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Zusammenfassung

In MEMS-Sensoren, wie z. B. Resonatoren basierend auf Cantilevern und doppelt
gespannten Balken, können innere Spannungen in den Schichten ihre mechanischen Ei-
genschaften oder Eigenfrequenzen beeinflussen und kann in einigen Fällen die Struktur
sogar zerstören. Diese Masterarbeit hat zum Ziel, die innere Spannung in Schichten zu
simulieren, die auf einem Substrat abgeschieden wurden. Die Simulationen wurden mit
ANSYS Workbench R17.2, eine Finite-Elemente-Methode Software, durchgeführt.

Der Ansatz besteht aus statischen Simulationen mit einer einschichtigen Wafergeo-
metrie, weil es sich um einen ersten Versuch zur Simulation von inneren Spannungen
handelt. Mit dem Ziel, diese darzustellen, wurden drei Simulationstypen durchge-
führt. Die Simulation Nr. 1 verwendete für die thermischen Belastungen Heiz- und
Kühlschritte auf einem Einquadrantenmodell. Simulation Nr. 2 fügte dem Modell
die ”‘birth and death”’ Technik hinzu, um die Abscheidung der Schicht abzubilden.
Außerdem wurde es unter dem geometrischen Modell als flacher achsensymmetrischer
Abschnitt, gekrümmter achsensymmetrischer Abschnitt, d.h. mit der Anfangskrüm-
mung des Wafers und einem gekrümmten Quadrantenmodell, aufgeteilt. In Simula-
tion Nr. 3 wurde die Restspannungen durch die Aktivierung des Kontaktes zwischen
der Schicht und der Siliziumdioxidschicht, die als Diffusionsbarriere verwendet wurde,
abgebildet.

Die Simulationsergebnisse wurden mit den berechneten Werten aus Messungen ver-
glichen, die durch die Methoden der Wafer-Krümmung und der Röntgenbeugung
analysiert wurden. Der Vergleich zeigte, dass das gekrümmte Quadrantenmodell er-
laubt, Restspannungen und Ablenkungen näher zu den gemessenen zu erhalten.
Darüber hinaus erlaubten die gekrümmten achsensymmetrischen Modelle die Ver-
teilung der Restspannungen in den Schichten und dem Substrat visuell abzubilden.
So war die ”‘birth and death”’ Technik eine nützliche Technik, um die Abscheidung
der Schicht zu simulieren. Die in dieser Arbeit beschriebenen Überlegungen können als
Ausgangsdaten für komplexere Simulationen verwendet werden, die auf echten MEMS-
Strukturen basieren.



Abstract

In MEMS sensors, such as resonators based on cantilever and doubly-clamped beams,
the presence of residual stresses in the thin films disrupt their mechanical properties
or eigenfrequencies and, in some cases, can destroy the structure. This thesis aims
to simulate the residual stresses in wafers composed of thin films deposited over a
substrate. The simulations were conducted with ANSYS Workbench R17.2, a finite-
element-method software.

This work considered static simulations with a single-layer wafer geometry, since it is
a first approach to the simulation of residual stresses. With the purpose of achieving
that, three simulation types were performed. Simulation 1 applied the thermal loads as
heating and cooling steps to a quadrant model. Simulation 2 added the birth and death
technique with the purpose of representing the deposition of the thin film. Besides, it
was split under the geometric model as flat axisymmetric section, curved axisymmetric
section, i.e. with the initial curvature of the wafer, and curved quadrant model. On
the other hand, simulation 3 generated the residual stresses by the activation of the
contact between the thin film and the silicon dioxide layer, used as diffusive barrier.

The simulation results were compared to calculated values from measurements per-
formed by the methods of wafer curvature and X-ray diffraction. The comparison
showed that the curved quadrant model allowed obtaining residual stresses and de-
flections closer to the calculated ones. In addition, the curved axisymmetric models
allowed visualizing the residual stresses distribution in the layers and the substrate.
Thus, the birth and death technique was useful to simulate the deposition of the thin
film. The considerations described in this work can be used as input data for more
complex simulations based on MEMS structures.



Resumen

En sensores tipo MEMS, tales como resonadores basados en vigas en voladizo y vigas
doblemente apoyadas, la presencia de esfuerzos residuales en las peĺıculas delgadas dis-
torsionan sus propiedades mecánicas o frecuencias propias y, en algunos casos, pueden
llegar a destruir la estructura. Esta tesis tiene como objetivo simular los esfuerzos
residuales en obleas (wafers) compuestas de peĺıculas delgadas depositadas sobre un
sustrato. Las simulaciones se realizaron con ANSYS Workbench R17.2, un software
basado en el método de elementos finitos.

Debido a que este trabajo es una primera aproximación a la simulación de esfuerzos
residuales, se consideraron tres tipos de simulaciones estáticas con una oblea de una
sola capa como modelo geométrico. La primera simulación aplicó las cargas térmicas
como pasos de calentamiento y enfriamiento a un modelo de cuadrante; es decir, la
cuarta parte de la oblea. En cambio, la segunda simulación incluyó la técnica de
nacimiento y muerte, disponible en ANSYS, con el fin de representar la deposición de
la peĺıcula delgada. Esta simulación abarcó tres diferentes modelos geométricos: una
sección axisimétrica plana, una sección axisimétrica curvada, que incluye la curvatura
inicial de la oblea, y un cuadrante curvo, generado por la revolución de la sección
anterior. Por otra parte, la tercera simulación generó las tensiones residuales mediante
la activación del contacto entre la peĺıcula delgada y la capa de dióxido de silicio
utilizada como barrera difusiva.

Los resultados de la simulación se compararon con valores calculados a partir de medi-
ciones realizadas por los métodos de curvatura de la oblea y difracción de rayos X. La
comparación mostró que el modelo geométrico de cuadrante curvo permitió obtener
valores de esfuerzos residuales y deflexiones más cercanas a las calculadas. Además,
los modelos axisimétricos curvos permitieron visualizar la distribución de los esfuerzos
residuales en las capas y el sustrato. De esta manera, la técnica de nacimiento y muerte
mostró su utilidad para representar la deposición de la peĺıcula delgada. Por otro lado,
las consideraciones descritas en este trabajo pueden utilizarse como referencia para
simulaciones más complejas basadas en estructuras tipo MEMS.
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CHAPTER 1

Introduction

1.1. Motivation

The emergence of Microelectromechanical Systems (MEMS) changed the fabrication
and application of products in different fields since it combines microelectronics, mainly
based on silicon, and the micromachining technology [1]. Apart from that integration,
the relevance of MEMS technology lies on the possibility to employ different materi-
als (as thin films) in order to design components such as pressure sensors, resonator
sensors, electro-thermal actuators among others [2]. Typical structures are beams or
cantilevers which are used to provide the respective signals to detect e.g. changes in
flows or adsorption onto the sensors.

Residual stresses, generated during the fabrication processes, change the properties of
microelectromechanical systems drastically, e.g. modify the resonance frequency and
the mechanical response [3]. As an example, Figure 1.1a shows the variation of the
Young’s modulus for different cantilevers lengths made of Cr2AlC MAX phase, where
a no constant value is observed [4]. This behavior occurs due to the influence of the
residual stresses generated during the annealing of the material at 600 ◦C especially for
shorter length cantilevers (6 µm to 12 µm). Since they have a higher rigidity because
of their shorter lengths, the relaxation mechanism of the residual stresses, shown as a
bending, is reduced leading to an apparent alteration of Young’s modulus. In other
cases, the residuals stresses can destroy the MEMS structure (see Figure 1.1b) due to an
extreme deformation or microstructural changes [5]. For that reason, the measurement
and simulation of residual stresses play a substantive role to determine the effect of
the fabrication processes on MEMS structures.

Hence, the aim of this thesis is the simulation of the residual stresses in Cr2AlC and
AlN wafers, materials employed to produce resonant beams and piezoeletric actuators.
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In order to achieve that, the geometrical models of the single-film wafers will be gen-
erated and thus, the manufacturing processes will be simulated to obtain the residual
stresses. The simulations will be done using the Finite Elements Method (FEM) soft-
ware ANSYS Workbench R17.2 and certain key experiments showing the congruence
between simulation and experiment.
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Figure 1.1.: Effect of the residual stresses on MEMS structures: (a) Disruption of
the Young’s modulus (∆E) for different lengths of Cr2AlC cantilevers,
(b) Destroyed thin film due to high residual stresses. Figures extracted
from [4].

1.2. Objectives

This master thesis has as main objective to simulate the residual stresses using the
method of finite elements for Cr2AlC and AlN thin films for applications in microelec-
tromechanical systems.

Moreover, the secondary objectives are to review the state of the art of MEMS struc-
tures, their material parameters and residual stresses equations, to generate the geo-
metrical models of the layered wafers, to apply the thermal loads of the preparation
processes to the models and to verify the results of the simulation with experimental
data.

1.3. Overview

The content presented in this thesis is organised as follows:

� Chapter 2 details the state of the art of the aluminum nitride and the Cr2AlC
phase, which were the materials of the thin films to be considered in the simula-
tion. Besides, this chapter depicts the main manufacturing processes of MEMS,
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an introduction of resonant MEMS as well as formulas and characterization me-
thods of residual stresses. Additionally, it presents a brief description of the
method of finite elements.

� Chapter 3 indicates the considerations of the simulations performed in this thesis,
describes the features of each one and the results obtained by them. In addition,
this chapter displays the observations of the simulations.

� Chapter 4 shows the calculated residual stress from measurements performed by
the methods of wafer curvature and X-ray diffraction. Moreover, it compares the
simulated with the calculated results.

� Chapter 5 concludes this thesis with a summary of the main results and presents
the outlook for possible future work.

Furthermore, Appendices A and B present additional information required by this
thesis.



CHAPTER 2

State of the art

2.1. MAX phases

This type of phases, which are carbides or nitrides, have outstanding properties: as
other carbides or nitrides, MAX phases have excellent thermal and electrical properties,
are elastically stiff with great machinability and resistant to chemical attacks, inter
alia [6, 7]. Besides, some MAX phases have low friction coefficient, whereas others,
such as Ti2AlC and Ti3AlC, show self-healing properties [8]. Hence, MAX phases
are used as protective coatings, sensors, electrical contacts, in microelectromechanical
structures among others.

2.1.1. Crystal structure

MAX phases receive this designation due to their general formula Mn+1AXn (n = 1,
2 or 3), where M is an early transition metal; A, an A-group element; whereas X, C
or N (see Figure 2.1a) [7]. In Figure 2.1b, the hexagonal MAX unit cells of 211, 312
and 413 phases are shown, where M6X octahedral interspersed with A layers form the
unit cells. Note that the difference between those lies on the quantity of M layers that
separate the A layers, i.e. for 211 phases there are two layers; for 312 phases, three
and in 413 phases, four [6].

Moreover, 312 and 413 phases have two different M sites, one contiguous to A and
other not, which are noted as MI and MII respectively (see Figure 2.1b). On the other
hand, there are two nonequivalent X sites XI and XII in 413 phases. Phases MAX and
MX are similar since M6X octahedral building blocks is the same for both [6].
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Figure 2.1.: MAX phases: (a) Location of Mn+1AXn elements in periodic table. Fig-
ure extracted from [9], (b) MAX hexagonal cell units: (a) 211 (n = 1),
(b) 312 (n = 2), (c) 413 (n = 3). Figure extracted from [7].

2.1.2. Elastic properties

Since MAX phases have a hexagonal structure, they have five independent elastic con-
stants (c11, c12, c13, c33 and c44) and one dependent elastic constant (c66 = (c11 − c12) /2)
[10,11]. Table 2.1 shows the elastic constants of some MAX phases, which are ab ini-
tio or Density Functional Theory (DFT) calculations, where the Young’s (EV ) and
Shear modulus (GV ) and the Poisson’s ratio are calculated with the Voigt relations
(see Equations 2.1, 2.2 and 2.3) [10].

GV =
1

15
(2c11 + c33 − c12 − 2c13) +

1

5

(
2c44 +

1

2
(c11 − c12)

)
(2.1)

EV =
9GVBV

3BV +GV

(2.2)

ν =
3Bv − 2Gv

2 (3Bv +Gv)
(2.3)

In Equation 2.2, BV is the bulk modulus and represents the resistance of a material to
hydrostatic pressure [10]. It is calculated with Equation 2.4.

