the different constraints easier, the distributed load due to shock can be rewritten
as an equivalent pressure. For this diaphragm, a shock of 100,000 G on a 50 µm thick
membrane will produce a maximum force which is equivalent to that applied by 1.6 atm.
Since the diaphragm will be designed to survive much higher pressures, it was concluded
that shock is not an active constraint for typical wafer level encapsulation.

5.3.4 Encapsulation Effect on Strain Transfer

Determining the effect of the encapsulation on strain transfer is key to an effective design.
A 2D COMSOL model was constructed to give insight into how strain transfer would be
affected by a “lid” on the device. From these models, several important design rules were
learned. First, the presence of the strain gauge tends to locally stiffen the measurement area,
reducing the measured strain. For example, a silicon strain gauge attached to a steel surface
under a specified strain will tend to measure less than the specified strain. A complete
analysis of this can be found in [35]. However, this local stiffening can be counteracted by
a slight moment induced in the strain gauge, which can amplify the strain experienced by
the substrate. This is especially important for thick substrates with very thin encapsulation
caps. Finally, unless the encapsulation is the same thickness as the substrate, there will be
a minimal effect on the strain transfer. In cases of a thin cap on a thick substrate, it is
the substrate which has the greatest effect on the strain transfer. Hence, the key to getting
good strain transfer depends on creating first a thin substrate, and second minimizing the
encapsulation thickness.
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Ultimately, a thickness of approximately 7 - 10 µm was chosen as an appropriate thickness
for this device. Using Figure 5.4, a 10 µm film will only deflect 0.5 µm at 10 atm, and will not
fracture until 17 atm. This thickness provided adequate protection from pressure, and also
was a reasonable thickness for the scaffolding layer using today’s LPCVD SiC production
processes. This thickness survives high shocks. Furthermore, this encapsulation has little
additional effect on the strain transfer properties of a gauge constructed on a standard
500 µm thick substrate.

Once this thickness was chosen, the next step of design was centered around determining
how much mass would be deposited through the proposed release holes shown in Figure 5.3.
Since this would be the last step of a seven to eight mask process, simple test structures
were designed to measure this mass.

5.4 Through Hole Deposition Experimental Testing

Previous work has shown that ion beam sputtering of silicon carbide can be used to seal
both trenches and holes in a silicon wafer [92]. From images of the sealed trenches, it is
seen that the ion beam sputtered deposition is highly directional, but there is a small lateral
deposition rate. If the material were deposited uniformly from a single direction, the trench
or hole size would propagate uniformly through the film. While this would eventually seal
the trench, the top of the film would still have a hole or trench shaped object in it. However,
this is not the case. Instead, as the sealing layer becomes thicker, the hole size reduces. This
phenomenon indicates that material must be depositing from other directions. These other
depositions can also be the source of mass deposition through the release holes.

Hence, to test the mass depositions, release holes would have to be created below a very
flat, clean surface. This type of surface would ease the discovery of any mass depositions.
Also, if the release holes are made at a repeating distance, any mass depositions must also
have a similar pattern of repetition. A perfect structure to use for these mass deposition
experiments was a silicon-on-insulator (SOI) wafer. Holes could be patterned in the device
layer, and once released, the underlying substrate is quite smooth. This experimental device
is shown in Figure 5.5

Since the holes were lithographically defined a number of experiments examining the
deposition as a function of hole size, aspect ratio, and the time could be simultaneously
performed. Arrays of holes of different sizes were patterned in SOI wafers with silicon layer
thicknesses of 3.5 µm and 6.5 µm. The arrays had square holes of 1, 1.5, and 2 µm on
a side, creating aspect ratios ranging from 1.75 to 6.5. The 2 µm thick underlying oxide
layer was then etched using a vapor hydrofluoric acid (HF) release to create a diaphragm.
Directional ion beam sputtered amorphous silicon carbide (SiC) was then deposited onto the
membranes at incident angles of 0, 45, and 55 degrees for 80 minutes, giving a film thickness
of 0.4 µm. Time trials were also performed at an angle of 45◦ on the 3.5 µm thick silicon layer
devices with deposition times of 5, 10, 20, 40, and 80 minutes. This angle was chosen since
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Figure 5.5. Experimental Setup and Deposition Step Overview

the sidewall deposition and top surface deposition amounts should be the same, providing
information about the influence of the hole sealing on the underlying mass deposition. The
diaphragms were subsequently removed and the underlying structure was examined using
scanning electron microscopy (SEM) and atomic force microscopy (AFM).

