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Abstract

Brittle materials are widely used as structural materials in microelectromechanical systems
(MEMS). Their mechanical properties make them suitable for high-temperature environments
where MEMS are exposed to different types of failure modes such as fractures and fast aging.
A fracture happens when the material splits into two or more pieces due to exceeding the
material’s maximum strength. High temperature accelerates fracture in materials leading to
premature failure due to crack growth. Thus, it is crucial to understand the relationship between
temperature and fracture strength in MEMS materials. Researchers have measured fracture
strength for brittle materials using different structures and methodologies, but there is still not

a standard accepted methodology to measure it in microstructures.

In this research, a new methodology using MEMS devices to determine fracture strength at
high temperatures is developed. The methodology is designed to address three significant
aspects that are currently a drawback in MEMS fracture strength testing. The first aspect is the
simplicity of the test setup. The methodology reduces sources of error and variables involved
in the measurement of the fracture strength using stress due to thermal mismatch. The tested
structures are designed using a silicon substrate and a silicon nitride thin film directly deposited
onto the substrate. The thin film is patterned into a suspended dog-bone shaped bridge and it
has a stress concentration section right in the middle of the bridge. The coefficient of thermal
expansion (CTE) mismatch between the materials provides the stress to break the thin film as
the materials expand due to the temperature change. By applying stress directly to the device,
a test setup composed of a reduced amount of elements is implemented, which makes the
experiment accessible and straightforward for its replication. The second aspect is the speed
of the test methodology. The stress concentration section makes it possible for the thin film to
fracture in minutes as the temperature is increased. Increasing or decreasing the ramping of the
temperature controls the speed of the test and opens the possibility for this methodology to be

accelerated. The third aspect is the number of samples that are tested at the same time. The
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structures providing their stress allow for the testing of several devices arrays at a time, where

each device will break as the temperature is increased.

The material tested in this study a silicon nitride thin film deposited using low-pressure
chemical vapor deposition (CVD), which is patterned into three different shapes with different
lengths to test the effect of geometry variation in the fracture strength. During testing, the
temperature of the devices was increased from room temperature to 1000 °C using a furnace
with a ramp of 98 °C/minute for 10 minutes. The breaking temperature of each device was
recorded during the experiment with its respective length and shape. The fracture strength is
determined using finite element analysis (FEA) in COMSOL multi-physics for the devices of
each shape. The FEA study models the behavior of the structures as the temperature increases
and simulates the stress up to the breaking temperature of the device, which is recorded at the
concentration section of the thin film. The fracture changed from 0.24 GPa to 2.84 GPa for
devices of shape #1, from 0.26 GPa to 2.98 GPa for devices of shape #2 and from 0.22 GPa to
2.1 GPa for devices of shape #3. These values are used to plot the fracture strength of the thin
film as a function of temperature. A Weibull statistical approach used to determine the
probability of failure of the material predicted ~80% at stresses ranging from 0.37 GPa to 0.44
GPa. From the results, it is concluded that although there is an effect from the geometry, it is
secondary to the impact the temperature has on the fracture strength. As for the increasing
fracture strength as temperature rises, this is attributed to the deformation of the silicon
substrate attenuating the effect of the CTE mismatch, which is not accounted for in the current

simulation setup.

The analytical model used to determine the fracture strength of each device was constructed
from the displacement on the thin film due to the stress and the influence of temperature and
geometry change in the material properties of the material. The experimental data is used as

input and the plotted results show a similar trend as the one observed for the simulation results.
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The data follows exponential growth for every shape at 400 °C when a decrease in the fracture
strength is expected. The fracture changed from 0.704 GPa to 6.48 GPa for devices of shape
#1, from 0.838 GPa to 9.54 GPa for devices of shape #2 and from 0.764 GPa to 7.5 GPa for
devices of shape #3. Although the trend matched in both analytical and FEA simulation with
the exponential growth of the fracture strength, the magnitudes showed a discrepancy. The
reasons for the differences are mainly due to the significance given to the geometry change of
the film in the analytical model, which is shown by how the only shape that is not symmetrical
has a remarkably increased value of fracture strength compared to the other two shapes. It is
also essential to have in mind that the analytical model is constructed based on a uniaxial
model, while the FEA simulation does consider the stress the device is submitted to from every

direction.

Lastly, this work presents an improved methodology, which incorporates additional
structures to characterize material properties for the thin film material that are involved in the
fracture strength determination. All the structures are fabricated together using the same
process to produce a high-temperature MEMS testing chip. The varying parameters of the first
tested structures is reduced by decreasing the geometrical variation of the different shapes.
From the previous results, the need to monitor strain throughout the experiment is determined.
The new devices implement the deposition of metallic markers near a stress concentration
section for optical measurements, which are used to monitor the strain of the thin films.
Measuring the strain allows for the incorporation of the creep effect in the involved materials
and understand its interaction with the fracture. The strain is also useful as an indicator of
thermal buckling or deformation in the substrate. Hence, the presented work paves the way for
future research that will improve the testing of fracture strength on brittle thin films for MEMS
devices. Based on the knowledge acquired, the new proposed devices will be of great help to
understand the relationship between temperature and the mechanics of materials as well as to

perform rapid testing materials at high temperatures.
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Chapter 1

Introduction

1.1 Motivation

Microelectromechanical systems (MEMS) are widely used due to their size and unique
properties, which are beneficial for a wide range of applications. As the MEMS fabrication
technologies and their integration to several industries increase, more industries seek in MEMS
a solution for their sensing needs, which include high-temperature applications. Industries such
as automotive, space, oil, mining, among others, would improve their existing high-
temperature processes with the implementation of MEMS. In particular, silicon (Si) based
MEMS, which is a brittle material, would improve their cost and efficiency. Brittle material
MEMS devices like accelerometers, pressure sensors, gyroscopes, among others, have been
fabricated at micro scales. Thus, making Si be the most worldwide known material to work in
MEMS at a reasonable cost and high functionality. However, high temperature affects the
mechanical and electrical properties of MEMS, which is a hurdle for the use of these devices
at a bigger scale in these environments. Young’s modulus, coefficient of thermal expansion
(CTE) and fracture strength of the material are some examples of properties vulnerable to the
effect of temperature. To be able to produce lasting and reliable brittle material MEMS for
these environments, knowing how these properties change with temperature is fundamental,
thus, it is crucial to design methodologies to study these effects. From the mentioned
properties, fracture strength is of very high importance when developing a new device. When
a device fractures it becomes unusable and has to be replaced, thus, the fracture strength is an
indicator of the device’s life cycle. Existing methodologies to determine fracture strength in
the microscale use highly customized approaches to quantify it, which are hard to replicate.
More straightforward test methodologies that can be widely replicated by different research
facilities are a need for micro materials. This research is motivated to design the foundations
of a simple yet reliable testing methodology to determine fracture strength at high temperatures
in MEMS brittle materials. The methodology is adaptable to different materials and variable
temperatures while being repeatable. The methodology aims to solve the current shortcomings
of micro materials tensile testing, which include handling of specimens, data points obtained

per test and repeatability. The early stages of the methodology are developed in this research
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and a roadmap for the future steps are laid out for its improvement.

1.2 Objectives

The objective of this project is the design of a testing methodology to measure the fracture

strength of thin films at high temperatures. This research allows for a better understanding of

the relationship between temperature and the variation of material properties. The fracture

strength of the material is profoundly affected by temperature, thus adequate methodologies

that facilitate the quantification of this effect. The objectives of this research can be divided

into two sections, proof of concept and the improvement of the proposed methodology. The

goals include:

Adaptation of an array of MEMS devices for high-temperature testing.

To achieve the accelerated testing of several devices in one experimental run.

To develop a finite element model of the experiment to determine the fracture strength
of the thin film.

The effect of geometry and temperature in the fracture strength of materials is
investigated.

An analytical model describes the mechanical interaction in the MEMS devices exposed
to high temperatures.

The conclusions from the comparison of the analytical and simulated results are used to
propose modifications in the devices and test methodology to obtain results that match
the literature used as a reference.

The proposed modifications are implemented in the device design.

1.3 Organization of thesis

In chapter 1, the motivation of this study and the objectives of this research are presented.

The contents of the five main sections of this work are briefly described in the first part of the

work. The work performed from chapters 2 to 6 includes reprinted fragments from one

published peer-reviewed conference paper [48] and three manuscripts in preparation [1], [2],

and [51]. In chapter 2, a literature review relevant to this thesis is covered, with the primary



focus on fracture, the effect of temperature on it, and different testing methodologies used to
quantify it. In chapter 3, a detailed explanation of the working conditions and the design of the
tested devices is given. The design aspects of the device that fit the methodology advantages
concerning the existing approaches are highlighted. In chapter 4, the testing methodology and
the data processing to quantify fracture strength are presented, and the results from this
research are discussed. In chapter 5, a mechanical analysis that allows the determination of
fracture strength is developed to validate the findings from the previous section. A comparison
between the results from chapters 4 and 5 is made, and conclusions are made. In chapter 6, the
modifications and improvements to the testing devices and methodology are described,
preliminary work in these modifications is also presented. Finally, in chapter 7, the conclusions

and the future work for this research are presented.



Chapter 2

Background and literature review

Parts of this chapter are an adapted form from manuscripts in preparation [1], [2]:
A. Navarrete, A. Ghannoum, and P. Nieva, “Creep of brittle MEMS structural materials: A review.”

A. Navarrete, E. Brace, and P. Nieva, “A study of the fracture strength of silicon nitride thin films at

high temperatures by means of the difference of coefficient of thermal expansion.

2.1 Brittle material MEMS devices

Microelectromechanical systems (MEMS) are devices with countless applications in several
industries, such as automotive, medical, and communications. Their size provides an
advantage in tasks where compactness and robustness are required. When the materials used
in their fabrication transition from the macro to the micro-scale, their properties change,
allowing for different behaviors. The materials can be metals, composites, ceramics, and
polymers and they are selected based on the intended function and working environment of the
device. The most commonly used type of material is ceramics, which are cataloged as brittle
materials, which do not deform when a crack happens due to an absence of stress relief
mechanisms in the material when the crack grows, and it does it freely until a fracture occurs
[3]. However, ceramics still have properties that make them attractive for a variety of
applications that other types of materials do not have. Unique dielectric properties, good
insulation, excellent resistance to temperature and stress, robustness, resistance to harsh
environmental conditions, and high fracture strength are some of the advantages they provide
[3]. Due to their brittleness, semiconductors are considered as ceramic materials, therefore
widely used in MEMS. These materials include silicon (Si), polysilicon (PolySi), silicon
nitride (Si3N4), and silicon carbide (SiC), among others. Si and PolySi provide an extra
advantage due to their compatibility with the fabrication techniques used to develop integrated
circuits (IC) [4]-[6]. Thus semiconductor materials are ideal to be used as structural

components in MEMS.

Ceramic material MEMS are used in a wide range of environments, one of which is harsh

environments. A harsh environment is defined as a media where one or more of the following



conditions can be found: high temperature, intense vibrations, erosive flows, pressure,
radiation, or corrosive environments [7]. Some of the industries that implement MEMS
technology in this type of environment include the automotive, military, medical, aero defense,
space, and medical sectors [7]. However, these environmental conditions have a significant
impact on the material properties and the reliability of MEMS devices. In this work, high
temperature will be the target environment for which the built and tested devices presented are
focused. At the same time, “high temperature” will be considered as the temperature at which
Si begins to degrade [8]. The electrical degradation of Si occurs at 150 °C, and its mechanical
degradation starts at approximately 500 °C [9], [10]. Thus, any application that works over 150

°C will be considered as a high temperature.

2.2 High-temperature effects on the reliability and mechanical properties of
MEMS materials

The reliability of a device is defined as its probability to fulfill the task it was designed for
throughout its lifetime [11]. The lifetime of a device is referred to as the period during which
it meets its objective and functions within its expected output specifications [12]. Reliability
in MEMS is one of the most significant obstacles for them to be used on a massive scale;
improving it is one of the most critical priorities for the development of microengineering [13].
The correct prediction of the lifetime of a device is also of great interest for estimations of
when to replace a MEMS device. Thus, understanding these two concepts is vital for the further

expansion and success of MEMS devices.

The most commonly used MEMS devices are accelerometers, pressure sensors, gyroscopes,
thermal actuators, and chemical sensors [13]. All of these devices are used under many
operating conditions. However, their successful operation at high temperatures is still minimal
due to a lack of understanding of the limitations of their material properties want these harsh
environments. For MEMS devices used in these environments, the characterization of their
reliability is profoundly affected by temperature, leading them to faster aging, premature
malfunction, and ultimate failure. These effects include the reduction of the materials fracture

strength, reduction of Young’s modulus, change in their CTE, and the rise of plastic



deformation to mention some [7], [11].

In the literature, evidence of these changes in properties can be found through several
research groups. Jeong, J. et al. studied the variation of Young’s modulus of Si micro
resonators from 25 °C up to 600 °C observing a decrease from 168 GPa to 161 GPa as
temperature increased [7]. The change might seem negligible; however, it happened after only
20 minutes of dwelling at high temperature. For devices that are expected to function thousands
of hours in these conditions, this impact will be more altering. Burkhardt and Marvel studied
the thermal mismatch between Si and Si3Ns, obtaining the variation of the CTE of each
material with respect to temperature. They developed equations reflecting the change based on
their experimental data [14]. In the case of fracture strength, Sharpe, W. et al. tested the effect
of temperature in the fracture strength of polysilicon specimens. These researchers observed
small changes in the fracture strength of PolySi up to 250 °C [15]. The slight difference can be
explained due to PolySi having a similar structure as Si; thus, more impactful changes are
expected as the temperature gets close to 500 °C. As temperature increases and the material
properties change, the effects that reduce the lifetime of the material become more detectable.

Thus, it is essential to identify these effects and how they manifest in the materials.

2.3 Failure modes and failure mechanisms at high temperatures

The first step to study the reliability of MEMS devices is to determine the possible failure
(failure mechanisms) of the device, and through which effects (failure modes) they make
themselves present. Failure modes are defined as the apparent failure of the device; it is what
can be visually observed to be the failure (i.e., a stuck beam, a broken component, or a worn-
out element) [16]. The failure mechanism is the cause behind the failure mode, the physical
explanation that caused the failure to happen (i.e., delamination, stiction, or wear out) [16].
These two elements need to be studied simultaneously to understand the whole process of

failure.

The best approach to detect failure modes and mechanisms is to test the materials to their

limits while measuring their physical properties and their change as the test progresses [7].



Examples of these tests include stress cycling, thermal shock, thermal cycling, and vibration
testing [17]. The tests are designed to target a particular failure mechanism and observe its
corresponding failure modes and effects on the material properties. For MEMS devices that
operate at room temperature, some of the most common failure mechanisms are stiction, wear
out, fatigue, and fracture. However, high temperature introduces failure mechanisms that are
exclusive to these environmental conditions and changes the behavior of those observed at

room temperature.

In their work, Spengen et al. enlist some high-temperature failure mechanisms, which

include delamination, fatigue, package failure, thermal buckling, fracture, and creep:

¢ Delamination. - It takes place in the interface of stacked layers of different materials.
It characterizes by the separation of the layers that compose the stack. Some of the
causes are fabrication processing defects and high-stress levels at the interface. The
stress at the interface comes from a difference in the CTE between the material layers
[18]. Maligno, A.R. et al. studied the influence of thermal cycling in multilayered
MEMS, the devices had both metallic and ceramic layers, such as copper (Cu), PolySi,
Si, oxide, and nickel (Ni). They observed delamination at the interface of PolySi and
Cu during thermal cycles up to 200 °C, which led to the conclusion that high
temperature accelerated the delayering of the stack [19].

¢ Fatigue. — Fatigue is the gradual degradation of the materials of the device when they
are submitted to cyclic stress; the stress source can be mechanical or thermal [20].
Kamiya, S. et al. studied the fatigue damage in PolySi by applying a load with a load
cell in a nitrogen environment at two different temperatures, 22 °C and 180 °C.
Experimenting with the same conditions except for the temperature helped to decouple
its effect in the study of the fatigue damage in the sample. Their findings showed more

significant fatigue damage in the samples exposed to a higher temperature [21].

¢ Package failure. — This failure mechanism is of particular interest for MEMS devices,
since every device has to be contained inside a package to enhance its reliability, protect

it from the environment and integrate it with its correspondent electronic circuitry [22].



High temperatures can damage the package, especially when metallic components are
included, like solder joints. The interaction of the materials in the package generates a
thermal mismatch, which leads to the fracture of the packaging, leaving the device

vulnerable to the environment [23].

Thermal Buckling. — It is associated with the instability of the device components
when a load that surpasses a critical point; in this case, thermal is applied [24]. Once
this critical point is reached, the element will bend out of the plane with respect to the
axis where the load is applied. This effect will become a source of compressive stress
in the device, which can accelerate other failure mechanisms, such as a fracture.
Thermal buckling is highly dependent on the geometry of the component and the
stiffness of the material that composes it. Ettouhami, A. et al. characterized the thermal
behavior of a capacitive Si membrane-based pressure sensor. They observed the effect
of the geometry of the membrane, size, and shape, on the temperature at which thermal
buckling happens. A thicker substrate, made of Pyrex, resulted in a higher temperature

needed for thermal buckling [25].