BV =
2

9

(
c11 + c12 + 2c13 +

c33
2

)
(2.4)

Nevertheless, the elastic behavior of MAX phases is nonlinear and hysteretic [7]. This
characteristic can be seen in Figure 2.2, where the cyclic compressive stress-strain
behavior is graphed for porous in 10% volume (Figure 2.2a) and fully dense Ti2AlC2
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Table 2.1.: Elastic constant in GPa of some MAX phases. Adapted from [10].

c11 c12 c13 c33 c44 EV GV Reference
211 Phases

Ti2AlN 304 68 91 290 135 288 121 [12]
Mo2GaC 294 98 160 289 127 257 101 [13]
Nb2SnC 286 91 127 288 100 237 93 [11]
Cr2AlC 384 79 107 382 147 351 146 [14]

(Figure 2.2b) [15]. Comparing both graphics, the stress-strain loop of the fully dense
Ti2AlC2 involves a greater area than that of the 10% volume and thus the fully dense
phase dissipates per cycle more energy per unit volume. This outcome is explained by
the model of the formation, growth and elimination of Incipient Kink Bands (IKB).

(a) (b)

Figure 2.2.: Strain-stress loops of Ti2AlC2 performed with: (a) Porous in 10%
volume, (b) Fully dense. Figure extracted from [15].

The model is based on the investigations made by Frank and Stroh [16]. They con-
sidered an elliptic subcritical kink band (KB), whose measurements are 2α and 2β
(α > β) [7]. The formation of the kink boundaries and the interaction of IKB and
Kink Bands (KB) are shown in Figure 2.3. The shear stress needed (τc) to contribute
the spontaneously growth is calculated with Equation 2.5.

τc ≈

√
4G2bγc
π22α

ln
b

wγc
(2.5)

where G is the shear modulus; b, the Burgers vector (it indicates the magnitude and
direction of dislocations [17]); w, the dislocation core widths; whereas γc, the critical
kinking angle obtained with Equation 2.6 [10].

γc =
b

D
≈ 3
√

3

2

(1− ν)τloc
G

≈ 3
√

3

2

(1− ν)

8πe

(
b

w

)
(2.6)
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where ν is the Poisson’s ratio; D, the distance between dislocation loops (see Figure
2.3a) and τloc, the local shear required to nucleate a dislocation pair. Equation 2.5 can
be modified by taking into account the remote axial stress (σt):

τt ≈
σt
M

=

√
4G2bγc
π22α

ln
b

wγc
(2.7)

where M is the Taylor factor that relates τt at the single-crystal level to σt at the
polycrystalline level [10].

Figure 2.3.: Formation of kink boundaries: (a) Elliptic subcritical kink bands with
dimensions 2α and 2β, (b) Elliptic kink bands with mobile dislocation
walls, (c) Typical hysteresis loop caused by the creation and growth
during loading and the elimination of IKBs during the unloading (Wd

is the dissipated energy per unit volume per cycle), whereas εLE and
εNL are the linear elastic and nonelastic components of the strain [15]),
(d) IKB within a grain (at this stage the IKB is reversible), (e) At
higher stresses or temperatures, the IKBcan deteriorate and generate
mobile dislocation walls (in point marks), (f) Kink bands generated by
the formation of mobile dislocation walls (note that the grain size is
reduced) [7, 10]. Figure extracted from [7].

2.1.3. Mechanical properties

MAX phases tend to have an unequal state of stress when a load is applied on a poly-
crystalline sample, because these phases lack the five independent slip systems required
to ductility and are plastically anisotropic. Therefore, during a loading process, the
basal dislocation planes move in favourable oriented or soft grains, which cause the
presence of internal stresses [18].
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Kink bands play an important role in the mechanical deformation of a MAX phase.
As can be seen in Figure 2.4, the formation of kink bands as well as kink boundaries
generate the typical stovepipe form. On the other hand, all MAX phases go to a
“Brittle to Plastic” Transition (BTP) and unlike other crystal solids, when a MAX
phase is exposed to a temperature higher than this transition, the fracture toughness
(K1C) decreases [7]. Hereafter, the behavior of MAX phases respect to low and high
temperatures will be explained.

Figure 2.4.: Kink formation: Under a compression load, an elastic buckling occur
and thus shear forces are generated. In areas, where maximum shears
occur, pairs of dislocation walls move in opposite directions until the
formation of kink bands and kink boundaries. This cause the typical
stovepipe form. Figure extracted from [7].

2.1.4. Parameters of Cr2AlC phase

The mechanical and thermal parameters used in next chapter are shown in Table 2.2.

Table 2.2.: Mechanical and thermal parameters of Cr2AlC (TEC is the Thermal Ex-
pansion Coefficient).

Parameter Magnitude Reference
Density (kg/m3) 5229 [19]

Elastic c11 (GPa) 384 [14]
constants c12 (GPa) 79 [14]

c13 (GPa) 107 [14]
c33 (GPa) 382 [14]
c44 (GPa) 147 [14]

TEC αa, αc (K−1) see Figure 2.5a [20]
Heat capacity (Jkg−1K−1) See Figure 2.5b [21]

Thermal conductivity (Wm−1K−1) See Figure 2.5c [21]
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Figure 2.5.: Thermal properties of Cr2AlC respect to temperature (T ): (a) Heat
capacity and (b) Thermal conductivity (λ) (Figures extracted from [21]);
(c) TECs αa and αc (Figure based on data from [20]).

2.2. Nitride semiconductors

Nitride semiconductors such as GaN, InN and AlN have many applications in lighting
and displays, e.g. they can be employed as blue, violet and green light emitting devices
as well as high temperature transistors [22, 23]. Hereafter, the main characteristics of
those nitrides will be explained.

2.2.1. Crystal structure

The crystal structures of group III nitrides are rock salt, wurtzite and zinc blende.
Rock salt structure is formed by the application of high pressure because the interionic
Coulomb interaction facilitates the formation of ionic bonds over covalent bonds due to
the reduction of the lattice parameters [23]. On the other hand, the zinc blende struc-
ture has a cubic unit cell characterized by the combination of four group III elements
and four nitrogen elements [23]. Alike the previous one, the wurtzite structure has
a hexagonal structure with two interpenetrating hexagonal-close-packed sublattices.
Figure 2.6 shows the main difference between the wurtzite and zinc blende structures,
i.e. the laterality of the fourth interatomic bond: left for the wurtzite, whereas right
for the zinc blende [24].
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R

(a)

L

(b)

Figure 2.6.: Main structures of nitrides and their laterality of the fourth interatomic
bond: (a) Wurtzite to the right (R), (b) Zinc blende to the left (L).
Figures adapted from [24].

2.2.2. Main applications

Among the main applications of the AlN are the following [25–28]:

� Surface acoustic wave devices: The AlN is a suitable material for this application
owing to its high acoustic velocity (around 6000 m/s to 8000 m/s).

� Ultraviolet (UV) lasers: Due to its band gap (6.2 eV), i.e. the required energy for
a valence electron to belong to the conduction band [17], the aluminum nitride
can be used as UV laser. Since the energy band gap Eb can be related to the
wavelength with the Planck-Einstein relation (Eb = hpcl/λw, where hp is the
Planck’s constant, cl is the speed of light and λw is the wavelength), the wider
the band gap, the shorter the wavelength. Hence, its application lies on the UV
region (wavelengths from 10 nm to 400 nm) [29].

� Electronic structures: Given its high thermal conductivity (285 Wm−1K−1), as
well as, its electrical insulator property (109Ωm to 1011Ωm), AlN is used to
fabricate this structure type.

� MEMS structures: Since the wurtzite structure of the aluminum nitride has the
piezoelectric effect, this material is used to fabricate MEMS structure for sensing
applications such as gravimetric or chemical sensors, inter alia.

2.2.3. Parameters of aluminum nitride

The mechanical and thermal parameters considered for the simulation in next chapters
are shown in Table 2.3.
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Table 2.3.: Mechanical and thermal parameters of wurtzite AlN.

Parameter Magnitude Reference
Density (kg/m3) 3260 [30]

Elastic c11 (GPa) 345 [31]
constants c12 (GPa) 125 [31]

c13 (GPa) 120 [31]
c33 (GPa) 395 [31]
c44 (GPa) 118 [31]

TEC αa, αc (K−1) See Figure 2.7
Heat capacity (Jkg−1K−1) 720 [32]

Thermal conductivity (Wm−1K−1) 285 [23]
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Figure 2.7.: Variation of the thermal expansion coefficients αa and αc of AlN. Figure
based on data from [33].

2.3. Microelectromechanical systems

Abbreviated as MEMS, it is a technology that combines microelectronics, based on si-
licon, and the micromachining technology in order to build embedded systems, which
integrate electrical and mechanical parts [1,34]. Since its emergence, microelectromech-
anical systems have been used in different areas such as telecommunication, military
applications, medicine, among others.

2.3.1. Classification

MEMS elements are used as sensors or actuators. The former convert one type energy
into another, which is read posteriorly by the user, and can be divided regarding to
the working energy as follows [1]:

� Mechanical: Force, pressure, position, acceleration, speed
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� Thermal: Heat, entropy, temperature

� Chemical: Concentration, hydrogenionic potential, entropy, heat

� Electrical: Current, voltage, resistance, capacitance

On the other hand, actuators convert an electrical signal into an action, e.g. a force
to move themselves or other elements [1].

2.3.2. Thin films

The term thin films involves liquids, gases and solids phases. According to the thick-
ness, they can be separated in three types [35]: ultra thin films (from 5 nm to 10 nm),
thin films (from 10 nm to 100 nm) and thicker films (above 100 nm).

2.3.3. Manufacturing processes

Unlike macroscopic manufacturing, such as drilling, turning or milling, MEMS elements
are produced by micromachining. It is a batch process, where at least dozens of MEMS
elements with dimensions of microns are manufactured simultaneously on the same
wafer [34]. The basic manufacturing processes are shown in Figure 2.8.

Photoresist
Thin film

Substrate

Deposition

Patterning

Etching

Optical lithography
Double-sided lithography

Wet isotropic
Wet anisotropic
Plasma
Reactive-ion Etching
Deep Reactive-ion Etching

Epitaxy
Oxidation
Sputtering
Evaporation
CVD/LPCVD/PECVD

Spin-on method
Sol-gel
Anodic bonding
Silicon fusion bonding

Figure 2.8.: Basic manufacturing process of micromachining: layers are deposited,
then a pattern is applied to the photoresist through lithography, which
is used as a guide for the etching process. Figure redrawn from [34].

2.3.3.1. Photolithography

This process consists in applying visible light or UV radiation (with wavelengths from
400 nm to 830 nm and from 10 nm to 400 nm respectively) to a photosensitive resist
material, known as photoresist, in order to print a pattern [29, 36]. The steps of
photolithography are the following: application of the photoresist, exposition of the
photoresist to the light source and then the immersion in a developer [34]. It is also
divided into subtractive or additive processes: in a subtractive process the photoresist
delimits an area on an etching resistant thin film previously applied; whereas in an
additive or “lift off” process, the photoresist is removed after thin film deposition and
thus, the free areas stay with the film [36].
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2.3.3.2. Sputtering

It is a deposition process where ions are accelerated to bombard a surface in order to
eject its surface atoms. A representation of this method is shown in Figure 2.9.

Recipient

Cathode

Target

Gas inlet

Substrate

Load resistor

Anode

Vacuum pump

Power 
supply

Figure 2.9.: Representation of the direct-current diode sputtering method. Figure
extracted from [36].

This process involves other methods as follows [37,38]:

� Diode Sputtering: The material is transported from the target to a substrate by
using a sheet of the material to be deposited on a cathode.

� Reactive Sputtering: It is the sputtering process under reactive gasses.

� Magnetron Sputtering: In this method, a magnetic field is used to increase the
time of flight of the electrons in the plasma, which increases the probability of
ionization of the gas molecules rising the sputtering rate.