Sputtering was performed using a custom built ion beam sputtering tool for micro and
nano applications. The angle of sputtered material incidence may be changed from 0◦ to
55◦ using a tilting stage. In this case, argon ions with an energy of 1.175 keV and a current
of 0.5 A were used. The base pressure of the system was 1 x 10−6 Torr, and the operating
pressure was approximately 1x10−4 Torr. Rutherford Backscattering Spectroscopy (RBS)
confirmed that the films have a 1:1 ratio of silicon to carbon, indicating that the film was
indeed SiC. Additional details on the sputtering system are given in [92].
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5.5 Mass Loading Results

5.5.1 Deposition Spatial Confinement

In all cases, it was found that the all material was spatially confined directly below the
release hole. Figure 5.6 shows experimental confirmation of the spatial confinement seen on
all test structures. The area in between deposits is atomically smooth as measured by AFM,
as seen in Figure 5.7A. By using SiC, the spatial confinement could be tested by dipping
the substrate with the mass deposits into potassium hydroxide (KOH), which preferentially
etched the exposed silicon areas as shown in Figure 5.7B.

For comparison purposes experiments were performed using samples coated with 250 nm
of PECVD SiN (SiC was unavailable) with an Oxford Plasmalab 80plus PECVD system, at
0.9 Torr and 350◦C. It may be possible to improve the recipe for encapsulation purposes as
seen in [87], but these coatings are fundamentally conformal coatings. As expected, material
was deposited everywhere inside the cavity, with concentrated masses below the release
holes. In the best case, the films were optically transparent and could not be measured using
a Nanospec/AFT Model 3000 interference spectrum measurement system. However, these
films were thick enough to protect the underlying silicon substrate and only KOH etching
through pinholes was observed.

5.5.2 Deposition Shape Analysis

Further analysis of the AFM data for various release hole depths and areas showed that
the release holes had several repeating topological features, which changed depending on the
release hole size and shape as well as the deposition conditions. First, the spatial confinement
of all the release holes appears to be due to shadowing effects. That is, considering the
geometries of the release hole and the angles of deposition, all deposition is confined to areas
which have direct line of sight with the sputtering target. The variation in the width of the
deposit is given in Figure 5.8

Also, all mass depositions had a relatively flat area of constant height, but some deposi-
tions also had a characteristic peak, which is shown in the inset of Figure 5.9. This peak was
often significantly taller than the flat area, and tended to appear below release holes with a
low aspect ratio.

The time trial experiments give insight into the nature the deposition formation, as
shown in Figure 5.10. The initial shape contains information about the angles of distribution
available from the source seen in Figure 5.10A. More material is being sputtered on the left
hand side of the deposit, as seen by the slightly higher deposition amount. Also, the initial
area taken up by the deposition remained fairly constant with time. However, a peak shape
appears with increasing time, starting wide and becoming narrower. The shape is presumably
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Figure 5.6. SEM of test structure (A) The top diaphragm containing release holes has
been cracked and partially removed. The deposition on the substrate is very thin,
well spaced, and regular. (B) Deposition on the substrate and (C) the deposition
partially below a release hole.

Figure 5.7. (A) AFM image of the diaphragm area before potassium hydroxide (KOH)
dip. (B) Optical image after KOH dip. The resulting SiC-capped islands confirm the
spatial confinement.
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from the release holes above closing off and shadowing effects which enable less material to
enter into the release hole itself.