Creep. — Creep can be defined as a time-dependent deformation when a load is applied
[16]. It is affected and accelerated by high temperatures and high loads. It cannot be
reversed, for which it is considered a plastic deformation. The effect of temperature
and stress on the tested sample depends on the material composition and time of
exposure to these elements [8]. Tuck, K. et al. used PolySi structures to observe the
evolution of creep deformation up to rupture when the temperature changed at constant
stress and when stress changed at constant temperature (Figure 1). The results showed
that creep was influenced more by the temperature changes than from the stress

variation [26].



Figure 1. — Creep rupture of PolySi beams tested by Tuck et al. at high temperatures, the beams
present necking, which suggests plasticity before their failure. Reprinted by permission from

[26]. Copyright (2005) American Society of Mechanical Engineers ASME.

¢ Fracture. — Fracture is the separation of materials in two or more pieces. In brittle
materials, it is originated due to the extension of a crack across the whole component
ending its lifetime [11]. DelRio, F. et al. presented an extensive review of the fracture
of Si and PolySi MEMS. They discussed the work of a few research groups that
measured the dependence of fracture on the temperature in diverse materials and sizes.
The results showed a decrease in the mechanical strength of structures leading to a

faster fracture as temperature increased [11].

What most of these failure mechanisms have in common is the deformation of the material
and their dependence on stress and temperature. These high-temperature deformations can be
labeled as creep or material plasticity, which contribute to the fracture of device components.
In the work of DelRio, F. et al., where temperature reduces the strength of the material, it can
be speculated that creep and plasticity affected the fracture strength. Making fracture and creep
the most predominant failure modes at high temperature. In this work, a focus on the fracture
of micro materials at high temperature is taken. Therefore, in the following sections of this
chapter, a more in-depth discussion of fracture, testing methods at high temperatures, and

conditions that affect fracture will be presented.



2.4 Fracture strength

As mentioned in the previous section, the fracture is defined as the separation of an object,
material, or system in two or more pieces. It is known as the ultimate failure mechanism due
to the device becoming non-operational once it happens. Thus, materials have to be chosen
with a strength that is higher than the stress values under which they will operate. Other causes
of accelerating factors for fracture are fatigue, shock, wear out, and creep [27]. There are
different types of fractures based on the breaking mechanics of the material. Fonseca and
Sequera described this classification:

¢ Brittle fracture. — This fracture happens along the crystallographic planes of the
material. It only takes a small crack to form in the material for it to expand rapidly until

the component breaks.

¢ Ductile fracture. — This fracture is characteristic of ductile materials. As the material
stress increases, a continuous plastic deformation appears in the stress concentration

area of the component. This deformation is known as necking.

¢ Creep rupture. — It is found on brittle materials; it is highly similar to a ductile

fracture, with the only difference of it being time and temperature-dependent [28].

¢ Intercrystalline fracture. — Characteristics of polycrystalline materials with a starting
point in the boundaries of the crystal grains when a large number of impurities

accumulate in them.

A schematic is shown for different types of fractures in Figure 2. For materials like Si,
PolySi, and Si3Ny, a brittle type of fracture is expected. Therefore, the focus of this study will

be on brittle fracture.

2.4.1 Fracture strength of brittle materials at high temperature

Brittle fracture takes place when the material is exposed to stress strong enough to break the

chemical bonds in its atomic structure [3]. Brittle materials tend to have high-stress tolerance.
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However, if there is a high amount of flaws in the material, they help the stress to concentrate
and become high enough to fracture it [3]. A definition of flaw is needed for a better
explanation. Flaws are any small cracks or defects that can be present in the material due to
fabrication, processing, or handling of the devices. As stress concentrates on these flaws, they
grow until material breaks. When designing MEMS devices, a margin is left between the
material’s fracture strength and the operation stress; however, factors like temperature will

accelerate fracture.

B
VWA
M ()

Figure 2. — Types of fractures on materials. A shows how a brittle material fractures, B shows the
fracture of a moderately ductile material, C shows the fracture of a semi-ductile material, and D

shows the fracture of a perfectly ductile material, also known as rupture [29].

The effect temperature has on the fracture stress of ceramic materials is directly related to
their brittle to ductile transition temperature (BDT). As temperature increases, some ceramic
materials begin to change their phase and display behavior of a ductile material, such as
necking and no immediate fracture, which is known as the onset of plasticity [11]. Plasticity
happens due to temperature reducing the activation energy of dislocation motion in the
material, which is high at room temperature. Dislocations appear when a stress is applied to
the material, and slip planes are spaces between crystals where the dislocations can move to as
the material is stressed. Dislocation motion is the phenomenon where dislocations slip or climb
through these spaces [30]. Temperature increase facilitates for the movement of these

dislocations allowing them to accumulate and make the material harder to break, through a
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healing process. This process counters the deformation and cracks propagation, causing the
observed plasticity in the ceramic. However, even if the temperature increases the ductility of
ceramics, it does not stop the atoms of the material to distance themselves from one another,
decreasing the fracture strength of the material. Thus, as the temperature increases, the fracture
strength of a material tends to decrease, making it a crucial design parameter that needs
attention when creating a new device. Therefore, the relationship between temperature and
fracture has to be studied closely. In the following section the work of several research groups

that have studied this decrease and their proposed testing methods will be discussed.

2.4.2 Fracture strength testing methodologies

The study of how the temperature changes the properties of a material is of vital importance
to be able to commercialize and produce sensors that work in these environments. A
miscalculation or dismissal on any reducing effect temperature has in a mechanical property
can cause a negative result when testing a device. Thus, several methodologies to measure the
fracture strength of materials at high temperatures have been proposed. The challenge of these
methodologies is not only to implement a heating element into their test but also handle and
adapt to the dimensions MEMS devices have. There are two types of approaches when testing
MEMS, one is to use macroscale testing methodologies and scale them to the size of MEMS,
and the other is to create entirely new setups and methods. Another characteristic of the
traditional approaches for fracture strength measuring is how the results obtained are
processed. The results for fracture strength testing present commonly a scatter in the data,
which is explained by how fracture works in brittle materials. As mentioned before, brittle
fracture is dependent on flaws; however, these flaws are not consistent from one device to the
other, even if they were fabricated in the same process and are virtually identical. Thus,
statistical approaches are used to analyze the data; in particular, a Weibull distribution is used

[31].

2.4.2.1 Weibull distribution

The Weibull provides a wide distribution that generates “best fits” for reliability data due to

the many shapes the distribution can characterize and its ability to analyze small sample sizes.
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The Weibull probability distribution function gives the probability for a structure to break

when it is submitted to a stress o is provided by (1) and is characterized by three parameters:

09— ¥Y\m
Pi(o)=1—e )" (1)

Where m, oy, and y are the Weibull parameters of dispersion of the data, the characteristic
life, and location, respectively [32]. The dispersion parameter m indicates the grade of
scattering of the data, and the characteristic life parameter 6o indicates the stress at which
63.2% of the samples will have failed, and the location parameter y indicates the stress at which
there will be zero failures [33]. The location parameter can be assumed as zero to reduce the
number of parameters of the Weibull distribution to two. Therefore, a two-parameter Weibull

distribution is used to analyze the fracture strength values obtained from the experiments.

0 \m
Pi(o)=1—e ") (2)

The two-parameter Weibull equation given in (2) is solved using the values of the parameters
m and oyp. These parameters can be determined by applying linear regression to both sides of
the equation. The linear regression is used to relate the temperature of the breaking of the thin
film to the fracture strength of the material at said temperature. The linear regression in (3) is
obtained by applying logarithm properties to both sides of (2):

In|l ! = ml l G)
n [ n <m>l = min(o) — min(oy)

Where using a methodology named “median ranks,” the value of the distribution function is
determined in (4). The values of fracture strength have to be ordered from the smallest to the
largest and are assigned to the value of i, while n is the number of samples that constitute the
studied population:

(-3 (4)

Prlo(@®) = (n + .4)

Using the results from the left side of (3) as the Y-axis and the natural logarithm of the left
side of (4) as the X-axis, a Weibull plot is formed. This plot is fitted with a straight line, and

the value of the slope determines the m parameter. The expression given in (5) is used to
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determine the oy parameter:

oy = el7) (5)

Where 7 is the residual from the straight line fitted into the equation, the parameters are used
in (2) for the determination of the survival rate of the material. In the following section, diverse

testing methods to determine fracture strength at high temperatures are outlined and reviewed.

2.4.2.2 Fracture strength characterization at high temperatures

In recent years, different attempts have been presented to characterize high-temperature
fracture of ceramic materials. In 2001, Sharpe, W. et al. conducted studies on the stress-strain
behavior of PolySi micro samples at high temperatures. They used two different specimens to
do their research (Figure 3). The first specimen is called the wide device; this specimen
consisted of a patterned suspended PolySi bridge and wide ended to facilitate its handling. The
suspended bridge works as a stress concentration point with dimensions of 4000 pm length,
600 um width, and 3.5 um thickness. The narrow devices consist of a cantilever beam
anchored to the substrate on one side and with a wide suspended end on the other. The beam
connecting both ends is the stress concentration section and has dimensions of 50 um width,
3.5 um thickness, and unspecified length. Both devices have gold lines (markers) deposited on
their stress concentration sections, and the lines are 20 um wide, 0.5 um thick, and of an
undetermined length. The markers are set apart 200 um and are necessary for the use of laser-
based interferometry, which allows for in-situ strain measurements by monitoring this
distance. A laser beam reflects onto the gold, creating fringe patterns, which position is
dependent on the separation of the markers [15]. The test is performed by mounting the
devices, according to their type, to set them up for stress application. The wide device was
glued from its wide ends to the grips of the test setup. One of these grips is attached to an air
bearing connected to a load cell that measures the load provided by a piezoelectric actuator.
For the narrow devices, one end of a SiC fiber is glued to the wide free end of the device, and
the other end is attached to a load cell that measures the load provided by a piezoelectric
actuator. Both specimens were tested up to 250 °C, and the results for the narrow devices

showed an expected scatter and a negligible variation in the results. For the wide devices, there
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is only one data point available; thus, any conclusion on them would not be supported with
enough evidence. From work done in this research, it is possible to draw some conclusions.
The first observation is how useful it is to have a resource like interferometry to do in-situ
measurements that are non-invasive to the test devices. It also allows for the continuous
analysis of the strain throughout the whole experiment. Another observation to be made is on
the handling of the devices. Handling micro devices without breaking them is complicated,
and Sharpe et al. came up with an ingenious solution to address this. However, the use of
adhesives would need to consider any thermal expansion mismatch between the glue and the
glued material, also for any softening of the glue, which could loosen the grip on the device.
Lastly, concerning the results and the negligible change on the fracture strength, it is expected
for there not to be a considerable change due to the low temperatures at which these tests were
conducted. Thus, higher temperatures are needed to study the temperature effect on the fracture

strength of ceramics.
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Figure 3. — On the left, the PolySi “Wide device” tested by Sharpe et al. to study the effect of
temperature on material properties. On the right, the PolySi “Narrow device” used for the

same study. Reprinted by permission from [15]. Copyright (2001) Springer Nature.

Higher temperatures are required to see the change in fracture strength, as shown by the
previous study; thus, elevated temperature methodologies emerged in the following years. In
2008, Nakao, S. et al. studied the fracture strength of single-crystal silicon (SCS) from room
temperature up to 500 °C. In Figure 4, their device and test setup are presented. Their device
was composed of a support frame attached by the stress concentration beam to a load lever
supported on torsion bars to apply tensile stress onto the test beam [34]. The test beams have

lengths of 50 pm and 100 pm, a width of 45 um and thickness of 4 pm. The way the devices
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work is by applying a load onto the load lever, it rotates supported by the torsion bars and pulls
on one end of the stress concentration beam. The tensile force is determined from the applied
load. The experimental setup used to apply load and temperature has a stainless steel chamber
with a heating stage in the middle, on the sides of the chamber, a thermocouple, and a cartridge
heater. The load is applied on the load lever with a double cantilever spring, which is attached
to the side of the chamber, and the displacement provided is measured with a capacitive

resolution sensor.
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device beam

. Thermo
Support frame couple
Heating
stage

Cartridge
heaters

A B Smm
S S - s
Torsion bar bt XY0 stage Stainless steel chamber

Figure 4. — On the left, the device used by Nakao, S. et al. to study the fracture of SCS at high
temperature with its components is displayed. On the right, their custom test setup is shown
with all the elements needed to perform their tests. Reprinted by permission from [34].

Copyright (2006) Journal of Micromechanics and Microengineering.

The stage is pre-heated to 500 °C, and once it is stabilized, the capacitive sensor and the
double beam are activated to take measurements. At room temperature, the fracture strength
of SCS was measured to be 5.73 GPa, and when measured at 500 °C, the fracture strength was
determined to be 1.84 GPa. The authors attribute this decrease to the vibrations between atoms
caused by the high temperatures. It is also worthy of mentioning that the authors observed
plasticity in the beams at temperatures between 400 °C and 500 °C. In this experiment, it is
essential to make emphasis on the drastic change the fracture strength of SCS had, which is
expected in materials as their temperature is increased at high values. The more samples, the
more a variation, and a better average of the value of fracture strength will be obtained. One

of the short comes of many of these studies is the number of samples that are tested due to
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financial concerns or capabilities of the setup. Better methodologies with high volumes of data

at low costs are needed.

The previous studies characterize for a low volume of data points; thus, better tests that allow
a more significant amount of tests are required. When the number of data increases, statistical
methods become to study it. In 2009, Namazu and Isono conducted a study on the fatigue of
SCS at temperatures up to 300 °C. For their studies, a reference fracture strength was required,
thus using three different devices and two different test methodologies that characterized SCS
fracture. The testing devices were classified as nano bending, micro bending, and tensile
devices and tested with an AFM machine, a nanoindentation tester, and a custom tensile test
setup, respectively [35]. In this review, the focus will be only on the nano bending and the
tensile devices due to a lack of high-temperature testing on the micro bending devices. The
nano bending devices were fabricated using a custom microfabrication methodology. The
devices had a trapezoidal cross-section with the long width ranging between 0.37 um to 0.98
um, the short width from 0.2 um to 0.8 um, 6 um length and 0.25 pm thickness. The tensile
devices were fabricated using standard microfabrication processes. Their cross-sectional area
was rectangular, and their dimensions were 76 um to 250 um of width, 4 um to 24.5 um of
thickness and 100 um to 3000 um of length. The nano bending devices are tested on top of a
heater that takes it to 300 °C using an AFM tip made of diamond. A periodic force is applied
to the device using a piezoelectric actuator, and the force and deflection are calculated and
used to determine the fracture strength. In Figure 5, the AFM bending test setup used by
Namazu e Isono is shown. The tensile devices are tested with a custom tester consisting of a
piezoelectric actuator built in a case alongside a linear variable displacement transducer, a load
cell, and a specimen holder. The actuator loads the device, and the setup is placed in an X-ray
diffraction equipment (XRD), and the X-ray characterizes the strain Young’s modulus and
Poisson’s ratio. The results for every device were plotted, and a Weibull statistical approach
used to obtain their average value. For the nano bending devices, the fracture oscillated from
17.63 GPa to 10.64 GPa; these results showed a trend of a higher fracture strength the smaller
the device, and the lower the temperature. The change between two geometrically identical
devices was of 1.85 GPa, with a fracture strength at room temperature of 17.63 GPa and a

fracture strength at 300 °C of 15.78 GPa. For the micro bending devices, the fracture oscillated
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from 7.68 GPa to 3.70 GPa; however, these devices only were varied in geometry and not
temperature. For the tensile fractures, the fracture varied from 1.71 GPa to 1.31 GPa; these
results also showed a trend of a higher fracture strength, the smaller the device, and the lower
the temperature. The change between two geometrically identical devices was of 0.28 GPa,
with a fracture strength at room temperature of 1.71 GPa and a fracture strength at 300 °C of
1.43 GPa. A trend can be observed with these experiments, which show as size decreases, the
fracture strength increases and as the temperature increases, the fracture strength decreases.
An observation from this study is all these data points due to how the devices are configured
were done one at a time, which would take a long time and a long preparation of the samples.
Testing more of one device during the same test run is an improvement that test designers

should be aiming to achieve.
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Figure 5. — AFM bending test setup designed by Namazu and Isono for the study of fracture
and fatigue in nano specimens [35]. © [2009] IEEE. Reprinted, with permission, from [T.
Namazu et al; Evaluation of size effect on mechanical properties of single crystal silicon by
nanoscale bending test using AFM; Journal of Microelectromechanical Systems; February
2009].