2.3.3.3. Etching

An etching process is the material removal of the surface by the application of liquid
or gaseous etchants (aggressive compounds). Respect to the aggregate state of the
etchants, the etching process is classified as wet-chemical etching or dry etching when
etchant is liquid and gas respectively.

SubstrateMask

(a)

Substrate

(b)

Substrate

(c)

Figure 2.10.: Etching process according to the attack direction: (a) Isotropic, (b)
Anisotropic, (c) Partially anisotropic. Figures redrawn from [36].

The direction of the etching process is other classification criteria (see Figure 2.10):
isotropic etching refers to an attack in all directions whereas an anisotropic etching
follows the crystal direction of a single crystal material.
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It is performed after the generation of the pattern by the photolithography. Further-
more, etching processes are used to prepare MEMS structures. For example, aniso-
tropic chlorine plasma etching, wet etching and isotropic etching were applied for the
preparation of Cr2AlC doubly-clamped beams and cantilevers, once the thin film of
Cr2AlC was deposited on the substrate wafer [4].

2.3.3.4. Evaporation

Also known as Physical Vapor Deposition (PVD), it involves heating a material to
generate vapor, which condenses on the substrate surface in order to create a film.
With the aim of avoiding to contaminate the vapor, this process is performed in a
vacuum chamber at pressures below 10−4 Pa.

2.3.3.5. Chemical vapor deposition

Abbreviated as CVD, this process is carried out inside a reactor, where the deposition
of the material on the substrate occurs due to a chemical reaction. The steps (see
Figure 2.11) corresponding to this process are the following [34,36]:

Film
Adsorption of 
film precursor

Nucleation and 
island growth 
Substrate

Step 
growth 

Desorption of
volatile surface

Re-adsorption of
film precursor 

reaction products

Gas-phase
reactions 

Film

Transport of
precursor to

surface
Surface diffusion 

Main gas flow region 

Figure 2.11.: Steps developed during a CVD. Figure redrawn from [36].

� Transport of the reactants in the main gas flow to the reaction zone.

� Gas-phase reactions generate new reactants as well as by-products, which travel
to the surface by diffusion.

� Chemical and physical adsorption of the species occurs on the substrate surface.
These species sweep the surface by diffusion.

� Nucleation and island growth of the film.

� Desorption of volatile by-products and then convective or diffusive transport of
by-products.

This process is performed at high temperatures (above 300 ◦C). CVD is categorized as
Atmospheric-pressure Chemical Vapor Deposition (APCVD), Low-Pressure Chemical
Vapor Deposition (LPCVD), Metal Organic Chemical Vapor Deposition (MOCVD) or
Plasma-Enhanced Chemical Vapor Deposition (PECVD) [34].
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� MOCVD:
This process is commonly used for the deposition of III-V semiconductors, e.g.
AlN, GaN, GaAs, among others, to fabricate optoelectronic devices. In this case,
the chemical reaction occurs by the interaction of metalorganic compounds [37].
This reaction can be simplified, i.e. disregarding possible intermediate steps, as
follows:

RnMg(v) + EgR
′
n(v) −−−→MgEg(s) + nRR′(v)

where R and R’ are organic radicals, Mg is a II-III group metal, Eg is a V-VI
group element (see Figure 2.1a), n is the stoichiometric coefficient, while the
subscripts v and s indicate the substance phase: vapor or solid, respectively. As
a result, the compound MgEg(s) is deposited on the substrate, whereas the volatile
products RR′(v) are discharges to the exhaust. Figure 2.12 depicts a schematic
representation of the MOCVD.

M P
M
M

M

M

P

P

P

M M P M M P

Heat source

Organometallic
isolation valves

Organometallic
cylinder

Dewar

Vent/run valves

Mass flow controller

Reaction
chamberSubstrate

M
P Pressure controller

Pump

Scrabber to Exhaust

AsH3

H2

in

in

Figure 2.12.: Schematic view of the production by MOCVD of AlGaAs. The or-
ganometallic compounds are sent to the reaction chamber, where the
deposition occurrs. Later, its volatile products are discharged by the
H2 to the exhaust. Figure redrawn from [37].

2.4. Resonant MEMS

This type of sensor, known as µ-resonators, belongs to the mechanical resonance sensors
on a micro or nano scale, which change their oscillating characteristics, e.g. resonance
frequency, vibration amplitude, quality factor, inter alia, with respect to the measured
variable. Among the applications of µ-resonators are mass sensors used in biomedical
and chemical applications, pressure sensors, gyroscopes and strain sensors [39, 40].
The basic mechanical structures are the cantilever, the double-clamped beam and
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the diaphragm (see Figure 2.13). Hereafter, the operational modes and fundamental
formulations of resonant MEMS will be explained.

(a) (b) (c)

Figure 2.13.: Basic mechanical structures of resonant MEMS: (a) Cantilever, (b)
Doubly-clamped beam, both figures extracted from [41]; and (c) Dia-
phragm, figure redrawn from [42].

2.4.1. Operational modes

The operational modes of resonant sensors are dynamic, heat mode and static [43] (see
Figure 2.14).

(a) (b)

(c) (d)

Figure 2.14.: Operational modes of resonant MEMS: (a) Dynamic mode, (b) Heat
mode, (c) and (d) Static mode under compressive and tensile surface
stresses respectively. Figures redrawn from [43].

� Dynamic mode
In this mode, the resonance frequency is measured, which varies according to
an increased cantilever or bridge mass [40]. The behavior of a cantilever can
be approximated as a harmonic oscillator, i.e. an ideal undamped spring-mass
system [43], by the following equation:

f =
1

2π

√
k

m
(2.8)

where f is the resonance frequency, k is the spring constant and m is the mass
of the resonator. According to Equation (2.8), the resonance frequency increases
when the mass of the resonator rises, i.e. if a mass is added to the cantilever [43].
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� Heat mode
This mode works with a bimetallic resonant structure, which bends, due to the
difference between the coefficient of thermal expansion, when is exposed to a
heating process (see Figure 2.8b) [43]. Therefore, this type of sensors is used to
detect a temperature variation.

� Static mode
Unlike the previous modes, the deflection of the resonator is measured, which
is caused by stresses originated on a surface [40]. This surface stresses can be
compressive (see Figure 2.13c) or tensile (see Figure 2.13d).

2.4.2. Theory of cantilever and beams

Different theories were developed with the purpose to describe the mechanical behavior
of a cantilever, being the theory formulated by Euler-Bernoulli one of the most useful
[40]. Hereafter, the theory presented will consider a rectangular cross section cantilever
of dimensions w, h and l as shown in Figure 2.15. The Euler-Bernoulli theory is based
on three main assumptions regarding the cross section [44]: it is infinitely rigid in its
own plane, remains plane after the deformation and stays normal to the neutral axis.

w

h

(a)

l

q(x)

x

z

(b)

Figure 2.15.: Dimensions of the cantilever: (a) Cross section of w and h, (b) Canti-
lever length is equal to l and is under a distributed load q(x). Redrawn
from [45].

Initially, the cantilever is studied under a distributed load q(x) that represents the
effect of the gravity [45]. The force F (x) and moment M(x) originated by q(x) are
calculated as follows:

dF (x)

dx
= q(x) (2.9)

d2M(x)

dx2
= q(x) (2.10)

The relation between small deflections u(x) and the moment M(x) is the following:

M(x) =
1

EI

∂2u(x)

∂x2
(2.11)
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where E is Young’s module of the cantilever and I is equal to the second moment
of area in respect to the y axis [45]. Note that in a dynamic case the variables also
depend on the time t. By applying the Euler-Lagrange equations, the Euler-Bernoulli
equation of cantilever is obtained and is equal to

EI
∂4u(x, t)

∂x4
+ ρA

∂2u(x, t)

∂t2
− q(x, t) = 0 (2.12)

where A is the cross section area and ρ is the beam density [45]. The solution of
Equation (2.12) is obtained by considering a negligible effect of q(x) and change of
variable of the deflection into û(x) (a more detailed solution can be seen in [46]),
which is calculated as follows:

û(x) = A1 cosh(βnx) + A2 sinh(βnx) + A3 cosh(βnx) + A4 sinh(βnx) (2.13)

where A1, A2, A3 and A4 are constants that will be calculated with the boundary con-
ditions and the normalized eigenvalue βn is calculated considering the radial frequency
ωn by the following Equation:

βn =

(
ω2
n

ρA

EI

) 1
4

, n = 1, 2, ... (2.14)

where n counts the mode number [47].

The radial frequency and thus the eigenfrequencies of the cantilevers and beams, noted
as fn,c and fn,b respectively, are obtained by considering the following boundary condi-
tions: the displacement and the angle formed between the cantilever elastic curve and
the horizontal equal to zero at x = 0 for the cantilever; whereas for the beam at x = 0
and x = lb. This yields to

fn,c =
κ2n,c
2πl2c

√
EI

ρA
(2.15)

where κn,c = lcβn,c is the eigenvalue [45]. For an ideal cantilever, κn,c = 1.875, 4.694,
7.855, π(n − 1/2) for n = 1, 2, 3,≥ 4 [45]. Bouwstra and Geijselaers [46] solved the
Equation (2.13) and obtained the eigenfrequency for a double-clamped beam:

fn,b =
κ2n,b
2πl2b

√
EI

ρA

√
1 + γn,b(εb)

l2b
h2b
εb (2.16)

where κn,b = 4.73, 7.85, ..., (n+ 1/2)π is the eigenvalue of the beam, γn,b is the strain
dependent eigenvalue and εb is the residual strain [46, 47]. Brückner et al. [47] stated
that considering γn,b constant and equals to 0.2949, 0.1453, ..., 12(κn,b − 2)/κn,b lead
to an error below 0.5% for the fundamental mode. However, this consideration only
applies for weakly strained or very short beams, i.e. whether γn,b(εb)c/12 � 1 where
c = 12εbl2b/h

2
b [47]. On the other hand, for highly strained long and thin beams, this
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assumption leads to an error of 12% for the fundamental mode. The residual strain
can be calculated by Equations (2.15) and (2.16) as follows:

εb =

((
fn,b
fn,c

)2(
κn,clb
κn,blc

)4

− 1

)
h2b

γn,b(εb)l2b
(2.17)

2.5. Residual stress

Residual stress (σR) is defined as the remaining stress in a material, in a lack of
external forces as well as temperature gradients, after manufacturing processes [48].
Likewise, residual stress is composed by three components such as thermal (σT ), in-
trinsic (σI) and quenching (σQ) stresses [49], see Equation 2.18. The first one is caused
by the mismatch of the coefficient of thermal expansion between the thin films and
the substrate; the second one, by lattice mismatch, chemical reaction, strain misfits
during phase transformation, deposition temperature, etc. and the third one, by rapid
contraction of the sprayed splats from a high processing temperature to substrate
temperature [49–52].

σR = σT + σI + σQ (2.18)

The residual stress description will be presented in the next subsection. Since the
origin of the quenching and intrinsic stresses lays on the atomic interaction between
substrate and film, the equations will refer to the thermal stress.

2.5.1. Residual stress formula

2.5.1.1. Stoney equation

It considers the case of a single thin film over a single substrate. A representation of
this joint is shown in Figure 2.16.

This equation is applicable under the following conditions [50,53]:

� Film and substrate thicknesses are small compared to the width dimension.

� The film thickness (tf ) is uniform and is lower than substrate thickness (ts), i.e.
tf � ts.

� The film material is isotropic, whereas the substrate material is homogeneous,
isotropic and linearly elastic.

� The substrate and film adhere perfectly.

� Invariant physical quantities respect to a position change parallel to the interface.
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Figure 2.16.: Single thin film on top of a single thick substrate. Note that R is the
radius of the sample; ts, the susbtrate thickness and f , the residual
force per length unit along the interface. Figure redrawn from [53].

Due to the presence of the residual stresses, the sample bends and the substrate
curvature (κ) is determined as follows

κ =
6f

E∗s t2s
(2.19)

where f is the residual force per length unit along the interface between the substrate
and thin film, E∗s represents the biaxial module of the substrate equals to E∗s = Es/(1−
νs) (Es and νs are the Young’s module and Poisson’s ratio of the substrate respectively).
considering the curvature and the film thickness (tf ), the film stress is obtained by
Equation 2.20 [53].