Given these two observations, the shape of the deposition can be explained by considering
Figure 5.11. Argon ions (not pictured) strike the sputtering target creating a distribution of
sputtered material which has a range of directions and deposition rates, represented by the
arrows on the sputtering target. Some excellent pictures of this as well as information about
Monte Carlo simulations can be found in [100]. When considering the range of deposition
angles and deposition rates, only certain angles will geometrically be able to pass through the
release hole. The blue triangular shapes show what material may actually enter the release
hole for two different situations in Figure 5.11 A & B. In examining the low aspect ratio hole
in Figure 5.11 A, it is seen that both a wider range of particle trajectories and amounts for
a given direction are much higher than those seen in Figure 5.11 B. It is this range of both
directions and differing deposition rates which is responsible for the peak development. The
narrowing of the peak is caused by the release hole above sealing with time.

It is possible for other deposition parameters such as pressure and temperature to have an
effect on the deposition. For the RF ion source used in these experiments, it is necessary to
keep low pressures. In this case, all pressures were low enough such that the mean free path
distance is larger than the source to wafer distance. As such, it is not possible to examine
the effect of this on the deposition. Depositions were performed and both room temperature
and 450◦C, and no measurable change was found in the shape of the deposition. However,
increasing temperatures further could change the shape of the deposition by possibly enabling
some surface diffusion.

5.5.3 Mass Estimates

Finally, using the AFM data, a mass analysis was performed on the time trial data to
estimate the amount of mass per release hole and also to ascertain how the mass increases
with time. Four mass deposits, next to one another, were analyzed to ensure that an average
was measured. In examining Figure 5.6, it is seen that the masses are fairly uniform over the
diaphragm area. Since the masses were 10 µm apart, a 20 µm x 20µm scan captured four
masses and the surrounding flat area. Each scan consisted of a 512 x 512 array of measured
heights. Therefore, each data point represented the average height over an area of 0.039 µm
x 0.039 µm (20 µm ÷ 512 µm). Hence, the volume of each area was simply the height times
the area represented by each data point. By multiplying this volume by the density of silicon
carbide, assumed to be 3150 kg/m3, the mass was determined.

In performing the above analysis, the zero point and the presence of noise or dust needs
to be considered. First, in examining the AFM data, there is some error in the zero point.
In looking at areas which are far from the mass deposits and which should be very flat (since
the area is single crystalling silicon), there will often be an offset. In otherwords, the height
should read zero in this area, but will instead be slightly away from zero. In this case, this
offset is present throughout the entire data set, and was removed.
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Figure 5.10. A) - D) Time evolutions of the 3.5 µm thick diaphragm and 2 µm
square release hole showing the characteristic peak and plateau deposition region. The
plateau region appears early and contains information about the range of deposition
angles, where as the peak is indicative of the narrowing of the release holes.
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Figure 5.11. The deposition rate and angle greatly affect the shape of the mass
deposits A) The 45 degree angle allows some direct, high rates of deposition to pass
directly through the release hole. B) With higher deposition angles, the amount of
material entering the release hole is reduced.
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Figure 5.12. The mass depositions for a 3.5 µm diaphragm approach a constant value
indicating that the top hole is sealing and that the mass flux is being reduced with
time

The process of breaking the diaphragms and removing them with tape often created
sparse small particulates in the AFM scan which were often much taller than the other data.
It was determined that these were particulates since they appeared in a random fashion and
were of varying quantity. To remove these particulates from the data, it is useful to use a
program such as MATLAB or IgorPro. In this case, the particle analysis toolkit in IgorPro
was used. Since the area of the particles or noise was quite small (typically a few pixels),
the volume of these particle areas was neglected. Alternatively, one could interpolate the
value of the heights of the pixels obscured by particles. However, it was found that the error
between interpolation and simply ignoring these pixels was minimal for this analysis.