Lastly, a review of the most recent work on fracture strength at high temperatures in micro-
ceramic materials is presented to observe the current state of the methodologies. In 2018,
Elhebeary and Saif proposed a new stage to do high in-situ temperature bending tests on Si

microbeams (Figure 6). The experimental device is compact and can be placed inside a
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scanning electron microscope (SEM) mounted in a testing stage. It is composed of a frame
with two pinholes to stretch the frame and provide the bending of the device. The device testing
beam is 60 pm long, 40 um width, and 2.5 pm thick [36]. A series of support beams are used
to transmit the force to the device, and a set of force sensing beams record the applied load.
The displacement of these two types of beams during the test is measured by placing gauges
near them. The testing stage is made of mechanical and thermal components. The mechanical
part provides the stretching using a pin connected to a piezo actuator on one end of the device

and a micrometer stage on the other, while the thermal part raises the temperature of the stage.

The mechanicals setup is set on a 1000 °C heating stage with a water-based cooling system
for other stage components not to overheat. The displacement is measured by using SEM
images and tracking the movement of the gauges, using the distance between gauges, and the
stiffness of the beam a load can be calculated. Elhebeary and Saif tested their bending beams
up to 450 °C, obtaining a fracture strength of 1.8 GPa and observing plasticity in the beam.
There are a few things to mention in this experiment. The first one is how interesting it is to
see plasticity at temperatures below 500 °C in SCS. The causes for this can be the levels of
stress provided by the bending test affecting the device more than tensile testing stresses do.
Another aspect to mention from this experiment is how, although innovative, the test setup is
extraordinarily complicated and uses elements like pins and posts. While these components
might accomplish their function, the more components involved in the testing, the more
sources of risks, failures and possible errors. At the same time, the samples need so much
support of auxiliary beams for measurements and load application that it only allows for testing
a beam at a time, which allows for the conclusion that even most recent works although
innovative addressing the handling of microdevices, still need better setups and adaptability to

test multiple devices at the same time.
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Figure 6. — The testing device used by Elhebeary and Saif, on the left, the frame, and supporting
beams to transmit and measure the load in the sample are displayed. Top right, the strain gauge
used to determine the force in the sample is shown, while in the bottom right, the test beam is

shown. Reprinted by permission from [36]. Copyright (2018) Elsevier

As a conclusion from the review of all these works, it can be determined the ideal
improvements a new methodology to measure fracture strength should have:
¢ Simple, accurate, and reproducible testing setups. Setups need to be able to be put
together by other research parties for its improvement or further validation. The
number of components should be kept to a minimum to reduce costs and to reduce
the number of elements that can fail.
¢ Accelerated testing. Testing that is done in a matter of minutes, and that is not limited
to one sample per test run.
¢ Testing setup resistant to temperatures over 500 °C
¢ Better handling of the testing devices to avoid sample destruction.
In all these studies, Si and PolySi MEMS are the focus of interest due to the number of
applications that use these materials. However, as time has gone by, materials like SiC and
Si3N4 have emerged already as the high-temperature alternatives for MEMS. Therefore, their
properties with respect temperature need to be characterized due to their resistance to high
temperatures makes it harder for them to be affected for additional factors that appear at high

temperatures and accelerate fracture.
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2.5 Factors that contribute to fracture

2.5.1 Creep

As mentioned before, creep is defined as a time-dependent deformation when a load is
applied [16]. It is affected and accelerated by high temperatures and high stress. The effect of
temperature and stress depends on the material composition and time of exposure to these
elements [8]. It cannot be reversed, for which it is considered a plastic deformation. Although
creep is a characteristic of ductile materials, brittle materials have been reported to experience
creep when they operate near or beyond their BTD temperature and at high-stress levels for
extended times. When creep generates stress for the first time in the material, an elastic
deformation is generated alongside with a plastic deformation, as this continues, the
dislocations in the material will move generating a strain known as creep strain rate [9]. Creep
strain rate is used to quantify creep when the device is tested at a constant stress or a constant

load.

Creep is characterized by three stages of deformation, which are primary, secondary (or
steady), and tertiary creep [8]. In Figure 7, it is possible to observe how the three stages of
creep behave in terms of their strain rate. Creep strain is given by the relationship between
strain rate and time shown in (6):

_ O (6)
ot

£

In the first region, known as primary creep, the creep strain rate increases and then starts to
decrease until it stabilizes and reaches a constant rate. The following section is known as the
secondary creep region, where the creep strain rate becomes and remains constant throughout
the whole stage, and it is the lowest creep strain in the process. Lastly, the tertiary creep region

is where the creep strain rate has a steep increase that leads to the fracture of the structure.

Each creep stage has a representative equation and has been applied for different types of
materials. In the case of brittle materials, Tuck et al. characterized polysilicon micro samples
resulting in plots with a trend that follows the graph shown in Figure 7 [26]. A brief description

of the creep stages and their corresponding equations are presented in the following subsection.
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Figure 7. Characteristic plot for the different creep stages in a material submitted to high
thermal stresses showing its different stages up to its rupture. The three different stages are

primary, secondary, and tertiary [8].

2.5.1.1 Primary creep
Primary creep, also known as transient creep, occurs when the strain rate increases rapidly
at a logarithmic scale. However, at the end of the stage, the creep rate slows down quickly [37].

The creep strain rate is represented in most cases by (7):

éprimary = At™" (7)

Where € is the creep strain rate, ¢ is the time, and 4 and »n are experimental constants [38].
The constant n value has been found to range between 0 and 1, and each value derived a model.
The first variation occurs when n takes the value of 1, which corresponds to the case of

logarithmic creep or alpha creep shown in (8):

éprimary = alog(t) (8)

Where « is a constant observed in the characterization of different materials, such as Cu and

aluminum (Al) [39]. The second variation is known as Andrade’s law, or beta creep, shown in
9):

Eprimary = €0 T .Btm (9)
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In this expression, & is the initial strain that occurs when the load is applied, £ is a constant
related to the decrease of the strain rate with respect time, ¢ is the time, and m is the Andrade’s
exponent. Andrade’s exponent was mentioned to have a standard assumed value of 1/3 for
several materials, due to how this value fitted the creep data obtained for several materials,
such as polycrystalline metals, zinc (Zn) and celluloid [37]. However, Nabarro & Villiers later
found that the exponent variation depending on the studied material renders more adequate
fittings of data as opposed to always assuming a value of 1/3. Transient creep has been
observed in brittle materials as the temperature at which they work is increased. Such is the
case of Yao et al. for their study done in SCS membranes where they observed the creep of

their devices could be characterized mostly by the primary creep portion of the creep plot [40].

2.5.1.2 Secondary creep

The second stage of creep is called steady creep, and a continuous straight line represents it.
The reason for a constant strain rate is the equilibrium between the processes of deformation
of the structure with another process of recovery [37]. The temperature and the stress deform
the material as they increase, and at the same time, the temperature commences a process of
healing of the forming cracks in the material, which balances the strain of the material [41].

The equation that defines the stationary behavior of creep is given by (10):

Eprimary = €0 T pt™ (10)

In this equation, the terms A4 and n are material constants, and the variable Q is the activation
creep energy of the material, R is the gas constant, and 7 is the temperature at which the device
is submitted. The constant 4 is associated with the crystallographic structure of the material,
while # is known as the power-law creep exponent. This constant has been found to take values
between 3 or 12 for diverse materials, although there is evidence that attributes the variation
of this parameter to the creep mechanism of the material [42]. This segment of the
characteristic plot is the most used to study creep due to its stability and linearity. It is an
important design parameter due to being the lowest creep strain rate the material will
experience. A challenge of characterizing this segment is the variation of the creep parameters

as creep progress, and taking them as constant can produce imprecise models of creep. Such is
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the case of the creep activation energy, which is associated with the diffusion energy, changing

over different ranges of the temperature of the material [43].

2.5.1.3 Tertiary creep

The tertiary stage is the last creep stage, where the creep rate accelerates until the fracture of
the material, this fracture known as rupture [20]. Creep rupture is highly similar to a ductile
fracture, with the only difference of it being time-dependent [28]. For ceramics, the rupture is
caused by voids and micro-cracks that destabilize the structure of the material [30]. These
cracks result from boundary separation, internal cracking, cavities, and necking in the material
due the elevated stress and temperature [44]. This stage of creep is usually not recorded in
experiments due to not be considered as crucial as the steady-state creep stage for device
design. However, there is significant data at the beginning of the tertiary stage of creep. Pelleg,
J. mentions that the transition between secondary and tertiary stage creep indicates the
threshold at which the material will accelerate its decay. Some studies have associated the time
of rupture to the time at which the tertiary creep starts to happen, and it is described by the
empirical relationship in (11):

— Hu
ttertiarycreep =Ax tr (11)

Where C and p are constants with an empirical value often of 1. However, empirical
relationships need further research to prove they are fit to describe various materials or
instances. Creep manifests at higher temperatures in brittle materials opposed than in most
metals; thus, it is harder to observe tertiary creep occur in them. In the following section, the

creep mechanisms in creep and their relationship to fracture are highlighted.

2.5.1.4 Creep in brittle materials

The study of creep on brittle materials, mostly ceramics, was not of particular interest due to
how prone they are to thermal shock [30]. However, upon finding their good thermal strength
and resistance to corrosion and oxidation, the interest in working with them in high-
temperature environments increased. Up to that point, the structure of brittle materials had

made the study of the creep mechanisms related to their plastic deformation rather tricky. This
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complication has caused for the study of creep in these materials to be ruled and characterized
by the existing creep knowledge from alloys and metals. However, presently, brittle material
creep mechanisms are known. They are dislocation motion for single crystal materials and

grain boundary sliding (GBS) for polycrystalline materials [44].

The most used material in the MEMS industry is SCS. The electrical and mechanical
properties of SCS have made it the most predominant material used in MEMS, especially as a
substrate for MEMS devices. However, as has been mentioned before, SCS plastically deforms
by the effect of high temperatures [10]. Over time this plastic deformation is known as creep.
The creep mechanism for this type of material is attributed to the motion of dislocations. In
Figure 8, the way a dislocation travels through a material is shown. Another brittle single
crystal material is SiC, which is more resistant to creep than other ceramics. This material is
one of the preferred materials catching the interest of high-temperature researchers for their
applications. However, this material is not exempt from undergoing creep when the
temperature and the stress reach very high levels. The temperature at which SiC creeps is found

between 1575°C and 1750°C [45].
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Figure 8. A diagram showing the process of dislocation motion. On A, a crystal lattice with a
defect has stress applied to it. On B, as the bonds break due to the stress, causing the planes to

rearrange and the defect to move, this is called a slip. On C, the slipping process continues [46].

In the case of polycrystalline materials, their grains slide past each other along their edges
causing shear stress at their boundaries. This stress is responsible for GBS, which is responsible
for the plastic deformation on the material, and it is caused due to the weakening of the grain

boundaries. GBS is associated with a vitreous phase called the “glass phase,” which appears
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around the grains as temperature increases and contributes to their sliding. It is believed that
GBS is the precursor to the formation of cavities and voids that accelerate the creep rupture of
materials. In Figure 9, a diagram showing how GBS works is shown. An example of materials
where GBS is the creep mechanism is Si3N4 and its related ceramics. Its multiple applications
make it one of the most characterized brittle materials by different research groups, and
although it has excellent creep resistance, it is not immune to its effect [44]. Melendez and
Rodriguez studied the diverse creep mechanisms affecting silicon nitride, mention that the
inclusion of silicon nitride in various ceramic materials is often assumed to be accompanied
by the vitreous phase aforementioned, which facilitates GBS, material diffusion and cavity
growth during the high-temperature deformation of the material [44]. PolySi is a
polycrystalline brittle material that is widely preferred when fabricating MEMS due to its high
adaptability to the fabrication processes that work for Si structures. At high temperatures, it
also displays a ductile behavior once it reaches its phase change point at 500°C [47]. Its
polycrystalline structure makes it susceptible to GBS as it is shown in work by Tuck et al.,
where they observed grain growth in the fracture of PolySi and concluded its failure

mechanism was due to GBS [26].

Stress Slip

Figure 9. In the diagram, a set of grains is shown; as stress is applied, and the temperature is
raised, the boundaries of the grains weaken, and movement is generated. The areas where

multiple grain boundaries meet tend to be the most vulnerable to this effect [44].

Different attempts to quantify creep have been made and have had success matching data
results with simulations as well as quantifying fracture strength. However, in many cases, the
relationship between these material properties is not profoundly discussed, and neither is the

effect creep can have in the other component of a test setup when fracture at high temperature
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is being studied. More efforts need to be directed to define the interaction between these two

failure mechanisms in MEMS.

2.5.2 Thermal buckling

As defined in a previous section, thermal buckling is the instability of a component due to
thermal stress. This effect is prevalent on devices with layers of different materials in contact
with each other. As temperature rises, the difference of CTE between the materials will
generate a mismatch and causing stress to it. The direction of the stress will be dependent on
which material is on top and which is at the bottom. If the material on top has a bigger CTE
than the one on the bottom, the bottom material will pull the top material inwards, creating
compressive stress. If the opposite happens, the bottom material will pull the top material
outwards, causing tensile stress. If the mismatch stress is compressive and high enough to
surpass the critical load, the structure buckles. The critical load is the point at which the
structure becomes unstable, and in the case of thermal buckling, this critical load is associated
with temperature called the buckling temperature [25]. Once the structure reaches this stage,
any deformation is hard to predict, and even a small force can produce a strain that fractures
the structure prematurely. The consequences of buckling in a tensile test device go from
accelerated fracture to the device, not breaking necessarily at its stress concentration point or
even breaking in more than one location. These effects make the study of the results even more
complicated than they already are. Therefore, when designing high-temperature MEMS
devices, an aspect of special attention has to be the CTE of the materials involved in the device

that are in contact with each other.

2.6 Section summary

In this section, the interest in reliable MEMS that works under high-temperature
environments is introduced. The best materials to achieve these MEMS are ceramics due to
their high stress and temperature resistance. However, this does not make them immune to the
effect high temperature has on material properties. These effects are a reduction of Young’s
modulus, an increase of the CTE, and a decrease of fracture strength, among others, which

cause different failure modes and mechanisms to present at high temperatures. One of the most
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predominant failure mechanisms in these environments is a fracture. Fracture is the separation
of material in 2 or more pieces. As mentioned before, the fracture strength of a material is
reduced as temperature increases, and its relationship with temperature has to be determined
to guarantee the reliability of MEMS devices. Diverse approaches to determine fracture
strength at high temperatures have been introduced in recent years, and a review of their
advantages and disadvantages was presented. The conclusions reached about these tests, were
their limitation to one sample per test and the complexity of the studied setups. The need for
better and less challenging to recreate test setups to characterize materials at high temperatures
rapidly is needed. In this work a methodology to determine the fracture strength of thin films
is presented. Using experimental results and an FEA model, the fracture strength of Si3N4 thin
films is characterized. Weibull analysis is made to determine the fracture strength from the
data and the results are compared to an analytical model that describes the behavior of the

devices.
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Chapter 3
Study of fracture strength at high temperatures with silicon -

silicon nitride devices

Parts of this chapter are an adapted form from a manuscript in preparation [2] and parts are

an adapted form with permission from [48].

A. Navarrete, E. Brace, and P. Nieva, “A study of the fracture strength of silicon nitride thin films at

high temperatures by means of the difference of coefficient of thermal expansion.

A. A.N. Gonzalez, E. Brace, and P. Nieva, “Size and Shape Effect in the Determination of the Fracture
Strength of Silicon Nitride in MEMS Structures at High Temperatures,” in 2018 IEEE 68th
Electronic Components and Technology Conference (ECTC), 2018, pp. 2457-2463.

3.1 Test chip design

A proper device needs to be designed to determine the fracture strength of a material at high
temperatures. To develop a functional MEMS device, the conditions under which it will be
used have to be defined. In the case of this test, the most crucial parameter to be decided is the
temperature of interest. In the previous chapter, the temperature threshold to be referred to as
a high temperature was set to 150°C. However, as seen in the literature review, this temperature
is not high enough to perceive a significant variation in the fracture strength of ceramics. Based
on the literature review, it was possible to observe a substantial drop of fracture strength at 500
°C for SCS; thus, this temperature would be a proper parameter. However, most of the works
found during this research were done on SCS or PolySi, which have a BDT at 500 °C. Thus,
in this work, there is a higher interest in studying materials that have a higher BDT temperature,
which is the case for Si3Ns. For fabrication advantages and low residual stress in the thin film,
a silicon-rich silicon nitride will be used and will be referred to as SixNy. Using this material
for the thin films allows for the temperature range of work to be increased due to SizNg4
experiencing its BDT at approximately 1100 °C [44]. Therefore, the temperature of testing for
these devices is set at 1000 °C. A furnace with camera accessibility is used during the tests to

reach the high temperatures needed for the experiment to return meaningful data.