σf =
f

tf
(2.20)

Using Equations (2.19) and (2.20) yields to

σf =
κE∗s t

2
s

6tf
=
E∗s t

2
s

6tfρ
(2.21)

where the curvature (κ) is equal to the inverse of the radius of curvature (ρ) [53].
Nevertheless, the application of this equation is limited because of the assumptions
taken to develop it.

2.5.1.2. Stoney equation for multilayer structures

Guo et al. [54] studied the residual stresses in multilayer structures by applying the
Stoney equation considering the radius of curvature variation before and after a mono-
layer deposition. For the case of a bilayer deposition, i.e. two monolayers A and B,
on a substrate, the residual stresses σA and σB of each monolayer is estimated using
Equation 2.21 as follows:
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σA =
E∗s t

2
s

6tA

(
1

ρA
− 1

ρ0

)
(2.22)

σB =
E∗s t

2
s

6tB

(
1

ρB
− 1

ρA

)
(2.23)

where tA and tB are the thickness of the monolayer, whereas ρ0, ρA and ρB are the
radii of curvature of the substrate, monolayer A and monolayer B respectively. Note
that each radius of curvature is measured after the deposition of the corresponding
layer. The assumptions considered by Guo et al. [54] were the following:

� Young’s modulus and Poisson’s ratio of the films are equal to that of the sub-
strate.

� Absence of cracks or delamination in the system.

� Substrate deformation is in the elastic range.

2.5.1.3. Freund equation

Unlike the Stoney equation shown before (Equation 2.21), this equation takes into
account the film thickness (tf ) on the substrate curvature. Therefore, the curvature
(κ) is obtained with Equation (2.24), where E∗f is the biaxial elastic module of the film
equals to Ef/(1 + νf ); whereas νf and Ef are the Poisson’s ratio and Young’s module
of the thin film [53].

κ =
6f

E∗s t2s

(
1 +

tf
ts

)[
1 + 4

tfE∗f
tsE∗s

+ 6
t2fE

∗
f

t2sE∗s
+ 4

t3fE
∗
f

t3sE∗s
+
t4fE

∗
f

t4sE∗s

]−1
(2.24)

Combining Equations (2.20) and (2.24), the film stress is obtained as follows

σf =
E∗s t

2
s

6tfρ

(
1 +

tf
ts

)−1 [
1 + 4

tfE∗f
tsE∗s

+ 6
t2fE

∗
f

t2sE∗s
+ 4

t3fE
∗
f

t3sE∗s
+
t4fE

∗
f

t4sE∗s

]
(2.25)

2.5.1.4. Hsueh equation

Unlike previous equations, Hsueh [55] studied the residual stress presented in a mul-
tilayer system. Figure 2.17 shows a multilayer system consisting of n layers, each one
with a thickness ti (i from 1 to n, on a substrate with a thickness ts to produce the
multilayer structure. On the right side, it shows the z coordinate system (z = hi)
calculated with Equation 2.26.

hi =
i∑

j=1

tj (for i = 1 to n) (2.26)
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Figure 2.17.: Schematic view of a multilayer system on a substrate. Redrawn from
[55].

After the deposition processes, the system is cooled to room temperature (∆T ) where
the system bends due to a mismatch of TEC (αS for the substrate and αi for each
layer) between the layers and the substrate [55]. The strain (ε) produced by bending
has a uniform component (c) and a bending component as follows

ε = c+
z − tb
ρ

(for − ts ≤ z ≤ hn) (2.27)

where tb is the location of the bending axis. After applying equilibrium equations,
i.e. the resulting force due to the bending strain component and to the unifrom strain
component are zero [55] as well as the bending moments respect to the bending axis
are in equilibrium, the components c and tb are calculated with Equations (2.28) and
(2.29), whereas ρ with Equation (2.30) [55].

c = αs∆T +
n∑

i=1

Eiti (αi − αs)∆T

Ests
(2.28)

tb =
ts
2

(
1−

n∑
i=1

Eiti
Ests

)
(2.29)

1

ρ
= 6

n∑
i=1

Eiti (αi − αs)∆T

Est2s
(2.30)

The residual stresses in the films (σi) and in the substrate (σs) can be calculated as
follows

σi = Ei (ε− αi∆T ) (for i = 1 to n) (2.31)

σs = Es (ε− αs∆T ) (for − ts 6 z 6 0) (2.32)
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Replacing Equations (2.28), (2.29) and (2.30) in (2.31) and (2.32) yields to

σs =
Es

3ρ
(3z + 2ts)−

2

3ρ

n∑
i=1

Eiti (2.33)

σi = −Est2s
6tiρi

+
2Eits

3ρ
(2.34)

where ρi is equal to

1

ρi
=

6Eiti (αi − αs)∆T

Est2s
(2.35)

2.5.1.5. General thermal stress

The stress generated by the mismatch of TEC between the thin film and substrate
during the deposition of the thin film can be estimated by Equation 2.36 as follows
[53]:

σth =
Ef

1 + νf
(αsd − αf )∆T (2.36)

where αsd is the TEC of the substrate at deposition temperature and αf is the TEC
of the thin film at room temperature.

2.5.2. Residual stress characterization

The most used characterization techniques are the following [56]:

2.5.2.1. Wafer curvature measurement

This method is based on the measurement of the wafer bending due to the residual
stress. Once this parameter is obtained, the radius of curvature is estimated and thus,
the residual stress is calculated with the suitable equation, e.g. Stoney’s and others
(see subsection 2.5.1).

2.5.2.2. Nondestructive measurement

It uses X-ray Diffraction (XRD) technique, Raman spectroscopy, inter alia.

� XRD technique
It is a method used to measure the residual stress in crystalline films in order to
get the distance between adjacent crystallographic planes (dhkl), which is calcu-
lated by the Bragg’s law as follows [48].
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dhkl =
nλx

2sinθ
(2.37)

Where λx is the X-ray wavelength, θ is the angle of incidence and reflection
whereas n = 1 because the measurement is based on the first-order reflected
beam [48]. Therefore, the residual stress σm is estimated with Equation (2.38)
for isotropic materials.

σm = − Ef

2νf

(
dhkl − d0

d0

)
(2.38)

Where νf is the Poisson’s ratio of the film, d0 is the normal spacing between atoms
[48]. For anisotropic materials, the previous equation is modified as follows [48]:

σm = − c11
2c12

(
d001 − d0

d0

)(
c11 + c12 −

2c212
c11

)
(2.39)

where d001 is the distance between adjacent crystallographic planes for an aniso-
tropic material [48].

On the other hand, the residual stresses can be classified as macro-, micro- and
nano-stresses. The first one, noted as stress type I, is a homogeneous stress within
body and thus, can be estimated with the wafer curvature measurement [57]. The
stresses at macro-scale (type II) refer to a grain-size level, whereas the nano-
stresses (type III) are generated inside a grain due to the presence of crystalline
defects. Types II and III impact on lattice strains and can be estimated by
nondestructive techniques. For example, the Transmission Electron Microscopy
is used to measure stress type III, while the XRD technique can be used to
measure a sum of the types I and II because both stresses impact similarly on
the diffraction profile. As a result of applying the XRD, the average strain ε0
can be calculated as follows [57–59]:

ε0 =
β

4tanθ
(2.40)

where β is the Full Width at Half Maximum (FWHM). Once the strain is
obtained, the average residual stress (σ0) can be calculated.

� Raman spectroscopy
This technique is depicted in Figure 2.18, where a laser is applied to a sample
through a lens in order to focus the signal in a spot. As a result of the irradiation,
the laser light is scattered and contains the Raman signals, which are collected
and read by a spectrometer as a frequency function [56]. Therefore, the Raman
spectrum is calculated as a frequency shift as follows:

∆ω =
1

λi
− 1

λs
(2.41)
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where λi and λs are the wavelength of the incident and scattered radiation re-
spectively. The residual stress can be estimated using the phonon deformation
potentials of Anastassakis (σR ∼= −434∆ω) or Chandrasekhar (σR ∼= −518∆ω)
[56].

Lens

Silicon

Incident radiation
Scattered radiation

Figure 2.18.: Representation of Raman spectroscopy: incident radiation (continuous
line) impact on a sample, in this case silicon, and thus, the scattered
radiation (dashed-dot line) contains the Raman signal. Figure redrawn
from [56].

2.5.2.3. MEMS structures

� Bulge test method
This method involves the application of uniform pressure p on a thin film window,
i.e. a zone without substrate (see Figure 2.19) [56]. As a result, a bulge h is
generated and can be estimated with Equation 2.42.

Substrate

Thin film

ap

h

Figure 2.19.: Deflection h generated in a thin film window by a pressure p. Parameter
a is in this case the radius of the membrane. Figure redrawn from [56].

p = C1
σRtf
a2

h+ C2

(
Ef

1− νf

)
tf
a4
h3 (2.42)

Where C1 and C2 are geometry factors, whereas a is the characteristic length of
the membrane [56].

� Strain gauge structures
This type of structure is used to measure the displacement x caused by the
residual stress relief in the film [56]. The residual stress is calculated from x and
the dimensions of the structure according to Equation 2.43: LC is the length of
the pointer, LA and LB are the lengths of the anchorage arms, whereas LO is the
distance between the turning points of anchorage arms (see Figure 2.20) [3].
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LA

LB

L C

LO

x

y

Figure 2.20.: Schematic view of a strain gauge structure. Figure redrawn from [56].

σR =
LOE

(LA + LB) (LC + LO/2)
x (2.43)

2.6. Finite Element Method

Abbreviated as FEM, it is a numerical technique used to solve complex engineering
problems. It is based on the discretization of a continuous element and thus can be
affected by computational errors and discretization errors. The former are related to
the round-off process performed by the computer as well as the equations employed;
whereas the latter are generated by the mismatch between the distribution of the
discretization elements and the continuous structure [60].

2.6.1. Steps of FEM

The steps to apply the FEM are the following [60,61]:

a) Generate the geometrical model: Based on the real problem, the user develops a
geometrical model (see Figure 2.21a).

b) Discretize the model: Also known as mesh generation, in this step the continuous
model is discretized in finite elements forming a mesh of elements and nodes (see
Figure 2.21b). The elements used can be line elements, surface elements and solid
elements. Some of them can be seen in Table 2.4.

Note that the quality of the mesh as well as the type of element impact on the
results achieved by the finite element method. Moreover, there are dimensionless
parameters available in Ansys used to describe the quality of a meshing. The most
used are the following [63]:

� Element quality: It is calculated by the ratio of the element volume and the
sum of the edge lengths of the element. It varies from 0 to 1: a 0 value means
that the element has a negative or zero volume; whereas a 1 value states a
perfect cubic element.
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(a) (b)

Figure 2.21.: Discretization of an element: (a) Continuous element, (b) Discretized
element by finite elements, where boundary conditions and loads are
applied. Figures extracted from [62].

� Aspect ratio: It indicates the ratio between the edge sizes of the elements. A
value of 1 is the best possible aspect ratio for an element (see Figures 2.22a
and 2.22b).

� Skewness: Parameter that indicates how close the element to the ideal element
(equilateral triangle or equiangular quad) is. A value of zero means that the
element has equal length sides, while a value of 1 indicates a fully corrupted
element.

1 20

(a)

1 20

(b)

Figure 2.22.: Aspect ratio for triangular and rectangular elements: (a) Aspect ratio
of 1 and 20 for triangular element, (b) Aspect ratio of 1 and 20 for
rectangular element. Figures redrawn from [63].

c) Define element properties: Select the material of the structure and the type of finite
element to use in the method.

d) Apply the loads: The forces, moments, temperatures, etc. that actuate in the real
problem are applied on the model.

e) Define boundary conditions: The contact type, the number of supports and the
type of them are defined by the user.

f) Solution of the algebraic system equations: As a result, the forces, stresses, deform-
ations, strains, eigenfrequencies, among others desired parameters, are obtained.
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Table 2.4.: Some elements used to discretize. Table extracted from [60].