Figure 5.12 summarizes the mass measurement results, showing that the rate of mass
accumulation decreases with time. This phenomenon is expected since the release holes are
closing with time. Also, the rate of accumulation reduction itself is dependent on the hole
size. Since a constant 0.4 µm of material is deposited over the course of the experiment,
larger holes enable much larger amounts of material to pass through. Also, considering
Figure 5.11, the hole is being preferentially sealed on the same side as the peak expected
below the mass deposit.
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5.6 Discussion

Analyzing data from the width, height, and shape of mass deposits, the deposition in
ion beam sputtering is from a narrow range multi-angled deposition. Much of the material
is deposited in a single direction with additional lower deposition rates occurring in lateral
directions. Since there is a continuous distribution of material being sputtered onto the
wafer, the size and aspect ratio of the release hole is key to reducing the amount of material
deposited through the release hole. High aspect ratio release holes only allow direct line
of sight sputtering from very low rate angles. As such, this allows the material deposited
through the release hole to be on the order of nanometers thick, while the top surface has
approximately 400 nm of material deposited. Part of the reason for the mass deposition in
the release holes is the very large size of the target relative to the size of the wafer. However,
this is needed to create uniform sealing depositions along the entire wafer.

Using the estimated masses, it is possible to calculate expected frequency shifts on a
standard double ended tuning fork. Preliminary calculations indicate that the frequency
shifts expected for these mass depositions are quite small given the large comb drive mass.
Also, since the depositions are spatially confined, release holes may be placed very close to
the device to enable quick release and zero mass loading. Given these results, encapsulation
suitable for nanoscale structures is both feasible and possible.
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Chapter 6

Conclusions & Future Work

This thesis resolves four key systems level issues which have prevented MEMS double-
ended tuning forks (DETFs) from being used in commercial settings as strain gauges. By
examining each issue individually, but with a systems level perspective, a series of design
improvements were made in the gauge that did not sacrifice performance. By using silicon
carbide, it was possible to create a harsh environment compatible DETF which retained the
favorable strain sensing characteristics of a comparable silicon DETF. From this research,
a novel temperature compensation technique was discovered which takes advantage of ther-
mally induced strains to counteract changes in the modulus of elasticity. The thesis also
explored the first high strain testing of a MEMS DETF mounted on an automotive halfshaft
for torque sensing. Finally, an encapsulation scheme is designed around a novel ion beam
sputtering deposition sealing step, and shown to have very low mass depositions through
release holes. Each of the sections below comments on the key insights learned and offers
suggestions for future work.

6.1 Improved Harsh Environment Survivability

Chapter 2 demonstrated that a harsh environment strain gauge could be fabricated which
retains high strain sensitivity (66 Hz/µε) and resolve 0.1 µε in a 10 kHz bandwidth. Fur-
thermore, it was shown that an alternate material stack which utilizes silicon nitride rather
than silicon dioxide works well with SiC up to 600◦C. Testing required custom built and
specialized equipment, such as a platform to locally heat dies, and a light gas gun. Using
a light gas gun, shocks of 64,000 G were achieved, and much higher shocks are possible
using this equipment setup. From this data, it was shown that the shock modeling methods
proposed by Azevedo [3] are valid up to 64,000 G.
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Some of the areas for improvement are centered around the etching and materials prop-
erties of SiC. Special care needs to be taken in adapting silicon based tools for SiC, especially
in regards to improving etch quality. The chief difficulty with etching SiC is finding CMOS
compatible etch materials which provide vertical sidewall etching. Additional materials re-
search is warranted to improve the quality factor of poly-SiC. This research found that the
quality factor is 10 times lower than quality factors of the same DETF created in silicon.
More research is needed to understand the reason for the low quality factor, but slanted and
rough sidewalls, interfacial layers, and grain size are believed to be possible culprits.

6.2 Temperature Stability & Compensation

The traditional temperature dependence of tuning forks is fairly linear over most tem-
perature regimes, and is dominated by changes in the modulus of elasticity. By inducing
thermal strains, the temperature compensation scheme presented in Chapter 3 trades this
linear temperature dependence for a parabolic temperature dependence. However, the lin-
ear temperature sensitivity of tuning forks has been reduced approximately 10 fold over a
50 degree range without compromising the strain sensitivity of the device. The method of
purposely mismatching device and substrate materials is simple to implement and preserves
the strain sensing properties of the double ended tuning fork used in this work. The key
to this temperature compensation technique is considering the coefficients of thermal ex-
pansion (CTE) of different materials as a function of temperature. Ideally, there will be
a small, consistent CTE difference to compensate for a modulus change. However, in the
absence of that, looking for cross-over points in the CTE data will also lead to temperature
compensation.