As it was mentioned in the previous chapter, one of the most predominant limitations when
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designing a testing method for fracture strength comes from the use of too many components
during the testing. Micro-tensile testing commonly uses the support from load cells, connect
wires, force measurement equipment, and more, to apply and measure the load in the device
during testing. Thus, these devices have to be appropriately incorporated into the device or test
setup, which complicates the whole structure. Therefore, for the design presented in this work,
one of the most important aspects of it is the ability of the device to supply its stress. The
chosen method to achieve this is with the use of thermal stress. Depositing two materials in a
stack array and increasing their temperature will cause them to expand. Unless the materials
are the same, the rate at which they expand is different, which will create stress in the interface
where the materials are in contact. This effect is known as a thermal mismatch. Two materials
with different CTE have to be chosen, and to attain tensile stress, the material at the bottom of
the stack needs a higher CTE than the material on top. As stated above, the chosen material to
work with is Si3N4, thus by comparing the nominal value of its CTE with the most common
substrate material, Si, it is concluded that a mismatch will exist between both materials. The
value for Si3sN4 has been reported to be as low as 1.7x10°° 1/°C depending on the deposition
method and for Si is 2.6x10° 1/°C [14] confirming a tensile mismatch. A dog-bone shaped
thin film bridge with a stress concentration beam called “gage” is used to maximize the effect
of the mismatch and guarantee fracture in the same area of the devices. This stress
concentration point allows for localized fracture when a critical temperature that stresses the

thin film to fracture is reached.

The self-stressing nature of these devices allows them to be directly placed in a furnace and
brought up to the needed temperature, which reduces the number of components required to
test the devices. A furnace with camera access, a sample stage, a thermocouple, and a camera
are enough to do the testing. It is also possible to fabricate arrays of devices and monitor the
breaking of all of them with the camera recollecting data for several devices during a single
experiment [49]. At the same time, the array of devices can be positioned within a chip of
acceptable size to allow for the secure handling of the devices with tweezers. After defining
the characteristics and expectations of the testing chip, the features of the testing devices have

to be decided. Dimensions and shapes will determine aspects like the size of the arrays.
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3.2 Device design

In tensile testing at the macro scale, it is common to observe specimens in a dog bone shape,
as shown in Figure 10. These specimens characterize themselves for a narrow section in the
middle intended for stress concentration. As mentioned before, this is called the gage section.
The ends of a traditional dog bone shape are wider to allow for gripping and handling of the
device when it is fixed in its testing setup, which is the most conventional tensile testing sample

shape; therefore, the goal was to recreate this geometry for a thin film.
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Figure 10. — Traditional dog bone tensile test shape. A gage section designed for breaking and a

gripper section intended for fixing the specimen form this geometry.

A similar design to the one in Figure 10 is shown in Figure 11 but adapted to a thin film.
The tensile design is achieved by using microfabrication techniques to remove the material
underneath the whole thin film bridge. In Figure 11, the lines for length, L, and the width, W,
of the bridge are shown, all across this length and width is considered the tensile thin film
bridge specimen. The frame around the bridge is also made of SixNy, but this section is not
suspended, it is in direct contact with the Si substrate and is where the stress due to thermal
mismatch will be created. That stress is assumed to distribute on the thin film uniformly, and
due to the film, geometry is expected to focus on the gage. The gage is shown in Figure 11,

where its width and length are delimited.

Within the scope of this research is to see the effect a change of shape and size has in the
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fracture strength when high temperatures are involved. For this reason, three different shapes
were tested for the study. Shape #1 has a trapezoidal-shaped grip section and the dimensions
of length and width are of equal magnitude. Shape #2 also has a trapezoidal grip section, but
its width is longer concerning its length. Lastly, shape #3 has a rectangular grip section, and
just like shape #1, length and width are of equal magnitude. It has to be mentioned that for
every device of every shape in this study, the gage section dimensions remain unchanged. In

Figure 12, a schematic of the three shapes is shown.

Figure 11. — Design of a dog bone tensile shape adapted as a thin film. Four main dimensions

are indicated in the schematic [49].

Not only the shape of these devices was varied, but the length of each device was also
modified to form arrays of devices. In the work of Nieva, P., the process followed to define
the length variation of the thin films is described [50]. Using a graphical method that solved
the geometry dependence on temperature and the length of the film bridges, Nieva determined
a graphic relationship between temperature and length. This relationship allowed for the
prediction of at which temperature a thin film of a specific length would break [50]. In Table
1, the different lengths and widths used in the fabrication of the thin films are shown. The gage

dimensions and the thickness of the thin film are also included in the table.

The lengths chosen are to obtain breaking temperature ranging from 200 °C up to 1000 °C,
which is within the target range of this study. All of the devices have the same gage geometry

and thickness. The wide range of lengths and different shapes will show the effect of geometry
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change. The larger devices are expected to fracture before the shorter ones due to the

probability of finding a critical flaw is higher the longer a device is.

gl I

P 1

Shape #1 Shape # 2 Shape # 3

Figure 12. — Schematic of the three shapes used in this study of fracture strength of Si3N4.

Table 1. — Dimension range from the three different shapes fabricated

Shape #1 Shape #2 Shape #3
Width W 152 um —217 pm 187 pm — 252 pm 98 um - 172 pm
Length of Lgage 3 um 3 um 3 um
gage
Width of gage  Wgage 3 pm 3 pm 3 um
Thickness tfilm 0.175 pm 0.175 pm 0.175 um

Now that the devices working conditions and design have been defined, a microfabrication

process has to be followed to create them.

3.3 Device Fabrication

The test devices were fabricated depositing a 0.175 pm thick SixNy thin film on top of an n-

type Si substrate using a low-pressure chemical vapor deposition (LPCVD) process. The
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deposited SixNy thin film is patterned into dog bone shapes using wet bulk micromachining
and etched using Tetramethylammonium Hydroxide (TMAH). The fabrication process is at
controlled temperature and, to avoid breaking the wafer is rinsed in water and alcohol before
drying it. The fabrication process of the test structures used here has been detailed elsewhere

[49]. In Figure 13, images of the fabricated devices of each shape are shown.

Figure 13. — Fabricated devices using the presented micro sensor process. On the top left, shape
#1 devices are shown. On the right, devices of shape #2 are shown. On the bottom left, devices

of shape #3 are shown.

The current state of fracture strength testing in micro materials is still in development of a
reliable methodology to determine the fracture strength of micro materials. As the dimensions
of the samples decrease the complications to handle and apply stress to them, becomes a very
difficult task. Thus, these thin films propose a solution to samples breaking during handling

34



with the thin film being surrounded by hundreds of microns of substrate material. The device
to be tested using noninvasive techniques to apply stress, which sets it apart from the current
methodologies that rely in complicated attachments to provide stress. The devices are easy to
replicate, so they can be available for other research groups as a quick testing tool for their

materials.
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Chapter 4
Testing and FEA Simulation

Parts of this chapter are an adapted form from a manuscript in preparation [51]

A. Navarrete and P. Nieva, “Determination of the fracture strength of silicon nitride thin films at high

temperatures through finite element analysis.”

4.1 Methodology objective

The objective of this methodology is the combination of experimental data for it to be used
in an FEA model to obtain the fracture strength. The devices are exposed to a heating element
that will change their temperature at a steady rate until fracture. The temperature for each
device is registered with the respective length and shape of the breaking device. Using a
computer-assisted design (CAD) software, Solidworks, the devices are modeled, and these
models are imported to an FEA software, COMSOL, which will emulate the behavior of the
device during the test by defining appropriate initial and boundary conditions (BC). The
temperature in the simulation is set to go from 20 °C to 1000 °C, and through interpolation,
the stress at the breaking temperature is simulated and registered. That procedure is repeated
for several devices of each shape until a curve of fracture strength against temperature for each
is formed. Each plot is processed using a Weibull statistical approach, and the average fracture
strength of each shape is obtained. Therefore, the first step for this methodology is the testing

of the devices.

4.2 Device testing

The arrays of structures were tested using a tube furnace to provide the thermal stress to
them. Different arrays of devices were tested, and every array was composed of one shape at
different lengths. The temperature was ramped out at a constant rate of 98 °C/minute during
10 minutes taking the arrays from 20 °C to 1000 °C. A thermocouple is used inside the furnace
to keep control of the temperature during the whole experiment. Pairings of breaking

temperatures with the length of the device are formed from every study. Compared to current
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approaches, reviewed in chapter 2, the testing is straightforward are can be done with a system
consisting of a heating element and a video recorder. When compared to other approaches, it
is possible to see the advantages such a simple provides for the experiment to be available for
anyone that has access to these common elements in research facilities. The devices had no
handling issues and there was a meaningful amount of data obtained each time the experiment

was ran.

Two sets of arrays were tested for each of the three shapes in this study. In Figure 14 to 16,
a plot with the experimental data obtained from each shape is presented. In the X-axis, the
temperature at which each device broke is found, and on the Y-axis, the length of the tested
device is located. In each of these plots, the trend of an increasing breaking temperature as the
devices become smaller is followed, which corresponds with the trends that are shown in the
literature. In Figure 17 and 18, all the results with their corresponding linear fitting lines are
shown. The linear fitting shows that despite the scattering, the decrease of length causes an

increase in the breaking temperature of the devices.

Experimental results for shape 1
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Figure 14. — Experimental results for devices of shape #1. The temperature of breaking

increases as the length decreases.
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The required applied temperature for fracture of a brittle material is a variable parameter,
dependent on the material structure and its flaws. As mentioned previously, the probability of
the imperfections in a device to be the same as another device is very low. Therefore, it is
reasonable to observe scatter in a relationship that could almost be described as linear. The

data is taken and used for the FEA modeling of the fracture strength of the thin films.

Experimental results for shape 2
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Figure 15. — Experimental results for devices of shape #2. The temperature of breaking

increases as the length decreases.
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Experimental results for shape 3
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Figure 16. — Experimental results for devices of shape #3. The temperature of breaking

increases as the length decreases.

Pairings of length and breaking temperature for every shape
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Figure 17. — A plot of the experimental pairings obtained from testing devices of Length L up to

their breaking temperature T.
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Pairings of length and breaking temperature for every shape
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Figure 18. — Trend lines corresponding to the breaking temperature of devices of different

length and shape tested.

4.3 FEA simulation

A data point is chosen from the pairings obtained experimentally to set up the simulation to
determine the fracture strength of the thin film. The simulations are done in two steps. The first
step is a stationary study to simulate the residual stress of thin films. When a device is
fabricated, the high-temperature processes and the CTE mismatch creates thermal stress as the
finished devices cool down to room temperature. This stress will influence the behavior of the
device. The tested thin films in this work had their initial residual stress determined by
measuring the substrate deformation using a profilometer [50]. The determined value of the
initial residual stress of the films was determined to be 0.36 GPa + 0.3 GPa. In this work, the
value of 0.39 GPa is used for the methodology to be used in the case where the thin film
experiences the most applied stress. The second step is a time-dependent study that raises the
temperature of the device up to its breaking temperature. For both studies, the setup procedure
is identical during the first steps, and it will only change when the boundary conditions (BC)
of the model are set. Depending on the shape and the length of the device, a CAD model is

made for the device. In Figure 18, a CAD assembly of a device of shape #1 is shown. In this
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case, to avoid the simulation to take a long time to be completed, the substrate was made less
thick than it is. The value selected for the wafer thickness is 100pum, which is large enough to
keep a vast difference with respect to the thin film and avoid torsion effects. In COMSOL
multiphysics, the CAD model is imported, and it is configured for the assembly to be treated
as a union, which models all the domains to allow for their meshing as if they were one, which
is used for interacting domains. A domain is every individual component of an assembly in

COMSOL.

The next step consists of assigning materials to the different components of the assembly.
The thin-film material is assigned as Si3N4 and the substrate as Si. However, for the simulation
to reflect the behavior of the device, the material properties affected by temperature have to be
characterized as such. As mentioned in chapter 2, Young’s modulus and CTE are affected by
temperature; thus, they cannot be expressed as constant values when performing simulations
in a wide range of temperature values. The first property to be modeled is CTE. Referencing
the work of Marvel and Burkhardt, they found expressions that characterized the CTE of both
Si and Si3N4. For Si, the expression is given by (12) [14]:

CTEgs; = —5.35x107° » exp™@8310™T 1. 7.81x107¢ (12)

Where T is the temperature. The expression for SizNy is given by (13):

CTEs;n, = —3.78x107%  exp~56x107*T 1 4.01x107° (13)

Figure 19. — Assembly to be imported to COMSOL multiphysics. The assembly has a thin film
of shape #1 on top of a substrate. In the inset, the stress concentration section of the thin film is

shown.
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Where T is the temperature, in Figure 20, both expressions are plotted from 0 °C to 1000 °C.
The plot shows how both CTEs increase as temperature increases. The separation between
both CTEs as temperature increases makes discernible how taking a constant value for these

parameters would not reflect the real behavior of the device.

In the case of Young’s modulus of the materials. Expressions that characterized the change
with temperature of the parameter were researched. For Si, the following expression was found
(14) [52]:

4.18x107%2 (14)
E =1.2x10° xexp Fks*T

Where ks is the Boltzmann constant, and 7' is the temperature. Due to a higher difference
between Young’s modulus than the difference found in CTEs, this property will be shown in
individual plots. In Figure 21, The variation of Young’s modulus of Si with respect temperature

in a range of 0 °C to 1000 °C is shown.

Variation of CTE of Si and Si,N, with respect temperature
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Figure 20. — Variation of the CTE of Si and Si3N4 with respect to temperature from 0 °C to
1000 °C.



The expression for Si3N4 is given by (15) [53]:

—445
Esion, = Eo — 0151Texp™ T (15)

Where Ey is Young’s modulus of SixNy at room temperature, and 7 is the temperature. In
Figure 22, The variation of Young’s modulus of SixNy with respect temperature in a range of
0 °C to 1000 °C is shown. It is possible to confirm the decrease of Young’s modulus with
respect to temperature by observing both plots. While the decrease does not look numerically
relevant, it is essential to mention that this decrease is in the magnitude of Gigapascals, which
is high. The material properties for the silicon substrate in this study are defined as isotropic
since the objective of the simulation is to replicate a uniaxial test. The values for Young’s
modulus and CTE are those of a Si wafer in the <110> direction [14], [54]. It must be
mentioned an anisotropic configuration may be used for the Si substrate for a more complete
analysis of the stresses that will act in the thin film, which will affect its elastic properties and
its interaction in the boundary with the thin film. Once the material properties are set, and the

materials are assigned, the next step is to define the physics and boundary conditions in the

model.
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Figure 21. — Change of Youngs modulus of Si with respect to temperature from 0 °C to 1000 °C.
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Young's modulus of Silicon Nitride variation with respect
temperature
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Figure 22. — Variation of Young’s modulus of SizN4 with respect to temperature from 0 °C to

1000 °C.

The physics needed to model the behavior of the devices during the experiment are those
that generate thermal stress. In COMSOL, there is a prebuilt function for thermal stress that
requires mechanical and temperature BC. For each simulation, there are a few similar and a
few different BC; thus, the BC will be listed for each study individually. The BC for the first
study on the mechanical side is the following:

¢ The solid is defined as a linear elastic material, which will add two sub-nodes. The
material is chosen to be elastical, focusing on the thin film reaction to the difference
between the coefficient of thermal expansion. Silicon nitride is a material that does
not go through plastic deformation at the temperatures used in this research. The first
sub-node will configure the device to be free in every boundary with no loads or
constraints. In the case of the studied device, this will not be true for the domains
where the thin film and the substrate are constrained, thus that boundary is not free.
The second sub-node sets every displacement and the velocity of every boundary as
0. The expression to be solved will be given by the following set of equations:

0= 0gq+C:g

Where C is the elasticity matrix as a function of Young’s modulus and the Poisson
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ratio and ¢ is the elastic strain of the system, which is determined from the
displacement change through the material.

¢ The four bottom corners of the substrate are constrained to simulate the conditions
of the experiment. The fixed condition is set to just the points at the corners, so the

edges of the bottom boundary still can expand as temperature increases.

The BC for this device in the heat transfer side is the following:

¢ The heat transfer mechanism chosen for the model is that of solids. These settings
will create two sub-nodes in the model. The first sub-node will set the initial
temperature of the device to a value of choice; in this case, the temperature of 1177
°C is used. The temperature for applying the residual stress varies depending on the
device’s length. This temperature was searched after the mesh is defined by looking
for a temperature that causes 0.39 GPa of stress on the thin film when cooled down
to room temperature. The second sub-node is an insulation setting that stops the heat
flow of any chosen boundaries.

¢ The second BC is to apply the temperature to every boundary as the tube furnace
does in the experiment. Room temperature is the target temperature of this study, and

this is set to 20 °C.

When these two physics nodes are created, a multiphysics node can be created for thermal
stress determination. In these nodes, the CTE and the reference temperature for the thermal
strain are defined. In this case, the reference strain temperature is the initial temperature of 627

°C, and the CTE is taken from the material configuration.