Element
of type

Name Shape
Number
of
nodes

Applications

Line
Truss 2

Pin-ended bar in tension
or compression

Beam 2 Bending

Surface

4-node
quadrilat-
eral

4

Plane stress or strain,
axisymmetry, shear
panel, thin flat plate in
bending

8-node
quadrilat-
eral

8
Plane stress or strain,
axisymmetry, thin plate
or shell in bending

3-node
triangular

3

Plane stress or strain,
axisymmetry, shear
panel, thin flat plate in
bending.

6-node
triangular

6
Plane stress or strain,
axisymmetry, thin plate
or shell in bending.

Solid

Brick:
8-node
hexagonal

8 Solid, thick plate

Wedge:
6-node
pentagonal

6
Solid, thick plate. Used
for transitions.

Tet: 4-node
tetrahedron

4
Solid, thick plate. Used
for transitions.

2.6.2. Software packages

Nowadays, the available software that employ FEM are Ansys, Comsol, Abaqus, Nas-
tran, etc. and their structure is based on the following stages [61].

a) Pre-processor stage: Here the material properties, boundary conditions, discretiza-
tion of the structure and application of loads are entered by the user and thus, the
algebraic equations are defined for each element by the software. For each element,
the software sets an equation that relates the stiffness matrix, the displacements
and the forces as follows

[K] {u} = {F} (2.44)
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where matrix [K] is the stiffness matrix, {u} the vector of displacements at the
nodes and {F} is the vector of forces at the nodes.

b) Solution process stage: The software solves the algebraic equations generated by
the previous step to obtain the displacements at the nodes and thus, to calculate
the strains as follows

{σ} = [K] {ε} (2.45)

where {σ} is the stress vector and {ε} is the strain vector calculated with {u}.

c) Post-processor stage: Results obtained by the previous stage are shown in graphics,
e.g. displacements, strains, stress, etc. (see Figure 2.23). Besides, in this stage, the
results are validated with reference values, which are achieved through analytical
calculations or experiments.

Figure 2.23.: Stress distribution, calculated by the FEM, to be analysed by the user.
Figure extracted from [62].



CHAPTER 3

Simulation of residual stresses

In Chapter 3 the residual stresses generated in multilayer MEMS structures will be
addressed as a preliminary study about the residual stresses in wafers model with a
single-layer thin film. First, the preparation processes of the MEMS structures will be
presented. Second, the types of simulations proposed in this work will be explained.
Finally, the results and comparison with theoretical equations and experiments are
shown.

3.1. MEMS structures

The MEMS structures fabricated using the Cr2AlC phase and AlN are doubly-clamped
beams and cantilevers. Those structures consist of two main layers (silicon dioxide
(SiO2) and the thin film (Cr2AlC or AlN), which are deposited successively following
a pattern over a substrate (silicon). For instance, Figure 3.1 depicts two types of mul-
tilayer deposition of Cr2AlC with the same Cr− C− Al pattern but at different layer
thickness. This procedure is done to visualize the influence of the layers thicknesses
as well as the pattern in the properties of the structure. Besides, the structures are
fabricated at different lengths (lb) to investigate the vibration behavior of the MEMS
structures, since the eigenfrequencies depend on lb according to Equation (2.16). The
dimensions of the doubly-clamped beam are shown in Figure 3.2.

The multilayer beam structures have complex geometries and thus, the simulation will
demand high calculation time, e.g. the change of section in the support from 4 µm to
100 µm requires refining meshing methods in that zone whereas a thickness of 2 nm
will need fine elements to get good results (see Figure 3.2). Therefore, a preliminary
study considering a wafer geometry with a single-layer thin film was performed.
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~10 nm
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Substrate Substrate
Aluminum
Carbon
Chromium

1 2

Figure 3.1.: Schematic section view of two multilayer deposition of Cr2AlC: left side
with layers of 10 nm, 5 nm and 6 nm of chromium, carbon and aluminum
respectively; whereas on the right side with layers of 4 nm, 2 nm and
2 nm of chromium, carbon and aluminum respectively. Figure redrawn
from [41].

Thickness: 500 nm
lb

150 µm

10
0 

µm

4 
µm

Figure 3.2.: Dimensions of the doubly-clamped beam structure. lb represents the
beam length and varies from 20 µm to 150 µm [4].

3.2. Preparation processes

The fabrication processes of Cr2AlC and AlN thin films wafers involve the application
of micromachining processes (see subsection 2.3.3) as follows.

� Cr2AlC phase
Firstly, a 50 nm silicon dioxide layer was applied as a diffusion barrier on a
250 µm silicon substrate in order to prevent an undesirable intermixing of the
Cr− C− Al layers and the substrate [41, 64]. Secondly, the pure element layers
were applied consecutively using a sputtering system forming a 500 nm thickness
layer at 22 ◦C. Then the wafer was heated at 600 ◦C for 30 s using a heating rate
of 15 K/s and then cooled using a cooling rate of 4 K/s to 22 ◦C.

� AlN
Alike the previous MAX phase, a 50 nm SiO2 layer was applied between the
nitride and the 250 µm silicon substrate. Then the substrate and the silicon
dioxide were heated to a temperature of 1190 ◦C [65]. Afterwards, the AlN was
deposited by MOCVD at 1190 ◦C and subsequently cooled to room temperature.

The temperature curves of the wafers are shown in Figure 3.3. As can be seen, the
heating for both materials was performed in two stages, followed by a cooling process
to room temperature. Since this work performed static simulations (see section 3.4),
the time did not play an important role and thus, the heating, deposition and cooling
processes were approximated as one step each one.
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Figure 3.3.: Temperature curve of the preparation processes of AlN and Cr2AlC films.
Data enclosed by the sparse-line rectangles were considered as single
steps each one.

3.3. Dimensions of the wafer

Even though the thin film is a multilayer body, it was considered as single-layer. Other-
wise, given the very thin thicknesses in a multilayer body, e.g. 2 nm, the mesh opera-
tion would require high calculation time and high memory consumption to generate
elements with good quality parameters (see 2.6.1). Therefore, the AlN and Cr2AlC
wafers consisted of a substrate, a layer of SiO2 and a single-layer film with thicknesses
noted as ts, tin and tf respectively. The dimensions are shown in Table 3.1.

Table 3.1.: Dimensions of the wafer considered in the simulation.

Section view of the wafer
Thin
film

D
(mm)

ts
(µm)

tin
(nm)

tf
(nm)

t s
t f

t in

ϕD

AlN 50 250 50 240

Cr2AlC 50 250 50 500

Furthermore, the properties of the silicon dioxide considered in the simulation can be
seen in Figures 3.4a, 3.4b, 3.4c and 3.4d; whereas the substrate properties (anisotropic
silicon), in Table 3.2 and Figure 3.5.
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Figure 3.4.: Parameters of SiO2: (a) Young’s module (E) and Poisson’s ratio (ν),
(b) TEC, (c) Thermal conductivity, (d) Specific heat. Figures based on
data from [66].
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Figure 3.5.: Thermal expansion coefficient of anisotropic silicon. Figure based on
data from ANSYS software.
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Table 3.2.: Mechanical and thermal parameters of anisotropic silicon. Data extracted
from Ansys software.

Parameter Magnitude
Density (kg/m3) 2330

Elastic c11 (GPa) 166
constants c12 (GPa) 64

c13 (GPa) 64
c33 (GPa) 80
c44 (GPa) 80

TEC (◦C−1) see Figure 3.5
Heat capacity (Jkg−1◦C−1) 702

Thermal conductivity (Wm−1◦C−1) 124

3.4. Types of simulation

Since this work is a first approach to the simulation of residual stresses in thin films,
it considered static simulations with the aim of reducing calculation time. This, in
turn, eased the variation of parameters, such as the element size for the mesh and
boundary conditions. The obtained results could be applied to subsequent simulations,
e.g. transient thermal-mechanical, modal analysis, among others. In addition, since
the origin of the quenching and intrinsic stresses is based on the lattice mismatches
and shrinkage of the splats during the deposition (see section 2.5), which cannot be
represented in static simulations due to their atomic interaction, the residual stresses
simulated in this thesis were thermal stresses.

On the other hand, the static simulation of the residual stresses was performed from
simple to complex. Therefore, the types of simulation performed in this work are shown
in Figure 3.6 and are described briefly as follows.

1. Simulation 1: It is a static simulation where thermal loads were applied to a
quadrant of the circular plate (see section 3.5), composed of substrate, SiO2

layer and thin film. Those loads were applied as heating and cooling steps from
room to deposition temperature and vice versa.

2. Simulation 2: Since the thin film layer was always present in the model in si-
mulation 1, which did not depict the deposition of the thin film, this simula-
tion considered the birth and death technique available in ANSYS software to
represent the layer deposition. This technique does not remove the layer but
multiplies the stiffness matrix of the killed element by a reduction factor (for
further information, see section 3.6). Moreover, simulation 2 was split under the
considered geometrical model as follows:

2.1. Axisymmetric model: The three-dimensional wafer model was approxi-
mated in a two-dimensional model by considering its transversal section
(see subsection 3.6.1).
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2.2. Axisymmetric model with initial curvature: The previous model was en-
hanced by adding the initial curvature of the wafer obtained by deflection
measurements (see subsection 3.6.2).

2.3. Quadrant model with initial curvature: It is a three-dimensional model
generated by the revolution of the above mentioned transversal section (see
subsection 3.6.3).

3. Simulation 3: It pursued the residual stress simulation by detecting the contact
between the thin film and the bilayer solid consisting of the SiO2 layer and the
substrate (see section 3.7). Therefore, at the beginning, the thin film and the
bilayer solid were separated one from another and then they were approached
until the contact was detected by the software.

1. Static simulation - Apply thermal 
loads to a quadrant

2. Static simulation - Apply thermal loads using birth 
and death technique:

 2.1. To an axisymmetric model
 2.2. To an axisymmetric model with initial curvature
 2.3. To a quadrant with initial curvature

Simulation of residual stresses

3. Static simulation - Detection of the 
contact between SiO2 and thin film

Figure 3.6.: Types of analysis performed to simulate the residual stresses.

3.5. Simulation 1 - Static load to quadrant

This simulation took into account a quadrant of the entire wafer as a geometrical
because of its symmetry with regard to the y-axis [53]. Figure 3.7 depicts the wafer
solid, approximated as three cylinders joined together, and the quadrant considered as
the geometrical model.

x
z

y

x
z

y Thin film
SiO2

Si

Figure 3.7.: Schematic representation of the quadrant: the wafer (on the left side)
where the quadrant solid comes from (on the right side).
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The steps followed in the simulation are described in the flowchart (see Figure 3.8).
The first step was to build the quadrant model and generate the mesh, as well as to
include the material properties in the program. Then to define the model supports and
to apply the thermal loads at the deposition temperature, i.e. 1190 ◦C for the AlN and
600 ◦C for the Cr2AlC, followed by a cooling process to room temperature. Finally,
the results were compared with the equations described in section 2.5.1.

START

Apply the boundary conditions, include material 
properties, build the geometrical model and 

generate the meshing of quadrant

Perform static simulation: Application of thermal 
load at deposition temperature and then cooling 

Did the program 
converge?

False

True

Calculate the curvature radius based on the static 
simulation results

Calculate the residual stresses with Stoney, Hsueh 
Freund and General Thermal Stress equations

False

END
True

Compare formulation and simulation 
results

Figure 3.8.: Steps of simulation 1 - static load to quadrant.

3.5.1. Mesh

The circular plate was generated by employing a cyclic symmetric operation applied to
a quadrant. This is shown in Figure 3.9a, where that operation required a cylindrical
coordinate system as a reference and low and high regions, noted in blue and red
squares respectively, to develop the revolution respect to the generating axis (z-axis in
the cylindrical coordinate).