Given the initial success seen in this area, more research into different material combi-
nations is warranted. The analytical model proposed in this chapter could be reapplied to
other material combinations with little additional effort. For example, a precursory glance
at aluminum nitride (AlN), shows similar modulus trends and CTE trends to SiC. AlN is
currently being studied for harsh environments, and could benefit from this temperature
compensation scheme, although some extensions may be necessary to account for the metal
electrodes needed for AlN actuation. However, as mentioned before, the exact value of the
CTE and small differences in the data provide for large changes in temperature compensa-
tion. More accurate measurements of CTE, and especially data on how much variation can
exist using different film deposition techniques would be especially useful.
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6.3 High Strain Torque Testing

Chapter 4 presented the first high strain testing of a DETF, proving their viability in a
multitude of situations. Initial tests show tuning forks operating at high strains of 1000 µε
show that the device can be readily adapted for use as a torque sensor. For the halfshaft
used in this experiment, a strain sensitivity of 54.86 Hz/Nm (253 ppm/Nm) was achieved,
with a resolution of 0.0009 Nm in a 4 kHz bandwidth. It was also shown that epoxy bonding
is good for situations when strains less than 100 µε are expected. In adapting the tuning fork
for torque sensing, a flat placed on a circular object requires a minimal amount of additional
manufacturing and does not substantially change the objects strength or stiffness.

When using a MEMS DETF it is important to consider two areas of strain transfer.
First, the strain transfer from the object to the die surface must be considered. In this
area, work has already been performed on flat substrates [35], and initial work on circular
substrates has been presented here. Next, the strain transfer from the top surface of the
die into the resonating beams must be considered. Future work should focus on full models
of the DETFs under high strains. Studies should focus on the anchor-block structure to
understand how strain is coupled from the top of the die to the vibrating beam structure. It
is also interesting to note that the anchors themselves could place a moment on the tuning
fork structure. Studies examining this area and the effect on the tuning fork could be of
interest as well. Also, when bonded to an object with a substantially different coefficient
of thermal expansion, large thermal strains will be present. However, research into metal
DETFs fabricated on metal susbrates could solve this issue, enabling good CTE matching.

6.4 Low Mass Loading Encapsulation

In Chapter 5 encapsulation which could successfully protect a DETF without attenu-
ating the strain sensitivity of the device was developed. The encapsulation is composed of
two parts, a structural layer and a sealing layer created with ion beam sputtered material.
Analytical studies of the structural layer show that the layer can be designed such that it
protects the DETF without attenuating the strain. To do this, it is necessary to consider
both the maximum allowed deflection and the maximum stress in the layer. Furthermore,
initial studies found that encapsulation thicknesses less than that of the substrate minimally
effect the strain transfer.

One of the key advantages of using ion beam sputtering to create the sealing layer is
the highly directional nature of the deposition. This highly directional deposition enables
very thin, spatially confined depositions below the release holes. Testing structures in this
experiment revealed that mass deposited through release holes is 400 times thinner than the
material deposited on the scaffolding layer. The material deposited through the release hole
is by line-of-sight deposition and is found to be dependent on the aspect ratio and size of
the release hole, as well as the angle of deposition. Given that the encapsulation is spatially
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confined, it would be especially useful in nanoscale structures. One of the main concerns
which needs to be addressed is the high stresses present in the ion beam deposited films.
Initial annealing results have shown that annealing is a promising avenue to reduce these
stresses, but more research is needed to draw more definitive conclusions.

This thesis presented a number of design improvements for the MEMS DETF strain
gauge. It also validates new operational limits, showing that these devices are capable of
operation at high temperature and under high strain. Given the increased understanding of
the performance of the gauge, and the added improvements proposed in this thesis, it is now
possible to consider developing a commercially deployable MEMS strain gauge.
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