Once the BC is set, the last step is to set the mesh for the study. A mesh study was done to
determine the most optimal mesh size and optimize simulation time. The mesh convergence is
done by doing meshes with a different number of elements, and the value of stress that is being
looked for is registered. In Figures 23 and 24, the results of the mesh convergence can be
observed for the values of residual stress and fracture stress, respectively. In the X-axis is the
total number of elements, every mesh unit, and in the Y-axis the values of stress. As the number
of elements increases, the precision of the stress measurement increases too. Once the variation
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minimizes, the addition of elements becomes negligible; thus, the mesh can be kept at that size.
In the residual stress plot, it can be appreciated how the results start to vary less at 600,000
elements; this corresponds to a regular-sized mesh. In the case of the gage section stress plot,
it can also be appreciated that the results vary less. Thus, a regular-sized mesh will be used to
perform the FEA of the devices. In table 2, the dimensions of the element size in the mesh are

shown.

Table 2. — Mesh dimensions for the FEA analysis

Number of elements 682359
Maximum element size 8 um
Minimum element size 21.2 pm
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Figure 23. — Mesh convergence plot for the residual stress of the thin films

46



Gage section stress
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Figure 24 — Mesh convergence plot for the gage section stress of the thin film.

The element shape chosen is tetrahedral due to their adaptability to complex geometries,
which is useful for the geometry of the thin film. Once the mesh is determined, the type of
study is set to “Stationary,” which means not time-dependent. The study is computed, and the
results show stress on the thin film that goes from ~0.039 GPa in the gripper section to ~0.39
GPa on the gage section of the thin film. In Figure 25, the FEA results for the residual stress
are shown. In them, it can be observed that at the center of the gage section, a stress ~0.39 GPa

is present.

After the first study is done, its results are used as input for the second study. The BC for the
second study on the mechanical side is the same as they are for study 1. The BC for this device
in the heat transfer side is the following:

¢ The heat transfer mechanism chosen for the model is that of solids. These settings
will create two sub-nodes in the model. The first sub-node will set the initial
temperature of the device to a value of choice; in this case, room temperature at 20
°C is chosen. The second sub-node is an insulation setting that stops the heat flow of

any selected boundaries.
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Figure 25. — Simulation results for study 1 to simulate the residual stress of the thin films on a

device of shape #1. In the inset, the stress concentration section of the thin film is shown.

¢ The second BC is to apply the temperature to every boundary as the tube furnace
does in the experiment. A temperature increase with time expression is defined for
this. The expression used is given by (16):
T =20+1.6333 xt (16)

Where ¢ is the time, this BC will override the previous insulation sub-node due to the

indication of heat being exchanged in the model.

The mesh used for this study is the same mesh used for the previous one. The study is then
selected as a “Time-Dependent” study. The time interval is set to go from 0 s to 700 s with
increments of 25 s. The results are computed, and when ready, an interpolation for the breaking
temperature of the device is done. The initial values and unsolved variables in study 2 are set
to be based on the solution of the first study to connect them both. In Figure 26, the results for

a device of shape #1, a length of 200 um, and a breaking temperature of 604 °C.
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To corroborate that the results of the first study are being used as initial conditions for the
second study, the software is prompted to show the initial conditions of the study, which will
display the stress results from study one. The simulation is executed for every device, and the
fracture stress can be plotted this way. In this work, due to simulation computation time, ten
pairings of each shape will be taken and used for the result analysis. For a better response,
every point should be simulated and have its stress included in the curve. A Weibull statistical

study is used to analyze this curve.

4.4 Simulation results

Using the values obtained from the FEA simulation, a fracture stress graph is plotted. In
Table 2 to 5, the data collected from the simulated devices is presented. The table has the data
for stress, length, and breaking temperature of the devices. At the same time, in Figures 27 to
32, the change of the simulated fracture strength with respect to temperature and length is
presented. In the X-axis is the breaking temperature or the length of each device, and in the Y-
axis is the corresponding stress. The plots show a trend followed by every shape, which is of

an exponential increase in the fracture strength.

Time=357.55 s Surface: von Mises stress (N/m?)

S00

Figure 26. — Simulation results for time-dependent study on a device of shape #1 at a breaking

temperature of 604 °C. In the inset, the stress concentration section of the thin film is shown.
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Stress from COMSOL simulations for devices of shape #1
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Figure 27. — Variation of the simulated fracture strength of a silicon nitride thin film of shape

#1 with respect to temperature.

The results for the fracture strength change with temperature for devices of shape #1 are
shown in Figure 27. In these results, it is observed a semi-constant fracture strength up until
about 450 °C when the values of fracture strength start to grow exponentially. The values of
stress go from 0.245 GPa up to 2.89 GPa. As temperature increases, the change of fracture
strength with respect to temperature becomes faster. However, it has to be mentioned that the
known trend of descending fracture strength as temperature increases is not observed in this

plot.

As for the shape results, in Figure 28, it is possible to observe the change of the fracture with
respect to the length of the device. As it was expected, the longer the device is, the lower its
fracture strength is; however, it is possible to observe some scattering from this trend. Different
from the temperature plot where the change of fracture strength with temperature is smoother
and not as scattered, which could be an indicator that although shape and size influence the

fracture strength values, the dominant factor is the change in temperature.
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Table 3. — Shape #1 devices data used for the Weibull survival plots

259 205 0.24
359 200 0.27
460 190 0.42
559 196 0.78
604 200 0.99
617 152 0.83
678 193 1.37
758 168 1.70
833 158 2.50
941 156 2.85

The results for the fracture strength change with temperature for devices of shape #1 are
shown in Figure 29. In these results, it is observed a semi-constant fracture strength up until
about 450 °C, when the values of strength start to grow exponentially. The values of stress go
from .260 GPa up to 3 GPa. The same effects observed on shape #1 are applicable for this

shape. There is an increase in the fracture strength of the thin films as temperatures increase.

Length vs breaking temperature of shape #1
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Figure 28. — Variation of the simulated fracture strength of a silicon nitride thin film of shape

#1 with respect to length.
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Change of fracture strength with respect temperature for devices of shape #2
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Figure 29. — Variation of the simulated fracture strength of a silicon nitride thin film of shape

#2 with respect to temperature.

Table 4. — Shape #2 devices data used for the Weibull survival plots

259 195 0.26
359 196 0.29
444 189 0.42
559 166 0.73
639 134 0.91
683 186 1.46
711 169 2.00
784 163 1.95
937 147 2.87
947 150 2.99

As for the shape results, in Figure 30, it is possible to observe the change of the fracture with
respect to the length of the device. As it was expected, the longer the device is, the lower its
fracture strength is; however, it is possible to observe more scatter than for shape #1. As it is
the case for shape #1, the scatter is more predominant in the relationship between shape and

fracture strength, thus showing a more consistent relationship in its change with temperature
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for both shapes.

Change of fracture strength with respect length of devices of shape #2
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Figure 30. — Variation of the simulated fracture strength of a silicon nitride thin film of shape

#2 with respect to length.

The results for the fracture strength change with temperature for devices of shape #1 are
shown in Figure 31. In these results, it is observed a semi-constant fracture strength up until
about 400 °C when the values of strength start to grow exponentially. The values of stress go
from 0.224 GPa up to 2.18 GPa. The same effects observed in previous shapes are applicable
for shape #3. There is an increase in the fracture strength of the thin films as temperatures
increase. It is possible to observe for this shape a scattering at temperatures that are higher than
900 °C. There is no enough data for the other shapes at these temperatures for a definite

conclusion to be reached on this scattering, if it is expected or has a size or shape dependence.
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Stress from COMSOL simulations for devices of shape #3
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Figure 31. — Variation of the simulated fracture strength of a silicon nitride thin film of shape

#3 with respect to temperature.

As for the shape results, in Figure 32, it is possible to observe the change of the fracture with
respect to the length of the device. Just as in the other two shapes, the fracture strength and
length relationship are maintained. However, this plot shows a more notorious change of
fracture as the plot takes the shape of an inverse half parabola. Made evident by the two data
points on the left, which have a difference of over 40um in size with the points to their right,

yet their fracture strength is not so different.

Table 5. — Shape #3 devices data used for the Weibull survival plots

251 172 0.22
324 171 0.23
420 172 0.31
557 169 0.68
627 165 0.96
779 166 1.85
834 142 1.96
872 141 2.19
979 98 2.17
982 98 2.19
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Length vs breaking temperature for devices of shape #3
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Figure 32. — Variation of the simulated fracture strength of a silicon nitride thin film of shape

#3 with respect to length.

In contrast, the results from the three different shapes, in Figure 33 and Figure 34 shows the
trend lines followed by the data of Figure 33. The change of the fracture strength with respect
temperature of every shape is plotted together. It is observed that the three shapes follow the

same trend, which makes the shape effect negligible.

In Figure 35 and Figure 36, a comparison of the curves with the change of the fracture
strength with respect geometry for every shape and the trend line for each shape are presented,
respectively. Although for each shape, the trend is observable when plotted alone, once they
are put together, the scatter is significant, indicating that the stochastic nature of brittle fracture

plays a part in the process of fracture at high temperature.
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Fracture strength change with respect to the temperature for every shape
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Figure 33. — Simulated fracture strength of all the tested devices. The three curves have an

agreeing trend on the behavior of their strength at high temperatures.
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Figure 34. — Trend lines corresponding to the fracture strength change with respect to

temperature simulated for the tested devices.
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Figure 35. — Change of the simulated fracture strength with respect to the length of the devices

for every shape.
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Figure 36. — Trend lines corresponding to the fracture strength change with respect to length

simulated for the tested devices.
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4.5 Weibull analysis of the fracture data

The data for every shape is processed using the Weibull distribution. The Weibull
survivability plot of the data set can be determined by the set of equations presented in Chapter
2 (see section 2.4.2.1). The first step to achieve this is to use linear regression to relate the
fracture strength with the probability of failure. For this, the parameters m and oy of the
distribution are determined. The parameter m is determined from the linear regression plot
slope in Figure 37. Equation (3) is used, and the obtained value for m is 1.26. The value of m
is an expression of the degree of scattering of the plot, the lowest the number the least scattering
on the data. This value is used in (5) to determine the 60 parameter, which indicates the stress
at which 63.2% of the devices will have failed, obtaining a value of 1.34 GPa. The plot in
Figure 37 is also representative of the degree at which the Weibull distribution can represent
the studied data set. The data points distributed along with the linear fit, proving that the
Weibull distribution and its linear regression can adequately relate the fracture strength data to

the breaking temperature data.

Regression line of the fracture date for shape #1
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Figure 37. — The simulated fracture strength of the devices of shape #1 represented in a Weibull

plot. A linear regression fit demonstrates the adequacy of the use of the distribution.
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Using the Weibull parameters of dispersion and characteristic life in equation (2) allows for
the calculation of the survival rate of the material when submitted at different stresses. In
Figure 38, the survival rate plot is presented where the probability of a device to resist an
indicated amount of stress is visualized. In this distribution, it can be determined that there is
an 89% probability of survival for the structure when operating to stresses below 0.244 GPa at
temperatures underneath 1000 °C. Thus, when a device is fabricated using SixNy for
applications where temperatures of 1000 °C are present, it is predicted that the stress of 0.244
GPa or less will not affect the device performance. The device can be defined as being reliable

under these conditions.

Weibull survival probability plot

Survival probability
o o o o o o
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/

o
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Fracture strength (GPa)

Figure 38. — Survivability plot of the determined values of fracture strength of thin films of
shape #1. The devices will have around an 89% probability of being reliable when submitted to

stresses of 0.244 GPa at temperatures up to 1000 °C

The parameter m is determined from the linear regression plot slope in Figure 39 for devices
of shape #2. The values for m and o0 are 1.18 and 1.56 GPa, respectively. Similarly, as it
happened for shape #1, the data points distributed along with the linear fit, proving that the
Weibull distribution to be the right fit to model this data. The value from m shows as well that
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there is a similar dispersion as shape #1. Using the Weibull parameters of dispersion and
characteristic life in equation (2), the survival rate of the material is calculated. In Figure 40,
the survival rate plot is presented where the probability of a device to resist an indicated amount
of stress is visualized. In this distribution, it can be determined that there is an 88% probability
of survival for the structure when operating to stresses below 0.26 GPa at temperatures
underneath 1000 °C. Thus, when a device is fabricated using SixNy for applications where
temperatures of 1000 °C are present, it is predicted that the stress of 0.26 GPa or less will not
affect the device performance. The device can be defined as being reliable under these

conditions.

Regression line of the fracture date for shape #2
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Figure 39. — The simulated fracture strength of the devices of shape #2 represented in a Weibull

plot. A linear regression fit demonstrates the adequacy of the use of the distribution.

The parameter m is determined from the linear regression plot slope in Figure 41 for devices
of shape #3. The values for m and 60 are of 1.07 and 1.48 GPa, respectively. Similarly, as it
happened for the other two shapes, the data points distributed along with the linear fit with
some more concentration at the ends of the fitting line. The value from m shows as well that
there is a smaller dispersion of the data for this shape with respect to the other two. Using the
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Weibull parameters of dispersion and characteristic life in equation (2) allows for the
calculation of the survival rate of the material when submitted at different stresses. In Figure
42, the survival rate plot is presented where the probability of a device to resist an indicated
amount of stress is visualized. In this distribution, it can be determined that there is an 87.5%
probability of survival for the structure when operating to stresses below 0.22 GPa at
temperatures underneath 1000 °C. Thus, when a device is fabricated using SixNy for
applications where temperatures of 1000 °C are present, it is predicted that the stress of 0.22
GPa or less will not affect the device performance. The device can be defined as being reliable

under these conditions.
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Figure 40. - Survivability plot of the determined values of fracture strength of thin films of
shape #2. The devices will have around an 88.5% probability of being reliable when submitted
to stresses of 0.26 GPa at temperatures up to 1000 °C

In Table 6, a summary of the values obtained for the Weibull parameters for shape #1, as
well as the median, mean, and standard deviation of the distribution, are presented. The spread
parameter “m” is very similar for every shape, and the characteristic life parameter goes
through a negligible change, which shows consistency between the three shapes deeming the

shape change as not affecting the fracture strength.
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Table 6. — Weibull parameters for the curve of each tested shape

Parameter Shape #1 Shape #2 Shape #3
m 1.26 1.18 1.07
0o 1.34 GPa 1.56 GPa 1.48 GPa

Regression line of the fracture date for shape #3
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Figure 41. — The simulated fracture strength of the devices of shape #3 represented in a Weibull

plot. A linear regression fit demonstrates the adequacy of the use of the distribution.

The failure probability is given by extracting the survivability rate from 1. The results for all
the shapes are compared at a 20% probability of failure for a meaningful comparison of the
obtained data. It is found that the fracture strength is very similar to every shape. For devices
of shape #1, the fracture strength is 0.4 GPa, for devices of shape #2 the fracture strength is
0.44 GPa and for devices of shape #3 the fracture strength is of 0.37 GPa. The values have a
variation of only 0.07 GPa, which given their difference in geometry corroborates the impact

temperature has on the variation of fracture strength over geometry.
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Weibull survival probability plot
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Figure 42. — Survivability plot of the determined values of fracture strength of thin films of
shape #3. The devices will have around an 87.5% probability of being reliable when submitted
to stresses of 0.22 GPa at temperatures up to 1000 °C.

4.6 Discussion

The lowest values obtained in the presented work range from 0.22 GPa to 0.26 GPa, then
the fracture strength begins to increase as temperature rises. Previous values obtained for the
fracture strength of silicon nitride thin films at room temperature from literature are used for
comparison, however, it is important to keep in mind there is a difference in the temperature
in the values obtained in this research and the values obtained by other groups. Cardinale and
Tustison found the value of the fracture of silicon nitride thin films to range from 0.39 GPa to
0.42 GPa, and Milek reported a value of 0.46 GPa [55], [56]. The trend observed in the data
from this experiment matches the trend for the bulk properties of SixNy by remaining constant
up to temperatures of ~400 °C matching the results from other works [7]. In the obtained data,
the fracture strength increases as the temperature increase, which opposes the results obtained
by other research groups when testing materials at high temperatures. There are reports where
the fracture strength of Si3N4 has been confirmed to decrease as temperature increases, Qian

et al. reported a decrease in a-Si3N4 yield strength from 8.7 GPa at 400 °C to 4.0 GPa at 1234
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°C [57]. Although the results are from macro-sized samples, the fracture strength is expected
to follow the same trend at the micro-scale. Thus, this discussion will be focused on the

possible reasons for the fracture strength to have an increasing trend.