Since the quadrants were three-dimensional solid, a 3D structural solid element type
was selected to generate the meshing. Among the element types available in ANSYS,
the 3D structural solids are SOLID185 and SOLID186 (see Figure 3.10), whose cha-
racteristics are the following: SOLID185 is a 3D 8-node structural solid (IJKLMNOP)
with three degrees of freedom at each one along x, y and z directions [67], whereas
SOLID186 is a 3D 20-node structural solid (IJK . . . WX) with equal degree of freedoms
that the latter, but displays a quadratic displacement behavior [67], which could give
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(a) (b)

Figure 3.9.: Simulation 1 - Mesh process: (a) Cyclic symmetric operation applied
to the quadrant. Regions Low and High denote the orientation of the
revolution respect to the cylindrical coordinate system in the center, (b)
Mesh of the quadrant model.

a better representation of the deformation along y-axis. Hence, the SOLID186 was
chosen as element type for the mesh. Moreover, since the simulation was performed in
ANSYS Workbench, the element was assigned automatically by the software. Other-
wise, if a modification of the element type is required, the APDL command et can
be included in the geometry section as et,1,SOLID186, where 1 is the reference
number of the element. The mesh of the quadrant is shown in Figure 3.9b.

(a) (b)

Figure 3.10.: 3D structural element types: (a) SOLID185, (b) SOLID186. Figures
extracted from [67].

On the other hand, the element sizes were varied downward until the system ran out
of memory during the meshing process or there was no enough memory to calculate a
solution by ANSYS. For that reason, the element sizes were 300 µm for the substrate
and 200 µm for the silicon dioxide layer and thin film. Although those values were
thicker than their physical thicknesses, i.e. 240 nm for the AlN and 500 nm for the
Cr2AlC, the program was capable of generating the mesh. These element sizes impact
on the mesh by reducing its quality parameters (see Table 3.3), e.g. the mesh had
aspect ratios of 572.69 and 275.09 for the AlN and Cr2AlC quadrants and thus, the
elements were thin rectangles (see Figure 2.22b).



3. Simulation of residual stresses 38

Table 3.3.: Meshing parameters of the AlN and Cr2AlC bilayer quadrants.

Parameter AlN Cr2AlC
Nodes 137699 137699
Elements 19409 19409
Element quality (average) 0.302 0.303
Aspect ratio (average) 572.69 275.09
Skewness (average) 0.016 0.016

3.5.2. Simulation

The adherence between the surfaces required to select a contact type to be included
in the model. The contact types available in ANSYS are determined by the permitted
separation of each one along the normal direction, i.e. a gap between the bodies, or
relative sliding between the contacting bodies. The main differences among them are
shown in Table 3.4. Although the adherence depends on different factors such as the
presence of oxides, grains sizes, interface structures, among others [68,69], in this work
a perfect adherence between the contacting bodies was considered with the purpose
to simplify the model and thus, relate the deformations and stresses of the bodies to
each other. Hence, the bonded contact type was selected as contact model between
the silicon and thin film layer.

Table 3.4.: Contact type characteristics available in ANSYS. Table based on [70].

Type
Separation in
normal direction

Sliding in tangen-
tial direction

Comments

Bonded No No Behaves as glued contact
No separa-
tion

No Yes
Assumes a zero coefficient
of friction

Frictionless Yes Yes
Assumes a zero coefficient
of friction

Rough Yes No
Considers an infinite coef-
ficient of friction between
the bodies

Frictional Yes Yes
Sliding occurs if the tan-
gential force exceeds the
static friction force

Once the mesh was obtained, the next steps were to apply the load and the supports.
Regarding the loads, they were applied to the substrate and SiO2 layer as thermal
loads at the deposition temperature (see Figure 3.11a). In relation to the supports,
the displacement in the y-axis of the circular arc of the quadrant in contact with the
XZ plane (see Figure 3.11b) was limited to zero in order to visualize the curvature of
the plate.
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Figure 3.11.: Boundary conditions of the quadrant: (a) Thermal load applied to the
substrate and SiO2 layer, (b) Circular arc of the substrate (marked in
yellow) limited to a zero displacement in y-axis.

Due to the thermal load, the substrate will expand whereas the thin film shrink. How-
ever, because of the contact between them, the bodies must maintain the same length,
which will cause tensile stress in the film and compressive stress in the substrate [71].
This stress difference will generate a moment in the wafer, which will be counteracted
by a bending. Therefore, an upward concavity of the wafer, i.e. along the +y axis,
was expected.

The stresses generated at the temperature deposition are shown in Figure 3.12, whereas
the deformations along the x and y axis are depicted in Figures 3.13 and 3.14. As can
be seen in Figures 3.13a and 3.13b, the prediction about the deflection was certain.
Furthermore, the maximum stress was generated in the thin film (red areas in Figure
3.12), which is consistent with the residual stress theories.

(a) (b)

Figure 3.12.: Simulation 1 - Equivalent stresses (von Misses) in MPa generated at
the deposition temperature: (a) AlN, (b) Cr2AlC.



3. Simulation of residual stresses 40

(a) (b)

Figure 3.13.: Simulation 1 - Deformation (in µm) along y axis at the deposition
temperature: (a) AlN, (b) Cr2AlC.

(a) (b)

Figure 3.14.: Simulation 1 - Deformation (in µm) along x axis at the deposition
temperature: (a) AlN, (b) Cr2AlC.

3.5.3. Comparison with theoretical stresses

The results were compared with the equations discussed in subsection 2.5. Those
depend mainly on the thicknesses (ts, tf ), Young’s modules (Es, Ef ) and the radius of
curvature (ρ). The value of ρ was estimated as follows

ρ =
R2 + δ2y + δ2x + 2Rδx

2δy
(3.1)

where δx and δy are respectively the deformation of the substrate along x and y axis
obtained previously in the simulation. Equation 3.1 was obtained by applying the
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Pythagorean theorem according to Figure 3.15, where a constant curvature, as well as
equal deformations along x and z-axis, were considered.

Substrate

ts

R+

-

x

y

Figure 3.15.: Deformed circular plate characterized by a radius of curvature ρ and
deformations δx and δy. Note that due to their thinner thickness, the
thin film and SiO2 layer were not graphed.

Furthermore, since the stresses formulations 2.21, and 2.25 consider isotropic material
properties, the anisotropic properties were converted into moduli values with Equations
2.1, 2.2, 2.3 and 2.4 in order to obtain the Young’s module and the Poisson’s ratio. On
the other hand, since in the first step (see Figure 3.11a) the substrate was heated from
room to deposition temperature while the thin film was kept at room temperature, the
thermal stress (see Equation 2.36) was estimated by considering only the substrate’s
TEC at the deposition temperature.

Figure 3.16 shows the comparison between theoretical formulations and simulation
results for the AlN and Cr2AlC. Stresses at the deposition temperature estimated by
Stoney and Freund equations were lower than simulation results because the stresses
were not residual type, but thermal stresses since thermal loads were still applied at the
end of step 1 (see 2.5). On the other hand, thermal stresses estimated by the general
thermal stress equation (third group of columns in Figure 3.16) were very close to these
of the simulation. This, in turn, showed that the element sizes of the mesh generated
in 3.5.1, as well as the supports described in Figure 3.11b, permitted simulate the
thermal stress.
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Figure 3.16.: Stresses at the deposition temperature estimated by theoretical formu-
lations and simulations for AlN (in red) and Cr2AlC (in blue).
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On the other hand, Figure 3.17 depicts the residual stresses, i.e. those generated
after the cooling at the end of step 2. As can be seen, the maximum values of the
residual stresses were virtually none: 0.18 MPa and 0.02 MPa for the AlN and Cr2AlC
respectively. This occurred because the three bodies (substrate, SiO2 layer and thin
film) were always active during simulation 1 and therefore the three bodies behave like
a whole one. As a result, the stress caused by the heating step was relaxed by the
cooling step because the starting and final temperatures were the same and equal to
22 ◦C. Hence, a method to face this challenge will be described in the next section.

(a) (b)

Figure 3.17.: Simulation 1 - Equivalent stresses (von Misses) in MPa generated after
the cooling process: (a) AlN, (b) Cr2AlC.

3.6. Simulation 2 - Static load by using birth and
death technique

This simulation employed the birth & death technique by including the corresponding
APDL commands to the model in ANSYS Workbench with the aim of representing the
deposition of the thin film. This technique does not remove the layer, but multiplies the
stiffness matrix of the killed element, in this case, the thin film, by a reduction factor1

of 10−6. The effect on the solution process stage of the software can be understood by
modifying Equation 2.45 as follows:

{σk} = [frKk] {εk} (3.2)

where σk, [Kk] and {εk} are the stress vector, the stiffness matrix and the strain vector
in the killed element respectively; while fr is the reduction factor equal to 10−6. Due
to the very low value of fr, the effect of the killed element can be neglected. Otherwise,
fr is equal to 1 when the body is born. Therefore, this technique allows beginning a

1http://www.ansys.stuba.sk/html/guide_55../g-adv/GADV6.htm (visited on
20/02/17)

http://www.ansys.stuba.sk/html/guide_55../g-adv/GADV6.htm
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simulation with a killed body, which can be born at later steps and thus, was used to
simulate the thin film deposition.

This simulation followed the flowchart shown in Figure 3.18. First, an axisymmetric
simulation was performed to simplify the geometrical model. Second, a simulation
considering a quadrant solid was conducted to visualize a three-dimensional deforma-
tion of the wafer. Third, the residual stresses were calculated by the wafer curvature
measurement (see subsection 2.5.2) from experimental data and finally, the simulation
and experimental results were compared.

START

Axisymmetric simulation: Apply the boundary 
conditions, include material properties, build the 

geometrical model and generate the meshing

Did the program 
converge?

False

True

Quadrant simulation: Apply the boundary 
conditions, include material properties, build the 

geometrical model and generate the meshing 

END

Did the program 
converge?

False

True

True

Figure 3.18.: Simulation 2 flowchart.

Unlike simulation 1, this simulation increased the number of layers by including the
SiO2 layer. Moreover, with the aim of representing the thin film deposition, the APDL
commands, as well as the thermal loads, should be executed in the followings steps:

1. Step 1: Heating the substrate and SiO2 layer from room temperature to pro-
cess temperature shown in section 3.2. In this step, the thin film layer was
killed or deactivated by the command ekill. Previously, the user must tag
the body to be killed, i.e. to give the body a reference name to be used in the
subsequent steps. It was done by including a command in the geometry sec-
tion, e.g. part1=matid, where matid is the material number of the body.
Then the body was selected with the command esel,s,mat„part1 and then
ekill,all.

2. Step 2: Maintaining the process temperature. The thin film was also deactivated.

3. Step 3: The thin film layer was activated and the temperature of three bodies
dropped to room temperature. Therefore, the body was selected previously with
esel and then activated with the command ealive. Besides, the reference
temperature of the body was changed to the process temperature in order to
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activate the body with zero deformation [49, 53]. This can be done by changing
it in ANSYS Workbench (selecting Geometry-Thin Film-Reference Temperature
by Body) or employing the APDL command MP,REFT,part1,temp, where
temp was the process temperature. The correct usage of each option will be
discussed in 3.6.1.2.

4. Step 4: The bodies were kept at room temperature.

3.6.1. Axisymmetric simulation

This simulation approximated the cylindrical solid in a two-dimensional transversal
section with the aim of reducing the calculation time [72,73]. Hence, an axisymmetrical
geometry was included to the program by taking into account the conditions set by
ANSYS [67]: the transversal section must be generated in the x-y plane with positive
x values, as well as symmetric regarding the y-axis in such a way it generates the solid
when the area is rotated respect to that axis. Figure 3.19 depicts a schematic view of
the area.

x
z

y y

x

Si

Thin film
SiO2

Figure 3.19.: Schematic view of the transversal section: the 3D three-layered wafer
(on the left side) where the 2D area comes from (on the right side).
Figure based on [74].

3.6.1.1. Mesh

According to ANSYS Mechanical APDL Element Reference [67], the recommended ele-
ments to work with a 2D axisymmetric model are PLANE182, PLANE183, SHELL208
and SHELL209. Nevertheless, the shell elements were discarded because they are
commonly used to model shell bodies such as pipes, tanks among others [67]. The
characteristics of both plane elements are the following (see 3.20a): PLANE182 is a
4-node (IJKL) structural solid with two degrees of freedom at each one along x and
y directions [67] and has a linear interpolation function [75]; whereas PLANE183 is a
8-node (IJKL-MNOP) structural solid with two degrees of freedom at each one along
x and y directions [67] and unlike the previous element, has a quadratic interpolation
function [75]. Since the interpolation function describes the change of the degrees
of freedom throughout the element edges, a quadratic formulation could give a better
representation of the deformation along the y-axis of the transversal section (see Figure
3.20b). Therefore, the PLANE183 was chosen as the element for the cross-section.
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PLANE183 PLANE182
(a)

Quadratic
function

Linear
function

(b)

Figure 3.20.: Element features available in ANSYS: (a) Plane elements employed
in axisymmetric models, (b) Changes in displacement obtained with
different interpolation function, note that ξ and η are the centroidal
coordinates of the 2D element [75]. Figures of (a) extracted from [67]
and of (b) extracted from [75].

Likewise, the meshing described in 3.5.1, the element was assigned automatically by
the software. Otherwise, the APDL command et can be added as et,1,PLANE183 if
necessary. Furthermore, due to the thin film thicknesses, sizing and meshing methods
were included to the geometry.

� Sizing methods: Due to the thicker thickness of the substrate, its element size can
be bigger than the other solids. Therefore, considering a 125 µm element size for
the substrate, an aspect ratio of 1 was obtained because the substrate dimensions
are multiple of 125. Furthermore, in order to obtain an aspect ratio of 1 for the
SiO2 layer, the element size must be 50 nm generating 500 000 elements, which
would lead to a large calculation time only for the meshing and consequently for
the simulation. Hence, a 1 µm size was chosen for the SiO2 layer. Concerning the
thin film, its element size was chosen by trial and error varying from 5 µm to the
corresponding thickness: 240 nm for the AlN, whereas 500 nm for the Cr2AlC.
The results are shown in 3.6.1.2.

� Meshing methods: The methods Quadrilateral Dominant and the Multizone
Quad/Tri, with the option All Quad activated, were chosen in order to generate
quadrant models. The former is based on the patching conforming algorithm,
which creates the meshing respecting all the faces and boundaries of the surface
and thus, the meshing captures the geometry details [63]. In contrast, the latter
is based on the patching independent algorithm, which does not respect neces-
sarily all the faces and boundaries and thus, it is employed to generate uniformly
meshing [63].

Nevertheless, when the Quadrilateral Dominant method was selected, the ANSYS
meshing algorithm did not create the mesh due to poor quality elements and
in some cases, i.e. for thinner element sizes, the program ran out of memory.
Therefore, the meshing option chosen was the Multizone. The mesh parameters
of the aluminum nitride and MAX phase are shown in Table 3.5.
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Table 3.5.: Meshing parameters of the AlN and Cr2AlC axisymmetric sections.

Parameter AlN Cr2AlC
Nodes 287507 240942
Elements 57580 48267
Element quality (average) 0.367 0.613
Aspect ratio (average) 10.5 11.4
Skewness (average) 4.29× 10−10 3× 10−10

3.6.1.2. Simulation

The supports are shown in Figure 3.21a, where the left edges of the transversal section
were fixed in the x-axis (ux = 0) in order to allow a free deformation of the wafer center.
Besides, the bottom right vertex of the substrate was fixed in the y-axis (uy = 0),
otherwise the simulation cannot converge because the entire section could move along
the y-axis transgressing the static analysis. In addition, the applied thermal load
followed the steps shown in section 3.6 and can be seen in Figure 3.21b.
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Figure 3.21.: Boundary conditions of the axisymmetric section: (a) Left edge fixed
in x axis (ux = 0 noted as A) and right vertex fixed in y axis (uy = 0
noted as B), (b) Thermal load applied step by step.
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Figure 3.22.: Variation of residual stress with regard to the element size.

Besides, alike simulation 1, the bonded contact type was selected as contact model
between the silicon and SiO2 layers and also between the SiO2 and the thin film layer.
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As it was explained previously in 3.6.1.1, the simulations were performed by changing
the element size until it reaches the layer thickness. However, the minimum given value
for both layers was 0.75 µm, because the meshing algorithm could not mesh the area
since the program ran out of memory when the element size was 240 nm and 500 nm
for the AlN and Cr2AlC layers respectively. The results are shown in Figure 3.22.

3.6.1.3. Results

As it was described in 3.6, there are two options to change the reference temperature
of a body. The first alternative is to change this parameter with ANSYS Workbench
interface, which allows the user to vary it only at the beginning of the simulation and
thus, this change is valid from the first simulation step henceforth. On the contrary, by
employing the APDL command MP,REFT, the reference temperature can be changed
at the desired step. According to the preparation processes described in section 3.2, the
sputtering deposition of the Cr2AlC occurred at room temperature (22 ◦C), while the
aluminum nitride was deposited at 1190 ◦C. Thus, the change with ANSYS Workbench
fitted the manufacturing process of the aluminum nitride, whereas the APDL command
satisfied the MAX phase fabrication.

� Aluminum nitride
As mentioned above, the deposition of the AlN thin film was represented by
changing its reference temperature with ANSYS Workbench. This was validated
by plotting the deformations in y-axis with both alternatives and compared them
with deflection measures of the wafer. Figure 3.23 depicts the APDL results,
where a downward concavity of the section is shown; while Figure 3.24 shows
the ANSYS Workbench results, where the section was deformed upward with
a maximum deflection of −35 µm. Given that the shape of the axisymmetric
section deformed by the APDL commands was consistent with the wafer shape
measured by experiments (see Figure 3.25), i.e. both with an upward concavity,
the change of temperature reference with APDL commands was validated.

Figure 3.23.: Deformation along y axis (in µm) of the AlN axisymmetric model by
changing the temperature reference with APDL command.

Moreover, the residual stresses generated on the left and right sides of the axisym-
metric model, which represented the wafer center and wafer circumference re-
spectively, were plotted to visualize the stress distribution. Figure 3.26 depicts
that the higher residual stresses are generated in the thin film, where the stresses
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Figure 3.24.: Deformation along y axis (in µm) of the AlN axisymmetric model by
changing the temperature reference with ANSYS Workbench interface.
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Figure 3.25.: Deflection scans along the x axis of the AlN wafer after the AlN layer
deposition (red marks).

reach a maximum value of 1172 MPa on the left side and decrease towards the
right side. Thus, as a result of the cooling, the maximum stresses are generated
at the wafer center and decrease towards the wafer circumference. Besides, the
stresses in the SiO2 layer and substrate are lower, which vary from 0.06 MPa to
390.8 MPa.

Furthermore, the plots of residual stress distribution allow visualizing the stresses
in each layer. As seen in Figure 3.27, the residual stresses in x-axis vary prin-
cipally along the +x direction from the center of the wafer (left side in the
axisymmetric model) to the border (right side in the axisymmetric model), where
residual stresses oriented in -x axis appear. This large difference causes a result-
ant stress along the +x direction with added to the stresses in the substrate and
silicon dioxide, oriented in -x direction, yield a moment in -z direction. For that
reason, the axisymmetric model deforms following an upward concavity with the
aim of compensating that moment.

On the other hand, the stress distribution plots permit to visualize possible
failure modes. In the case of the normal stresses in x-axis for (Figure 3.27), the
difference in their directions lead to a buckling delamination as it can be seen in
Figure 3.28, which would separate the thin film layer from the silicon dioxide.
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Left side Right side

Figure 3.26.: Distribution of equivalent stresses (von Misses) in MPa generated in the
AlN axisymmetric model from the left to the right side of the model.

Left side Right side

Figure 3.27.: Distribution of normal stresses oriented in x axis in MPa generated
in the AlN axisymmetric model from the left to the right side of the
model.

Buckling

Right side

Buckling

Right side

Figure 3.28.: Buckling delamination caused by the normal stresses in x axis (σxx) in
the AlN section. Large-scale view to visualize the delamination.
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� MAX phase
As mentioned above, the deposition of the Cr2AlC thin film was represented by
changing its reference temperature with APDL commands because it was heated
to 600 ◦C after being deposited at room temperature. Figure 3.29 shows the
deformation along y-axis generated by this alternative, where the sections was
deformed upward reaching maximum value of −57 µm.

Figure 3.29.: Deformation along y axis (in µm) of the Cr2AlC axisymmetric model
by changing the temperature reference with APDL command.

Moreover, as seen in Figure 3.30, the higher residual stresses are generated in the
thin film, where the stresses reach a maximum value of 822 MPa on the left side
and decrease towards the right side. Therefore, as a result of the heat treatment,
the maximum stresses are generated at the wafer center and decrease towards
the wafer circumference. In addition, the stresses in the SiO2 layer and substrate
are lower, which vary from 0.38 MPa to 274.2 MPa.

Right sideLeft side

Figure 3.30.: Distribution of equivalent stresses (von Misses) in MPa generated in
the Cr2AlC axisymmetric model from the left to the right side of the
model.

Besides, the axisymmetric model formed an upward concavity in order to com-
pensate the moment in -z direction. This, in turn, was generated by the differ-
ence of stresses between the thin film and the substrate and SiO2, which were
oriented mainly along the +x and -x directions (see Figure 3.31). In addition,
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Right sideLeft side

Figure 3.31.: Distribution of normal stresses oriented in x axis in MPa generated in
the Cr2AlC axisymmetric model from the left to the right side of the
model.

the difference of the stresses in the thin film along the x-axis, lead to a buckling
deformation (see Figure 3.32).

Right side

BucklingBuckling

Right side

Figure 3.32.: Buckling delamination caused by the normal stresses in x axis (σxx) in
the Cr2AlC section. Buckling plotted on a larger scale to visualize it.

3.6.2. Axisymmetric simulation with initial curvature

The axisymmetric simulation exposed in 3.6.1 considered a flat wafer geometry, which
differs from the measured data shown in Figure 3.25. Hence, with the purpose to
improve the model and thus, visualize how the results vary in respect to the previous
simulation, the initial curvature was added to the geometry. The initial curvature
of the wafer was based on the scans along the x-axis, alike the estimation of the
curvature radius, at the prior stage of the deposition of the thin films. As can be seen
in Figure 3.25 (for another figures refer to Chapter 4), the measured deflections have a
pronounced curvature near the coordinate x = 20 mm. Due to the coordinate system of
the interferometer, the deflections vary from 631 mm to 642 mm for the AlN and from
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626 mm to 635 mm for the Cr2AlC. However, these values cannot be added directly
to the geometrical model, since the model was built in the x-y plane in respect of the
origin (see Figure 3.19). Therefore, the deflection at 20 mm in x-axis was chosen as a
reference value to convert the deflections into data around zero, which can be added
to the geometrical model. The results are shown in Figure 3.33.
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Figure 3.33.: Initial deflections of the aluminum nitride (dark cyan line) and Cr2AlC
(orange line) wafers. Data enclosed by the sparse-line rectangle were
included to the geometry model.

Since the axisymmetric model considered a symmetric section regarding the y-axis,
the initial curvature had to be also symmetric. For that reason, the present maximum
deflection to the left and to the right of 20 mm was calculated in order to choose the
values to be added to the model. Between 0 mm to 20 mm the maximum deflections
were 10.25 µm and 9.39 µm for the AlN and Cr2AlC respectively; whereas between
20 mm to 40 mm the maximum deflections were 1.19 µm and 1.33 µm for the AlN
and Cr2AlC respectively. Hence, the data between 0 mm to 20 mm in x-axis were
included to the geometric model due to their higher deflections, which represented the
most extreme case. Furthermore, since the real diameter of the wafer was 50 mm, the
missing data were estimated by the corresponding regression equation.

3.6.2.1. Mesh

The mesh of the model was based on the methods described in 3.6.1.1. Nevertheless,
the initial curvature added to the model caused the generation of irregular quadratic
elements, which led to errors in the meshing particularly on the silicon dioxide and thin
film layers. For this reason, the PLANE183 element type was selected in its triangular
6-node element variant (see Figure 3.34a) with the aim of meshing those thin layers.
Alike the meshing in 3.6.1.1, sizing and meshing methods were included to discretize
the geometry:
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� Sizing methods: As in the previous mesh of the axisymmetric model, the elements
sizes were equal to 125 µm and 1 µm for the substrate and silicon dioxide layer.
Respect to the thin film, the element size was 0.8 µm.

� Meshing methods: Since the 6-node triangular variant of PLANE183 element
type was selected, the Multizone Quad/Tri method was chosen with the mesh
type All Tri.

As a result, triangular elements were generated in the silicon dioxide and thin film
layers (see Figure 3.34b).