The first possible reason for the variation is the difference in geometries from one device to
the other, which includes the change of shape and the change of length. In the case of the shape
change, it has been shown in the previous section, in Figure 33, how the curves for each of the
three shapes follow the same trend. When the results are compared with the Weibull analysis
for each shape, a difference of 0.7 GPa was obtained at a 20% failure rate, thus the the can be
considered not impactful. The similarity between the three shapes results allows for them to
be plotted together, and the resulting curve looks uniform with an expected scatter. In the case
of the length change, in Figure 35, it can be observed that there is an effect from its variation
in the fracture strength. The expected result is an increase in the value of fracture strength as
the devices decrease in size. However, it is possible to observe that the smallest device is not
the one with the highest fracture strength. There is also a higher degree of unordered scattering
in the data due to the brittleness of the tested material. In the research done by Sharpe et al.
and Tsuchiya et al., a change in the values of fracture strength can be observed in their studies
for Polysilicon as they vary the length of their specimens. However, from their results, the
variation in fracture strength is 100% for Sharpe et al. and 35% for Tsuchiya et al., while for
this study, the change is ~2000% [58], [59]. It is also important to mention that the difference
in length was 270 um for Tsuchiya et al., and 3750 um for Sharpe et al., while in this study,
the most significant difference between the length of the devices is 72 um. Therefore, a drastic

increase in the fracture strength due to this variation is highly unlikely.

The previous conclusions create a need to take a closer look into the effect high temperature
has in the device materials as individual units and how that affects their collective behavior.
As was mentioned in previous chapters, Si3N4 should not be affected by the temperature at
temperatures below 1000 °C. However, in the case of Si temperatures as low as 500 °C,
degrade the mechanical structure of the material, which would be detrimental to the behavior
of the device due to the effect this degradation would have on the CTE mismatch interaction.
In Figure 43, a diagram detailing the change in the CTE mismatch interaction is shown. The
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design of the device is based on tensile stress being applied by the faster expansion of the
substrate with respect to the slower expansion of the thin film. However, as the Si substrate
mechanically degrades, this tensile stress would also be affected. As temperature increases, the
Si becomes softer, which would cause a change at the interface where both materials meet,
which will cause that the CTE mismatch decreases its effect. The causes for this deformation
can be attributed to thermal deformations in the interface of the materials or even creep. If the
temperature and stress are high enough, creep can happen in the material even at low
temperatures. Regardless of the presence of creep in the substrate, thermal deformations still
will affect the substrate, causing deformation and altering the expansion of the substrate [60].
The deformation of Si has been observed by different research groups at temperatures as low
as 300 °C, which would support the theory of thermal deformations occurring in the boundary
of both materials [61], [62]. As the simulation is configured, the CTE mismatch has no BC or
applied thermal effect; thus, in the simulation, it will be unaffected, which makes the stress to
follow the profile of the thermal strain. The thermal strain is given by the difference of
coefficient of thermal expansion, which is shown in Figure 44, it can be appreciated that the
exponential increase of the fracture strength follows that of an unaltered thermal strain. Thus,
the fracture strength has an increasing trend due to the CTE mismatch, not including the effect

of the thermal deformation and possible creep in the simulation.

There are two options to countermeasure this effect using the current approach. The first
option would consist of changing the substrate material to a material that is not affected by
temperatures below 500 °C, like sapphire; however, that would introduce fabrication
challenges and drive the cost of the test up. Another concern of this approach is the availability
of the material properties variation with respect to the temperature for the selected new
material. The second option is to implement a modification in the devices that allows for the
monitoring of strain throughout the experiment, which would allow for the accurate modeling
of the change in the CTE mismatch as Si deforms. In chapter 6, a more in-depth discussion of

these improvements is presented.
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Figure 43. — Diagram of the interaction between thin film and substrate as temperature
increases. In A, the room temperature configuration of the material is shown. In B, the
displacement of both material layers begins as temperature increases. In C, when the
temperature goes beyond 500 °C, the deformation of the material (inset 1) reduces the tensile

stress applied to the film.
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Thermal stress profile for the device up to 1000°C
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Figure 44. — Thermal strain profile of the tested devices. The trend follows the trend obtained

for the fracture strength from the FEA simulations.
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Chapter 5

Analytical model and comparison

Parts of this chapter are reprinted in an adapted form with permission from © 2018 IEEE
[48]

A. N. Gonzalez, E. Brace, and P. Nieva, “Size and Shape Effect in the Determination of the

Fracture Strength of Silicon Nitride in MEMS Structures at High Temperatures,” in 2018

IEEE 68th Electronic Components and Technology Conference (ECTC), 2018, pp. 2457—

2463.

5.1 Analytical model

The difference in shape and dimensions are considered during mechanical analysis. The sum
of the total strain, e7.:a1, applied to the structure during heating defines the basis of mechanical
modeling (17). Due to the symmetry of the thin film, the mechanical analysis is done just from
a one-quarter section of the thin film. Mechanical strain is calculated from the forces
interacting at the interface of the substrate and thin film and the thermal strain due to the
thermal expansion of the materials as; the temperature is increased.

_ 17
ETotal = EMechanical + EThermal ( )

The mechanical strain, yechanical, 1S defined as a primary relationship of the stress, orim, on
the thin film divided by the film’s Young’s modulus, Erim, and the thermal strain, ezermar, 1S
defined as the difference between the thermal strains parallel to the surface of substrate and
thin film, emrim and emsuss respectively, (18):

OFilm

Erotal = E + (SThFilm - gThSubs)
Film

(18)

In equation (18), the thermal strain can be expressed as the change of the coefficient of
thermal expansion from room temperature to the breaking temperature for each material of the
device. At the same time, the mechanical stress is expressed as the change through the length
of the device, L, of the sum of the forces that affect the thin film. The mechanical stress, orim,

on the thin film is assumed to be distributed uniformly on the film due to the dimensions of the
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device. Using these expressions, formulating the strain as the change of length of the structure
and solving for the increment of length due to the shift from initial temperature, 79, to final
temperature, 7, (18) can be rewritten as (19):

(19)

L % F T T
A== f —_— apym (T)dT —f a (T)dr )dL
2 o <A(x) % EFilm ( " Film T Subs )

In equation (19) F is the assumed force distributed through the thin film bridge due to the
mechanical stress uniform distribution, arim(7) and asuss(T) are the CTE of the thin film and
the substrate depending on the temperature respectively, and the term A(x) represents the
variable cross-sectional area of the thin film bridge. Equation (19) assumes the strain of thin-
film and the strain of the substrate to be equal. The parameter 4(x) has been substituted by

expression of the cross-sectional area of the thin film (20):

AG) = tpgm * f(%) (20)

Where f(x) represents the variable cross-section of the shapes tested, and it is defined by
the width of the gripper section at an arbitrary position “x.” Each shape has a different gripper
cross-sectional variations; thus, each shape has its f{x) expression. Shape #1 and shape #2 have
a similar cross-section, while shape #3 is entirely different. In Figure 45, the cross-sectional
area of the different devices is shown, using it as a reference, an expression for the f(x) for each
shape can be determined [50]. The equation that defines f{x) for shape #1 is (21):

w
Gage 1

Lz(mmlw+ﬁ%(Mxﬁ dx (22)

Where L is the length of the device, and x is the position on the X-axis on the thin film. The variables
/1 through f5 are shape factors that define the area under various geometric features, shown in Figure
45, as integrated orthonormal to the X-axis. Variable f1 is set by the radius path length, as shown in

Fig. 45 and is determined by (22):

== (M) 22




Where b indicates the Y-direction distance between the middle of the gage section and the radius
point of tangency to the flat segment of the gripper, as shown in Figure 45, the term f2 in (21) is
given by (23), which is the area under the linear segment of the gripper, shown in Figure 45.

L
Ly (L x—5 L
Nty 2 L (23)
ﬁ(”z) (2 h b)*g_wkwe+2
272

Where £ is the length of the flat segment of the width. By solving (21), the shape factor for every
thin film of shape #1 is determined. For shape #2, the shape factor is given by (24):

WGage L -1

(G Hdx + jWG (f( )) dx (24)

I

f5 function

Figure 45. — Gripper section dimensions for each shape are shown in detail. On the left, the

profile for shape #1 and shape #2 is shown; on the right, the shape #3 profile is shown.

Where /3 is defined for this shape similarly to /2 as given in (25):

ﬁ@)_z —  Thtb
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By solving (24), the shape factor for every thin film of shape #2 is determined. For shape
#3, the shape factor is given by (26):

WGage WGage L

fo 2 (f1(x))_1dx+fWGT;e +2b (f4(x))‘1 dx+f@+2b (fs <§>>_1 i (26)

Where f; is defined by the outside edge of the radius, 74, shown in Figure 45. The radius

variable cross-sectional area is given by (27):

W,
£ = h+ \/(Zb)z — (x = (—5%5 + 2bY? (27)
The constant width gives the term f5 once the radius of f4 reaches its tangential point on the

X direction, shown in Figure 45, and is defined by (28):

Is (g) = % (28)

By solving (26), the shape factor for shape #3 can be determined. These shape factors will
impact the calculated forces on the device and the effective fracture strength of the material.
Once the shape functions for every shape are defined, the expression on (19) is solved for the

force, F, (29):

L T T
; Eriim * team * 5 % (Jp, @sups(T)AT — [} pym (T)dT) (2)

[ 7

The maximum stress is expected to reach its maximum at the stress concentration gage.
Thus, it can be determined that the film stress, orim, is equal to oyux. The stress omax 1s given

by (30):
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_F F
OMax = A - WGage (30)
triim * 2

An expression for the fracture stress using (29) and (30) can be obtained, and it is shown in
31):

L T T
Eriim * tram * 5 % (Jp, @sups(T)AT — [} atpym (T)dT)
WGage [

Opy = (30)

el

The residual stress from the fabrication of the devices needs to be included as it was done
for the FEA model for the analytical expression to be complete. Therefore, the final equation

is given by (31):

L T T
EFilm * tFilm * ? * (f aSubs(T)dT - fTo aFilm(T)dT)

WGage [fz W]

OFr = Opes T+

Where the term o, is the fracture strength of the material and g, is the initial residual

stress present in the film at room temperature.

5.2 Results

The fracture strength of the thin film can be calculated using (31) by knowing its physical
parameters and the temperature at which it breaks. In Figures 43 to 48, the results from the
analytical model for each shape are shown. These results indicate a rising trend in the fracture
strength of the material, just as it was observed for the FEA results. It also supports the

conclusion of the shape being negligible, due to every shape following the same pattern.

In the results for shape #1, in Figure 46, it is possible to see a semi-constant fracture strength
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up until temperatures of 450 °C, and then the fracture strength starts to grow exponentially.
The growth is slow, taking almost 150 °C of increase to change from 1 GPa to 2 GPA; however,
as temperatures increase, the 1 GPa increase happens within 100 °C of change. The values of
stress go from 0.704 GPa up to 6.48 GPa. The known trend of decreasing fracture strength as
temperature increases is not observed for the results of the analytical model, just as they were

not observed for the FEA results.

In Figure 47, the change of the fracture with respect to the length of the device is observed.
As it was expected, the longer the device is, the lower its fracture strength is; however, it is
possible to observe a considerable amount of scattering for this device. As for the simulated
fracture strength, the plot where the change of fracture strength depends on temperature is
smoother and not as scattered, and this could confirm that just as in the simulation results, the

shape and the length play a secondary role to the temperature.

Fracture strength with respect to temperature for devices of shape #1 (Analytical)
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Figure 46. — Variation of the analytical fracture strength of a silicon nitride thin film of shape

#1 with respect to temperature.
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In the results for shape #2, in Figure 48, a similar pattern is observed with a constant value
up to 450 °C, when the strength increases exponentially just like shape #1. However, in the
case of this shape, when the temperature increases beyond 600 °C, the growth becomes 2 GPa
per 100 °C change. It is interesting to mention that in neither of shape #1 and shape #2 there is
much data for temperatures higher than 800 °C, this can be due to the devices with dimensions
designed to break in these temperatures to not have been appropriately released during
fabrication. The data points with temperatures beyond 800 °C found in these plots can be

explained as devices that had no critical flaws despite their lengths.
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Figure 47. — Variation of the analytical fracture strength of a silicon nitride thin film of shape

#1 with respect to length.

In Figure 49, it is possible to observe the change of the fracture with respect to the length of
the device. The trend is maintained where the smaller devices break at higher temperatures

than the longer devices. However, there is a significant amount of scattering compared to shape
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#1, which could mean that this shape is not as stable as shape #1. The temperature plot keeps

being smoother than the shape plot not as scattered; however, the change in the magnitude of

the fracture strength could be attributed to the transition from evenly shaped devices, like those

of shape #1, to unevenly shaped devices, like those of shape #2.

In the results of shape #3, shown in Figure 50, the exponential increase of the fracture

strength is evident just above 400 °C. This shape, just like shape #1, has changes of 1 GPa per

100 °C. Opposite to the other two shapes, in this shape, there is a considerable amount of data

at temperatures higher than 800 °C, which is consistent with the dimensions of the tested

devices due to devices of shape #3 smaller than those of the other two shapes were tested; thus

the higher fracture strength was expected.
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Figure 48. — Variation of the analytical fracture strength of a silicon nitride thin film of shape

#2 with respect to temperature.
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Fracture strength with respect to length of devices of shape #2 (Analytical)
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Figure 49. — Variation of the analytical fracture strength of a silicon nitride thin film of shape

#2 with respect to length.
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Figure 50. — Variation of the analytical fracture strength of a silicon nitride thin film of shape

#3 with respect to temperature.
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Fracture strength with respect to length of devices of shape #3 (Analytical)
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Figure 51. — Variation of the analytical fracture strength of a silicon nitride thin film of shape

#3 with respect to length.

Every shape shares the same trend, and the values of fracture strength are not too different
from the other; thus, they can be plotted in the same curve to observe the whole data. In Figure
52 and Figure 53, the full curve of the fracture strength for every shape and their corresponding
trend lines are plotted, respectively. In this plot, it is possible to find how every shape behaves
very similarly at temperatures up to 500 °C; it is then that the devices of shape #2 have a faster
rise in their strength values. For the few data points at temperatures above 800 °C, it is possible
to observe the trend still is preserved by shape #1 and shape #3, while shape #2, as mentioned
before, rises faster. In Figure 54 and Figure 55, the analytical fracture strength with respect to
the change of length and its respective trend lines is plotted, respectively. This plot confirms
how unpredictable is the effect of the length in the results due to how the smallest devices are
not the ones with the highest strength. At the same time, devices of shape #2 have the same

fracture strength as those of shape #3 while they double them in size.
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Fracture strength change with respect to temperature for every shape (Analytical)
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Figure 52. — Calculated fracture strength of all the tested devices. The three curves have an

agreeing trend on the behavior of their strength at high temperatures.
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Figure 53. - Trend lines corresponding to the fracture strength change with respect to the

simulated temperature for the tested devices.
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Fracture strength change with respect to the length for every shape (Analytical)
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Figure 54. — Change of the simulated fracture strength with respect to the length of the devices

for every shape.
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Figure 55. - Trend lines corresponding to the fracture strength change with respect to length

simulated for the tested devices.
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Just like the results obtained for the simulations, the results from the analytical model need
to be analyzed using statistical approaches. Thus, to be able to use this data as a guideline for

MEMS design involving SixNy, the results need to be quantified by using a Weibull approach.

5.3 Weibull analysis

The data for every shape is processed using the Weibull distribution. In Figure 56, using the
calculated fracture strength in equation (31), a Weibull plot for the fracture strength of shape
#1 is built. From the linear regression, the parameter m is determined from the plot’s slope,
obtaining a value of 1.71, which is used to determine the 60 parameter determining a value of
2.32 GPa. The plot in Figure 56 is also representative of the degree at which the Weibull
distribution can represent the studied data set. The data points are distributed along with the
linear fit, proving that the Weibull distribution and its linear regression can adequately relate

the fracture strength data to the breaking temperature data.

Regression line of the fracture data for shape #1

.......... °
1 a‘.
P A

= o
o 0 "
- ® .9..,-'"
~ . e T e
-1 r‘ .......
c | 8 .-
= . e
57 A
-

-3 o

[ ]
-4
-5
20 20.5 21 21.5 22 225 23

Ln o,

Figure 56. — The scattered fracture strength data of the devices of shape #1 represented in a
Weibull plot. A linear regression fit demonstrates the adequacy of the use of the distribution.
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In Figure 57, the survival rate plot is presented, in which it can be determined that there is
an 88% probability of survival for the structure when operating to stresses below 0.7 GPa at
temperatures underneath 1000 °C. Thus, when a device is fabricated using SixNy for
applications where temperatures of 1000 °C are present, it is predicted that stress of 0.7 GPa
or less will not affect the device performance. The device can be defined as being reliable

under these conditions.

Weibull survival rate plot
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Figure 57. — Survivability plot of the determined values of fracture strength of thin films of
shape #1. The devices will have around an 88% probability of being reliable when submitted to

stresses of 0.7 GPa at temperatures up to 1000 °C.

The parameter m is determined from the linear regression plot slope in Figure 58 for devices
of shape #2. The values for m and o0 are 1.53 and 3.57 GPa, respectively. Similarly, as it
happened for shape #1, the data points distributed along with the linear fit, proving that the
Weibull distribution to be the right fit to model this data. The value from m shows as well that

there is a similar dispersion as shape #1. Using the Weibull parameters of dispersion and
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characteristic life in equation (2), the survival rate of the material is calculated. In Figure 59,
the survival rate plot is presented where the probability of a device to resist an indicated amount
of stress is visualized. In this distribution, it can be determined that there is a 90% probability
of survival for the structure when operating to stresses below 0.84 GPa at temperatures
underneath 1000 °C. Thus, when a device is fabricated using SixNy for applications where
temperatures of 1000 °C are present, it is predicted that the stress of 0.84 GPa or less will not

affect the device performance. The device can be defined as being reliable under these

conditions.
Regression line of the fracture data of devices of shape #2
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Figure 58. — The scattered fracture strength data of the devices of shape #2 represented in a

Weibull plot. A linear regression fit demonstrates the adequacy of the use of the distribution.

The parameter m is determined from the linear regression plot slope in Figure 60 for devices
of shape #3. The values for m and o0 are 1.46 and 4.86 GPa, respectively. Similarly, as it
happened for the other two shapes, the data points distributed along with the linear fit with

some more concentration at the ends of the fitting line. The value from m shows as well that
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there is a smaller dispersion of the data for this shape with respect to the other two. Using the
Weibull parameters of dispersion and characteristic life in equation (2) allows for the
calculation of the survival rate of the material when submitted at different stresses. In Figure
61, the survival rate plot is presented where the probability of a device to resist an indicated
amount of stress is visualized. In this distribution, it can be determined that there is an 87.5%
probability of survival for the structure when operating to stresses below 0.76 GPa at
temperatures underneath 1000 °C. Thus, when a device is fabricated using SixNy for
applications where temperatures of 1000 °C are present, it is predicted that the stress of 0.76

GPa or less will not affect the device performance.
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Figure 59. — Survivability plot of the determined values of fracture strength of thin films of
shape #2. The devices will have around a 90% probability of being reliable when submitted to
stresses of 0.84 GPa at temperatures up to 1000 °C.

In Table 7, a summary of the values obtained for the Weibull parameters for shape #1, as
well as the median, mean, and standard deviation of the distribution, are presented. The spread

parameter “m” is very similar for every shape; however, the characteristic life parameter keeps
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increasing as the shape changes. This increase can be attributed to the displacement of the data
due to the longest devices being those of shape #1 and the smallest those of shape #3, which

will increase the fracture strength due to having more high-temperature data points.

Regression line of the fracture data of devices of shape #3
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Figure 60. — The scattered fracture strength data of the devices of shape #3 represented in a

Weibull plot. A linear regression fit demonstrates the adequacy of the use of the distribution.

Table 7. — Weibull parameters for the devices of every shape

Parameter Shape #1 Shape #2 Shape #3
m 1.26 1.53 1.46
0o 1.34 GPa 3.57 GPa 4.86 GPa

The results for all the shapes are compared at a 20% probability of failure as it was done for
the simulation results. It is found that the fracture strength shows a more noticeable variation

for every shape. For devices of shape #1, the fracture strength is of 0.97 GPa, for devices of
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shape #2 the fracture strength is 1.75 GPa and for devices of shape #3 the fracture strength is
of 1.34 GPa. The values have a variation of only 0.78 GPa, which shows the influence the

length of the device has for the analytical results.
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Figure 61. — Survivability plot of the determined values of fracture strength of thin films of
shape #3. The devices will have around a 94% probability of being reliable when submitted to

stresses of 0.76 GPa at temperatures up to 1000 °C

5.4 Comparison between the simulated and analytical results

The results for both approaches show agreement on the two obtained trends for the fracture
strength data. The first trend is the increase of the fracture strength as the size of the devices is
decreased, and the second trend is the increase of the fracture strength as temperature increases.
However, the magnitudes of the fracture strength determined for both approaches differ
significantly, where the values obtained for the analytical method are within the same order of
magnitude but have an increase of over 200%. To analyze the reasons for this disparity, in
Figures 62 and 63, the plots comparing the change between the analytical and simulated
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fracture strength with respect to temperature and their trend lines, respectively. The same data

pairings simulated are taken from the analytical values and plotted together. This comparison

is made to validate the simulation results with the proposed analytical model, which will help

to understand the modifications the current device requires to improve the methodology.
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Figure 62. — Comparison between the calculated and simulated fracture strength of all the

tested devices with respect to temperature.
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Figure 63. Trend lines corresponding to the comparison of fracture strength change with respect

to the temperature for every shape by simulation and analysis.
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Figure 64. — Comparison between the calculated and simulated fracture strength of all the

tested devices with respect to geometry.

87



Comparison of the analytical and simulated results for every shape
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Figure 65. - Trend lines corresponding to the comparison of fracture strength change with respect

to the length for every shape by simulation and analysis.

In the graph in Figure 62, the difference in magnitude between both approaches is observed,
which shows the values for the simulation are higher than those obtained for the analytical. It
is also noticeable that the curves corresponding to each shape follow one another more closely
in the simulation results than in the analytical method. There are different reasons for this
difference between both results to happen. One of these reasons is the approach taken for the
analytical model, which is that of uniaxial stress, not matching the approach taken for the
simulation, which has different stress fields in every direction affecting the device. The various
stress fields can introduce compressive stresses that change the magnitude of the stress at the
gage section of the device, and those are not accounted for in the analytical model. This is
observed when plotting the thermal profile of one of the devices. During the first 300 seconds,
a temperature decrease is applied to the structure to simulate the 0.39 GPa of residual stress
due to fabrication. When the temperature starts to increase the stress drops ~0.2 GPa and it

does not reach the value of 0.39 GPa until the device heats up to 430 °C, while for the analytical
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results at a temperature of 330 °C the stress has already passed the 0.39 GPa stress value.

Another reason for the difference in magnitudes can be determined from the graph in Figure
64, where the data points for the simulation results are close to the bottom of the chart. In the
longer lengths of the data sets, the difference is of about 0.7 GPa. Meanwhile, as the length
reduces, the difference in magnitude increases up to 7 GPa, which allows for the conclusion
that the current analytical model is developed highly dependent on the geometry change, in
particular of the length. Using the analytical model, the data is evaluated for different
thicknesses ranging from 0.175 pm up to 3 um, showing no significant change in the results,
thus the length and symmetry change of the devices are the main contributors to this shape
dependence. This assumption is also supported by the results obtained, where shape #2, which
i1s asymmetrical, has a higher rate of change in the fracture stress in comparison to the other

two shapes which both are symmetrical.

Lastly, as mentioned in the previous chapter, the thermal strain, shown in Figure 44, is
modeled to follow the CTE mismatch in both approaches. The thermal strain trend follows the
fracture strength curve for the results in both methods. However, this thermal strain will change
as the Si substrate undergoes brittle to ductile transition as the temperature increases, which
will affect the interaction between the substrate and the thin film. This is a shortcoming of this
methodology, which needs to be resolved for future iterations of the device. A strain
measurement that takes place during the experiment would allow for a comparison between
the calculated and actual strain. This will allow the modeling of the actual thermal strain
progression. In the following chapter, the next iteration of devices and new test methodologies

required to test them are described and presented.

89



Chapter 6
Improvement of the methodology to study fracture strength at high

temperatures

In previous chapters, the current methods and devices were presented with their obtained
results. The most critical shortcoming of the current methodology is the difficulty of
determining the strain evolution of the CTE mismatch as the temperature increases. Thus, a
method to measure the strain of the thin films is required throughout the experiment. An in-
situ strain monitoring approach is needed to keep the objective of the methodology not to have
too many elements to the test setup. From the reviewed works in Chapter 2, there is one that
stands outdone by Sharpe et al., where a non-invasive in-situ optical methodology is used [15].

The name of this technique is known as interferometric strain/displacement gage (ISDG).

6.1 Interferometric strain/displacement gage

ISDG is a technique where two reflective markers are deposited or indented onto a material,
and a laser is shot at these markers to generate a set of refractive fringes that interfere with
each other [63] The interference fringes are measured using camera or diode arrangements,
and the information is processed using image processing codes to measure the displacement of
the fringe. An advantage of this technique is the possibility to measure the strain directly from
the test devices [64]. When a laser is shined onto the surface where the markers are placed,
interference of the diffracted beams can be measured [65]. The optical principle is based on
Young’s two-slit interference phenomenon except that in this case, the light is reflected and
does not go through a slit. This phenomenon splits into two components, the first one is the
diffraction of the laser beam fringes, and the second one is when these fringes interfere one
with the other. When light passes through an aperture and spreads, its behavior follows the

expression given in (32) :

I = Iosin®Bo/BS (32)
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Where £ is given in (33):
By = 7rbsmt9/}L (33)

Where /1 is the wavelength of the wave, and b is the width of the slit/marker. The beam is
aligned using a reference of intensity, /y, and the intensity that characterizes the exiting beam
is given by / and varies with the angle 6 that is the angle between a parallel reference line to
the light beam and the position to the target where the light is projected [63]. The intensity

minimum is reached when £y is equal to £rx; thus, the width of the pattern is given in (34):

sin = 1/b (34)

When monochromatic light is reflected on the markers, the diffracted beams overlap with
each other creating an interference pattern, and the spacing between the fringes in the pattern

is determined by (35):

I = Iycos?y, (35)

Where vy is given in (36):
Yo = mdsinf /A (36)

In which, d is the spacing between the two slits/markers. The value of yy is at its minimum
when it equals n/2, 3n/2, 5n/2, etc.; thus, the spacing between the interference fringes will be
given by (37):

sinf = 1/d (37)

Where d is the distance between the reflective markers. Knowing this information, what is
needed to be measured is the phase shift of the fringes to be able to calculate the strain through
the displacement of the markers. In (38), the strain is calculated from the data obtained through

the ISDG methodology:
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AP
(A (38)

- dy * sinf

Where Ag is the phase shift of the fringes, and dy is the initial distance between the reflective
markers. This methodology has been used for years in the testing of materials and has been
applied to microstructures. From the studied methods to measure strain in ceramics, this one
seems to be one of the best approaches for being straightforward, non-contact and proven
accurate through different studies [47], [64]. For this reason, this technique will be
implemented onto the structures to be used in this work. The new devices and their fabrication

processes are introduced in the following section.

6.2 Device redesign for the in-situ monitoring of strain

The objective of the new devices is to be adaptable to the ISDG methodology; however, the
smallest dimensions reported for markers are those made with indentations, while metallic
markers require larger dimensions in the sample to be placed. Due to the thickness of the thin
films proposed here, an indentation is not feasible to be the marker for the devices. Thus,
reflective material has to be deposited on top of the thin film. From the research done by Sharpe
et al., it is concluded that one of the best options for markers is metallic materials, and platinum

(Pt) is a metal that can withstand very high temperatures without deforming.

A study of the optical interaction between the materials to corroborate the compatibility of
the ISDG approach with the structure used in this research was done. It is important to
determine if the used materials will be an impediment to obtain a meaningful reflected signal
for the measurement reading. The first calculations determine the amount of reflection that will
be obtained from the device when the signal is sent. The schematic to show the optical
interactions of the device is shown in Figure 66. The light source arrives with a 0° degree angle

on top of the structure; the intensity of the source will reflect from the top of the surface of the
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device. To calculate this reflection and determine the dominant signal (39) is used [65]:

_ (nmat B 1)2 + k?

= (39)
(Mmat + 1)% + k2

Platinum

6 pm thick

B siticon Nitride
|:| Air
. Silicon

Figure 66. — Schematic of the fabricated device with the addition of metallic markers on its

surface for strain monitoring

Where n..4¢ 1s the refraction index of the material, and & is the extinction coefficient. The
light source will contact the platinum markers and the silicon nitride surface and reflect a
percentage of the signal and transmit the remaining signal through the material at a 0° degree
angle. In that case, the transmitted signal will go through the different layers that are part of
the device, and a percentage of the transmitted signal will reflect and be transmitted through

the material layers back to the surface of the thin film. This cycle can be observed in Figure
67:

Platinum
Silicon Nitride
Air

Silicon

' Ju)

Source signal

Reflected signal

|

Transmitted signal

Figure 67. — Optical interactions between the layers that integrate the device.
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The reflectivity of each material is calculated using (35), and the results condensed in Table

8.

Table 8. — Optic reflectivity of each layer as the light source is shined on the device metallic

markers
Material Refraction index Extinction coefficient Reflectivity
Platinum 0.46704 6.131 0.953 (95.3%)
Silicon Nitride 2.0394 0 0.1169 (11.7%)
Silicon 3.8823 0.019589 0.3485 (34.85%)

The results show that at the beginning of the interaction, the dominant signal is that of the
Platinum markers, with 95% of the original intensity being reflected away from the surface of
the thin film towards the sensing area of the experiment. An intensity of 2942.32 mW/m? is
used to visualize these results, which is the intensity of the available laser at the SIMS Lab.
When the signal initially makes contact with the platinum markers, they reflect 95.3% of the
signal, which corresponds to a value of 2804.03 mW/m?. The rest of the signal, approximately
5%, is transmitted, which can be neglected due to its small size compared to the other signals.
However, when the light source with its initial intensity reaches the silicon nitride not covered
by the markers, only 11.7% of the signal will reflect, which corresponds to an intensity of
343.95 mW/m2. The transmitted light which is 88.3% or 2598.36 mW/m? will travel through
the air phase until it reaches the silicon substrate. The transmitted light will again be reflected
and transmitted; however, the transmitted and reflected signals that take place from interacting
with an air layer are minimal; therefore, it is treated as negligible. Upon reaching the silicon
layer, the reflected signal will be 34.85% from the intensity received at the layer, which is
905.5284 mW/m?. The reflected light will travel back through the air layer and to the silicon
nitride boundary and again be reflected by 11.7%, however, the transmitted intensity from that
light interaction will be transmitted towards the sensing area and contribute to the intensity

collected by the sensors. The transmitted signal is 799.674 mW/m?, this value is added to the
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previous 11.7% reflected from the original signal giving a total of 1143.62 mW/m?, which
represents 39% of the original signal. However, this quantity is way less significant than the
signal emitted by the markers, which will not interfere with the fringe pattern from the markers
due to the 95.3% signal be picked up over residual reflections from other layers. Therefore, the

materials involved in the device are compatible to implement an ISDG approach.

Another critical parameter that affects the design of the new devices is the type of
interference this 39% of the back signal would cause. The method to determine it is based on

Snell’s law expression, which derives (40):

thilm *Npjim * COS(Hincidentbeam) =my*A (40)

Where #7, 1s the thickness of the film, 7y, 1s the refractive index of the film, ¥ is the angle
of the light, 4 is the wavelength, and my is an integral number. This equation allows determining
which thickness for the thin film material will cause the interference of the media to be
constructive or destructive. The equation above (40) is for destructive interference, while for

constructive interference, the expression is given by (41):

thilm * nfilm * Cos(gincidentbeam) = (mO - E) * A (41)

In this new iteration of devices, a thickness higher than 0.175um has to be used; otherwise,
the structure could collapse when the markers are deposited. Based on the literature, the
standard thickness of the markers is 0.5 pm. Therefore, a thickness of 1.5 um will be proposed
for the new devices to guarantee the structure to support the markers, which is also used to
determine the value for m. The obtained value of my is 9.66, which is rounded to the closest
integer. The value is used to determine the thickness of the film to get destructive or
constructive interference. For destructive interference, which is the preferred type due to noise
signal canceling itself, a thickness of 1.55 um is determined. For constructive interference and

the case to avoid, the thickness was determined to be 1.47 um. Thus, a thickness of 1.5 um
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will be used, although the variation of the film thickness due to fabrication tolerances has to

be kept to a minimum.

The dimensions for the platinum markers and their separation affect the resolution of the
experiment as well as the angles at which the fringes will be visible for the optical sensing
equipment. Thus, the critical dimensions for the markers are their width and the separation
distance between them. In Figure 68, a schematic with the dimensions of the markers is shown.

The schematic is labeled to match the dimensions necessary to solve (34) and (37).

Figure 68. — Schematic of a frontal and a top view of the reflective markers and their

dimensions.

The dimensions chosen for the width and separation of the markers are based on the research
done by Sharpe et al, which is 10 um for the width and 100 pm for the distance between
markers. These dimensions are chosen to keep the dimensions of the overall device as small
as possible. However, a variation in these dimensions will be introduced in the chip to obtain
the best resolution from the experimental setup. The width of the markers will have values of
10um and 40 um, and the separation of the markers varies from 80 pm up to 133 um. Less
spacing between the markers distance. Using the following equation, the change of percentage

in the resolution of the fringes produced by the markers based on their separation is determined:
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qg= 2P (42)
X

Using a D of 80000 um which is an adjustable horizontal distance between the marker and
the sensors, a A of .633 um and x is set to be calculated based on a percentage change. The
scale is extended on both ends, decreasing the resolution in the event the test setup is not able
to resolve the standard distance of 100 um or increasing it to obtain bridges with the smallest

dimensions possible. The following table can be put together:

Table 9. — Marker distance to change the resolution from the fringes

Resolution Percentage change (%) Marker separation distance (um)

+10 91
+15 87
+20 83
+25 80
-5 105
-10 111
-15 118
-20 125
-25 133

With the dimension of the markers defined, the next step is to determine their positioning on

the device. In the literature, the markers are placed on the gage section of the tested devices;
97



however, in the devices presented here, this is impossible due to the tiny size of the gage. If
the markers are tried to be placed on the gripper sections, the wide surface area of the section
could cause unexpected displacement of the markers, which is not desired. Thus, a double

gaged device is proposed, so the markers can be deposited onto the thin film.

Differently from the first devices, the dimensions of length and width of the gage section
will depend strictly on the marker, which will reduce the variation of these dimensions
considerably. The devices will be fabricated in the three shapes that were studied in this work
as a corroboration of the geometry change effect obtained in this first study. A fourth shape
will be added to the study, which reduces the dimensions of shape #3, which will attempt to
take the devices to a more standard shape of a tensile sample and reduce its size further. In
Figure 69, a device of shape #1 is shown with the corresponding dimensions, those that will
be defined, and those that will vary depending on the markers. In Table 9, the variable

dimensions for the second gage section of these new devices are defined.

400um |

400pum

Figure 69. — Dimensions of a new device of shape #1. On the left, the full thin film with the frame
that attaches it to the substrate is shown. On the right, the thin film bridge is shown. The variable

dimensions that depend on the markers are shown.
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The chosen width of the section where the markers are deposited is defined using the same
fabrication rules as PolyMUMPS®©. The distance from the edge of the marker to the edge of
the gage section has to be a minimum 5 pum for the layers to be well defined during deposition.
The distance between the furthest edges of the markers is given by the separation and the width
of the markers. The remaining dimensions are set to match the first version of the devices while

keeping the device area fixed to always be 200 um square.

Table 10. — Variable dimensions from the second gage section of the new devices

dn Distance between the reflective markers from the center to center
fa Distance between the reflective markers from their furthest edge
Whn Width of the second gage section

6.3 Mechanical properties dependent on temperature

During this work, mechanical properties like Young’s modulus and CTE have been used in
both the simulation and the analytical model. The change these two properties have with
respect to the increase of the temperature has to be properly modeled for their inclusion in the
post-analysis of the data. However, in the case of MEMS, these properties vary due to their
fabrication process. Devices from the same material but fabricated in different fabrication runs
can have their properties to change, and even within the same fabricated wafer, parameters like
the residual stress will vary across the wafer [66]. Thus, it is in the best interest of the
methodology to include several chips across the wafer with devices to measure these

properties.

A very well-known approach will be used to measure Young’s modulus of the thin film.
Using cantilever beams and driving a vibration through them, a resonant frequency can be

determined. The devices will be tested using a vibrometer and a piezo shaker. The piezo shaker
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will excite the devices, and the laser of the vibrometer will be positioned on the tip of the
beams. The beams vibration will be used to determine the beams resonance frequency and
subsequently, Young’s modulus of the material with the expression in (43):
3834 xp = f2*

2

cantilever

(43)

ESixNy =

Where p is the density, f'is the resonant frequency, tcanitever the device thickness, and / is the
length of the devices [67]. To calculate the appropriate length of the devices the frequencies at
which the piezo shaker operates are used as the resonant frequency, which is from 20 kHz to
40 kHz. The Young’s modulus at room temperature of silicon nitride is calculated using (15)
and the lengths at which the testing will be successful range from 93 um up to 133um.
However, just as with the fracture strength devices, the space in the chip allows for multiple
devices to be placed in it. Thus, the dimensions of the beams are 40 um of width, 1.5 pm of

thickness and a length ranged from 73 pum up to 163 pm.

For the CTE devices, the approach used by Gang et al. will be adapted to this chip [68]. The
CTE devices will be of two types, a single layer cantilever beam made of Si3N4 and a bimorph
made of Si3N4 and Pt. The out of plane deflection of the single beam and the bimorph will be
used to determine their CTE. The angular deflection of the beams is measured using an
interferometric optical approach is used. The beams used in the designed chips are designed
with the same length as those from Gang et al. study. The SizN4 beams have a thickness of 1.5
um, a width of 40 um a length of 200 um up to 400 um in increments of 25 pm for both the
single cantilever and the first layer of the bimorph devices. The second layer of the bimorph
made of Pt has a 10 um difference concerning the width and length of the Si3N4 beams and a

thickness of 0.5 um.

6.4 Device fabrication

MEMS fabrication is often a customized process to develop a single type of structure. In this
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research, a fabrication process that will result in every structure proposed in this chapter is
proposed. The process has been tested using software to simulate every step in the process.
The results from the fabricated devices are shown in Figure 70, where the fracture strength thin
films are shown. The following are the fabrication steps to achieve all these devices on the

same wafer, a process flow of the device fabrication is included in Appendix A.

1. An n-type Si wafer of 4” of diameter and 500 um of thickness is cleaned using a Radio
Corporation America (RCA) necessary process, which removes ionic and organic
contaminants and removes the thin oxide layer from the wafer. The wafer is then soft baked
for 20 minutes at 110 °C

2. A positive photoresist is spin-coated on top of the wafer, and the wafer is then soft-baked
at 90 °C for 3 minutes and then cooled down for 2 minutes. The wafer is placed in a mask
aligner, and the wafer is then exposed to ultraviolet (UV) light using the first mask (Cavity).
The wafer is then developed to reveal the areas in the wafer to be removed. The wafer is
etched using deep reactive ion etching (DRIE) to form cavities of 6 um in it.

3. The remains of the photoresist are removed using acetone, and the wafer is cleaned using
RCA one more time. A layer of oxide is deposited on the wafer using plasma-enhanced
chemical vapor deposition (PECVD). The cavities are overfilled, and the wafer is
completely coated.

4. A chemical mechanical polishing (CMP) machine is used to flatten the surface of the wafer
and remove any excess of oxide until it is only contained in the cavities.

5. A 1.5 um Si3Ny layer is deposited on top of the wafer using PECVD. A photoresist is spin-
coated on top of the wafer and the wafer as done in step 2. The wafer is placed in the mask
aligner, and the wafer is then exposed to UV light using the second mask (Structures). The
wafer is then developed to reveal the areas in the wafer to be removed. The residual stress
can be characterized across the wafer after the SizN4 film deposition.

6. The Si3Ny layer is patterned using reactive ion etching (RIE). This step will pattern the thin

films, and cantilevers of the chip.
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7. Metallic reflective markers of 0.5 um of thickness are deposited using a lift-off process
and the third mask (Markers) on the patterned SizN4 film. In this same step, the second
layer of the bimorph for the CTE measurements is deposited and patterned.

8. Finally, the devices are released from the oxide layer inside the cavity by using a

Hydrofluoric acid (HF) wet etch.

The result from the fabrication is a whole chip with devices to characterize the thin film
material at high temperatures. The fabrication process is purposefully designed for its easy
adaptation to any material for the wafer and the thin film as long as they are compatible with
the existing MEMS fabrication methodologies. These devices will take this methodology to
the next stage allowing the upgrade of the simulations and the analytical model here proposed

with the inclusion of the experimental thermal strain measured in-situ.

Shape #1 Shape #2
Shape #3 Shape #4

Figure 70. — Devices to test the fracture strength of Si;Ny4 thin films. The four proposed shapes

for the next generation of devices are shown in this schematic.
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Chapter 7

Conclusions and future work

7.1 Summary and conclusions

The overall objective of this thesis is to introduce a methodology t measure the fracture
strength of thin films at high temperatures. The new methodology is presented by
characterizing the fracture strength of a rich silicon nitride thin film. Besides, an FEA
simulation and an analytical model that describes the behavior of the device under elastic
circumstances during testing are developed. Finally, adequate improvements to the devices are

introduced to improve the experiment and the results of the proposed approach.

After introducing the motivations and objectives in Chapter 1, and presenting a background
review in Chapter 2, Chapter 3 introduced the devices used in this experiment and focused on
three aspects for their design. The first aspect is the simplicity of the testing set up, which is
addressed by using devices that provide their stress. A CTE mismatch approach is chosen as
the stress source for the device, which only needs of temperature to be activated. The second
aspect is the speed of the tests, for which devices with a stress concentration section of 3um
length and 3 pm width. The small dimensioning and thin thickness of 0.175 pm make for the
fracture of the devices to be localized and quick. The third aspect is the number of tested
devices per experiment, which for other approaches is of one; thus, arrays of devices are used
due to the stress approach allows for multiple breaking temperatures to be recorded
simultaneously. In this chapter, the thin-film material selection to silicon nitride and the range
of temperature going from 20 °C up to 1000 °C are decided on based on the lack of information
on the characterization of silicon nitride in this temperature range. The devices are designed to
have three different shapes and lengths ranging from 152 pm to 217 pum for shape #1, from
134 um to 199 um for shape #2 and 98 um to 172 um for shape #3. The geometry variation is
used to predict the temperature at which the devices will break; thus, assuring the devices to
break before the 1000 °C threshold. Finally, the fabrication process using LPCVD surface
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micromachining was presented as an adequate process to manufacture these devices.

Chapter 4 presented the methodology used to determine the change of fracture strength with
respect to temperature and geometry. The experiment to obtain the breaking temperature of
each device is described, and the results were plotted, showing an increasing breaking
temperature as the length of the devices reduces. A set of ten points of each shape is taken and
modeled using CAD to simulate them in an FEA software, and a two-step analysis is done.
The first step simulates the residual stress of the devices, measured as 0.39 GPa, and pre-
stresses the thin film. The second step applies a change of temperature with a constant ramp
from room temperature up to 1000 °C. The obtained stress at the gage section of the devices
during their breaking temperature is determined, and the results were plotted showing the
change of fracture strength with respect to temperature and length. Contrary to what it was
expected, the fracture strength increases with the increase of temperature. It was determined
this is due to the simulation not accounting for the thermal deformation on the Si substrate at
temperatures close and beyond 500°C. In the case of the shape, the expected trend was obtained
with the smallest devices having, on average, a higher fracture strength. It was also observed
that the change of shape and length have a negligible impact compared to the temperature
effect. The results for each shape were in the ranges of 0.24 GPa to 2.84 GPa for shape #1,
0.26 GPa to 2.98 GPa for shape #2 and 0.22 GPa to 2.18 GPa for shape #3. A Weibull
distribution is used to determine a survival probability of ~90% for every device at their lowest

fracture strength threshold.

Chapter 5 focused on the analytical proposed to describe the behavior of the device during
the experiment. The analytical model is based on the stresses the device goes under along its
X-axis. The model takes into consideration the geometry variation of the devices by
introducing a shape factor into it. The mechanical properties used in this model, such as CTE
and Young’s modulus, are expressed in terms of the temperature; thus, the variation of these
properties as temperature increases is considered. The model is finalized using the thermal
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strain, and the residual stress from the thin film and the fracture strength is determined for the
data obtained from the experiment. The advantage of the analytical model is the quick analysis
of every obtained data point. The results from the analytical model showed the same trends as
the simulation results, and these results were plotted showing the change of fracture strength
with respect to temperature and length. Just as it was found for the simulation results, the
fracture strength increases with the increase of temperature, which is due to the analytical
model, just like the simulation, not accounting for the thermal deformation on the Si substrate
at temperatures close and beyond 500 °C. In the case of the shape, the same trend as with the
simulation is obtained; however, it was also observed that the change of shape and length does
have an impact on the magnitude of the fracture strength. The change from the relationship 1:1
of the width and length has a higher impact than the change of geometry in the results. The
results for each shape were in the ranges of 0.7 GPa to 6.48 GPa for shape #1, 0.84 GPa to
6.48 GPa for shape #2 and 0.76 GPa to 6.07 GPa for shape #3. A Weibull distribution is used
to determine a survival probability of over 90% for every device at their lowest fracture
strength threshold. The results from both approaches are compared, and it is concluded that
although the trend matches and the analytical model is a good representation of the experiment
and the simulation, the change of length and shape have a heavier influence on the results of
the analytical than those seen in the simulation. However, from both approaches, the same
conclusion is reached, which is the need for strain monitoring in the devices to be able to

characterize the strain evolution as the temperature rises properly.

Chapter 6 presented the necessary improvements in the next generation of devices to solve
the addressed issues in the previous sections. An interferometric strain/displacement gage
optical measurement is implemented into the devices for non-invasive in-situ strain
monitoring. The strain is measured using reflective markers on the surface of the device and
using a laser to create interferometric patterns from the refracted beams on both markers. The
basic equations to verify the adaptability of the preexisting device to the ISDG approach are

laid out, showing that a signal of 95.3% of the used intensity can be obtained from reflection
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on Pt markers. The thickness for the thin films is set to be 1.5 pum in order to avoid the
interference from noise due to reflection of the light on the areas not covered by reflective
markers. A double gage device is used to preserve a small stress concentration section in the
first gage section, while the second gage section is wide enough to deposit the metallic markers.
The dimensions of the markers and their separation distance are defined based on the literature
and the change of the resolution of the fringes to ensure the cameras can resolve the signal
reflected from the markers. The markers are set to be square with a 10 um length and 100 um
of separation. The length of the marker is varied up to 40 um and the separation fluctuates
from 80 pm to 133 pm to match a +25% resolution change on the signal. The dimensions of
the devices are adjusted to accommodate the markers, following the basic rules of the enclosure
from other fabrication foundries. The devices are set to be square with a length of 200 um with
the length of the gage section that accommodates the markers changing. The devices are
designed in the previously used three shapes, and to explore further the influence of geometry,
a fourth shape is introduced with a smaller gripper section due to the device being handled as
an array and not a standalone sample. The methodology is then extended to the design of a full
chip with the purpose of characterizing the CTE and Y oung’s modulus of the thin film material.
Young’s modulus cantilever beams are designed to be characterized using a piezo shaker and
a vibrometer, the lengths of the beams are designed based on the frequencies at which the
shaker can be actuated. The dimensions of the beams are 40 um of width, 1.5 um of thickness
and a length ranged from 73 pm up to 163 pm. For the CTE devices, a single cantilever beam
of silicon nitride and a bimorph of silicon nitride and platinum are proposed. The individual
cantilever beams will allow for the measurement of the silicon nitride CTE and then use it to
determine the CTE of platinum from the bimorph cantilevers for its use in result calculations.
The beams have a thickness of 1.5 pm, a width of 40 pm a length of 200 um up to 400 pm in
increments of 25 pm for both the single cantilever and the first layer of the bimorph devices
and the platinum layer on top is enclosed by 10 um on every side with a 0.5 um thickness. A
fabrication process that can successfully manufacture all these structures is proposed, and its

feasibility is shown by simulating it in a mask design software. This fabrication process is
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designed to be adaptable to other materials, such as polysilicon and silicon carbide, making it

an excellent alternative to the current approaches.

The presented work provides a direction for future work that would take this testing
methodology to its next stage. The understanding of the missing parameters needed to improve
this approach are determined in this thesis, a new iteration of devices to measure the fracture
strength of thin films at high temperatures. Comparing the results obtained, repeatability, and
cost of the methodology with other approaches would demonstrate its advantages compared to

current methods.

7.2 Recommendations for future work

The success of the developed testing methodology will depend on the improvement of the
devices. The new proposed devices need to be fabricated, and the optical interferometry set up
to determine the strain in real-time during needs to be assembled. The optical approach might
pose an issue to the measurement of more than one device per experiment. Thus, research on
the feasibility of implementing a motorized base to move the devices during the test to be able
to measure at least groups of five needs to be done. The testing of the CTE devices, Young’s
modulus devices, and measurement of the residual stress across the wafer will improve how
these properties are accounted for in the simulations and the analytical model. Therefore, the

testing setups for each of these devices have to be implemented.

The simulation can be improved by modeling the substrate in more detail and not only focus
on the silicon nitride exclusively. The silicon substrate may be modeled as anisotropic, and
while the silicon nitride can be assumed as an elastic domain in the simulation, the silicon
substrate has to be modeled to account for non-elastic deformations as temperature increases
above 500°C. A simulation contained in one single study instead of doing two simulation steps

would be beneficial for the straightforwardness of the methodology.
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In terms of improving the analytical model, the strain monitoring will allow for the
determination of the phenomena occurring on the thin film bridge as temperature increases.
The goal for the future of this methodology is to be able to do every result analysis just with
the analytical model, which allows the quick evaluation of every obtained data point. This

approach can also allow for a better understanding of thermal deformation on silicon and creep.

This test must be done with other combinations of substrate/thin-film materials to broaden
the applications of the methodology. The method has the potential of being a fracture test or a
creep test depending on the temperature profile used and the combination of the materials.
Holding the temperature constant for a group of devices while recording the strain over
extended times is something achievable by these new proposed devices; thus, this
methodology, if continued, can be a powerful tool for material characterization at high

temperatures.
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Appendix A

Fabrication process flow
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