(a)

Thin Film SiO2

Substrate

(b)

Figure 3.34.: Mesh of the axisymmetric section with initial curvature: (a) 6-node
triangular variant of PLANE183 element type, Figure extracted from
[67]; (b) Zoomed view of the triangular elements in the SiO2 and thin
film layers.

The parameters of the meshing are shown in Table 3.7.

Table 3.6.: Meshing parameters of the AlN and Cr2AlC axisymmetric sections with
initial curvature.

Parameter AlN Cr2AlC
Nodes 339131 339131
Elements 112906 112906
Element quality (average) 0.294 0.455
Aspect ratio (average) 11.717 10.827
Skewness (average) 0.728 0.5792

3.6.2.2. Simulation

The supports, contact type, and thermal loads were the same of that of the flat-section
axisymmetric simulation exposed in 3.6.1.2. In summary:

� Supports: Shown in Figure 3.21a, i.e. left edge fixed in x axis (ux = 0) and
bottom right vertex fixed in y axis (uy = 0).

� Contact type: The contact was selected as bonded type among the three bodies.

� Thermal loads: They followed the temperature curves shown in Figure 3.21b.
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3.6.2.3. Results

The methods for changing the reference temperature were as follows: the APDL com-
mands for the Cr2AlC and the ANSYS interface for the AlN (refer 3.6.1.3).

� Aluminum nitride
The deformation along y-axis is shown in Figure 3.35, where the section forms
an upward concavity with a maximum deflection of −35 µm generated on the left
side, i.e. at the center of the wafer.

Figure 3.35.: Deformation along y axis (in µm) of the AlN axisymmetric model with
initial curvature.

Right sideLeft side

Figure 3.36.: Distribution of equivalent stresses (von Misses) in MPa generated in
the AlN axisymmetric model, with initial curvature, from the left to
the right side of the model.

On the other hand, Figure 3.36 depicts the distribution of the equivalent (von
Misses) residual stresses in the section. As can be seen, the thin film withstands
the higher stresses reaching a maximum value of 1174 MPa on the left side;
while lower values are generated on the right side of the section. Regarding the
silicon dioxide layer and substrate, they withstand lower stresses, which vary
from 0.05 MPa to 391.4 MPa. Thus, extrapolating this results to the wafer, the
stresses are the highest in the center and decrease towards its circumference.

Moreover, Figure 3.37 shows the distribution of the normal stresses oriented in
x-axis. Alike the distribution of the equivalent stresses, the higher values are
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generated in the thin film with a maximum value of 1235 MPa on the left side;
while lower values are on the right side with a minimum value of −388 MPa.
Hence, the stresses in the x-axis have the largest impact on the equivalent stresses
calculation.

Right sideLeft side

Figure 3.37.: Distribution of normal stresses oriented in x-axis in MPa generated in
the AlN axisymmetric model, with initial curvature, from the left to
the right side of the model.

� MAX phase
Figure 3.38 depicts the deformation along y-axis, where the section forms an
upward concavity with a maximum deflection of −57 µm generated on the left
side, i.e. at the center of the wafer.

Figure 3.38.: Deformation along y axis (in µm) of the Cr2AlC axisymmetric model
with initial curvature.

Moreover, as noted in Figure 3.39, the thin film withstands the higher equivalent
stresses reaching a maximum value of 813 MPa on the left side; whereas lower
values are generated on the right side. In respect of the SiO2 layer and substrate,
they withstand lower stresses, which vary from 0.04 MPa to 271.5 MPa. There-
fore, extrapolating this results to the wafer, the stresses are the highest in the
center and decrease towards its circumference.

In addition, Figure 3.40 shows the distribution of the normal stresses oriented
in x-axis. The stresses vary from −163 MPa to 840 MPa in the thin film; while
−163 MPa to 59 MPa in the substrate and silicon dioxide layer.
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Right sideLeft side

Figure 3.39.: Distribution of equivalent stresses (von Misses) in MPa generated in
the Cr2AlC axisymmetric model, with initial curvature, from the left
to the right side of the model.

Right sideLeft side

Figure 3.40.: Distribution of normal stresses oriented in x-axis in MPa generated in
the Cr2AlC axisymmetric model, with initial curvature, from the left
to the right side of the model.

3.6.3. Quadrant simulation with initial curvature

This simulation was based on a quadrant geometry generated by the revolution of the
axisymmetric geometry (see 3.6.2) respect to the y-axis.

3.6.3.1. Mesh

The element type was SOLID186 for the three layers (see Figure 3.10). Alike the
previous simulations, sizing and meshing methods were taken into account.

� Sizing methods: Since the element size of the quadrants in simulation 1 was
validated in subsection 3.5.3, the element size of the substrate was 300 µm, while
for the silicon dioxide layer and thin film the element size was 200 µm.
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� Meshing methods: Given that irregular elements were generated by the addi-
tion of the initial curvature, the Multizone patch independent method was in-
cluded with the Hexa/Prism option activated in order to produce hexagonal and
prismatic elements and thus, to ease the difficulties in meshing that the initial
curvature addition may involve.

The parameters of the mesh are shown in Table 3.7.

Table 3.7.: Meshing parameters of the AlN and Cr2AlC quadrant models with initial
curvature.

Parameter AlN Cr2AlC
Nodes 255533 221272
Elements 36122 31184
Element quality (average) 0.211 0.212
Aspect ratio (average) 1770 1560.5
Skewness (average) 2.459× 10−2 2.460× 10−2

3.6.3.2. Simulation

The boundary conditions added to this model were the following:

� Supports: Alike the quadrant model in simulation 1, the circular arc located in
xz plane was limited in y axis (see Figure 3.11b).

� Contact type: Bonded type among the three bodies.

� Thermal loads: They followed the steps shown previously in Figure 3.21b.

Besides, the simulation of the AlN and Cr2AlC quadrants used the change of the
reference temperature by ANSYS Workbench and APDL command respectively.

3.6.3.3. Results

The deformation in y-axis for both quadrants are shown in Figure 3.41, where the
maximum deflection occurred at the center reaching the following values: −37.1 µm
for the AlN and −58.5 µm for the Cr2AlC.

On the other hand, Figure 3.42 depicts the equivalent (von Misses) stresses. As can
be seen, the higher values are generated in the thin film: 1077.5 µm for the AlN and
780.8 µm for the Cr2AlC). Nevertheless, unlike the results obtained by simulations
based on axisymmetric models, a stress distribution in the thin film cannot be seen.
This could occur because the quality of the elements are lower than that of the axisym-
metric models, e.g. the aspect ratios obtained in the quadrant models were 1770 and
1560 for the quadrant models (see Table 3.7), whereas 11 and 10 in the axisymmetric
models (see Table 3.7).
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(a) (b)

Figure 3.41.: Simulation 2 - Deformation in y-axis in µm: a) AlN, (b) Cr2AlC.

(a) (b)

Figure 3.42.: Simulation 2 - Equivalent stresses (von Misses) in MPa: a) AlN, (b)
Cr2AlC.

3.7. Simulation 3 - Detection of the contact between
SiO2 and thin film

Unlike the previous simulations, where the bodies remained in the same position with
their bonded contacts activated at different steps, in this simulation a different ap-
proach was proposed. It was applied firstly to the aluminum nitride circular plate.
The stages followed by this simulation are depicted in Figure 3.43 and are as follows.
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Figure 3.43.: Schematic representation of the contact detection: (a) At the beginning
the bodies, i.e. thin film on the one hand and substrate-SiO2 (marked
in blue) body on the other, are separated, (b) By bringing the thin film
together to the other body, the contact is detected because the SiO2

layer is inside the pinball region (marked in red).

1. At the beginning, the thin film and the bilayer solid consisting of the substrate
and silicon dioxide were separated. The contact type among the three layers was
bonded (see Table 3.4); however, the formulation of the contact between the SiO2

and the thin film was changed to Normal Lagrange with the pinball region option
activated. That formulation was chosen because it considers the normal force Fn

generated during the contact as a degree of freedom [70] and thus, the bonded
contact could be included despite the gap between the bodies. Nevertheless, at
this stage the contact should not be activated in order to approach the thin film
to the bilayer body, otherwise, both bodies would move as a result of the thin
film translation. For that reason, the pinball region (see Figure 3.44), i.e. a zone
where the software considers if there is contact when the target body is located
inside that [70], was selected. Its radius was equal to the SiO2 thickness (50 nm)
in order to set the contact only between the thin film and silicon dioxide layer.
In this case, the bilayer body was selected as the target body.

Besides, the substrate-SiO2 bilayer body was heated until the manufacturing
temperature according, i.e. 1190 ◦C for the AlN and 600 ◦C for the Cr2AlC, to
room temperature.

Pinball radius

Target

Contact

Figure 3.44.: Schematic view of the pinball radius. The contact is activated by the
software if the target body is located inside the pinball region. Figure
redrawn from [76].

2. The thin film was approached to the bilayer body (target body) until silicon
dioxide layer is located inside the pinball region.
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3. The thin film remained in contact with the bilayer solid. The three bodies were
cooled from their deposition temperature to room temperature.

3.7.1. Mesh

The geometric models considered in this simulation were the circular plates instead of
the quadrants in order to

� Sizing methods: Due to the higher volume, the element size were bigger than
that of the quadrant models. It was chosen as the maximum value from which a
meshing was satisfactorily generated by the ANSYS meshing algorithms. Hence,
the element size for the three layers was 700 µm and thus, the meshing had the
parameters shown in Table 3.8.

Table 3.8.: Meshing parameters of the AlN circular plate.

Parameter AlN
Nodes 76826
Elements 19920
Element quality (average) 0.263
Aspect ratio (average) 3387.9
Skewness (average) 0.507

3.7.2. Simulation

The stages described previously were included as four steps as follows:

1. Step 1: The surface in contact with the thin film and the lateral faces of the
bilayer body (see Figure 3.45a) were fixed on x and z-axes (see Table 3.9), i.e.
ux = uz = 0 (see Figure 3.45a); whereas the thin film body was placed at a
distance of 2 mm from the bilayer body. Besides, the bilayer body was heated to
the deposition temperature of the thin film (see Figure Figure 3.45b).

2. Step 2: The thin film solid was brought together to the bilayer body in order
to activate the contact between them, whereas the fixations in step 1 were kept.
Moreover, the bodies were at the deposition temperature.

Table 3.9.: Boundary conditions in Simulation 3: Supports applied step by step.

Faces Thin film Bottom edge
Step ux (µm) uz (µm) uy (µm) uy (µm)

1 0 0 0 Inactive
2 0 0 -2000 Inactive
3 0 0 -2000 Inactive
4 Inactive 0
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Figure 3.45.: Boundary conditions in Simulation 3: (a) Faces of the bilayer solid fixed
on x and z axes, (b) Step-by-step detail.

3. Step 3: The faces fixation was kept and the thin film remained in contact with
the bilayer body. Besides, the three bodies were at the deposition temperature.

4. Step 4: The limitation in displacement applied in steps 1, 2 and 3 was withdrawn,
while the bottom edge of the bilayer body was fixed on y-axis with the aim of
enabling the deformation of the wafer. The three bodies were cooled to 22 ◦C.

Furthermore, the option Large deflection was activated during the simulation due to
the translation of the thin film.

3.7.3. Results

(a) (b)

Figure 3.46.: Simulation 3 results: (a) Deformations along the y-axis, (b) Residual
stresses at room temperature.
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The results are shown in Figure 3.46. Regarding the residual stresses, a maximum
value of 2.68 MPa was generated in the thin film, which was much less than the results
of simulation 2. This could have been generated by the contact surface fixation, which
only allowed deformations along the y-axis of the bilayer body. This can be seen
in Figure 3.47, where the top surface, which is contact with the thin film, deformed
along the y-axis only 0.0001 µm, while the bottom surface deformed 2.306 µm along
the -y direction. In this manner, when the bodies were cooled and the fixations were
withdrawn, the bottom surface returned to its initial position and thus, the thermal
load was not transmitted to the thin film leading to low residual stresses.

Figure 3.47.: Simulation 3 - Deformations along the y-axis of the substrate-SiO2

body. Note that the plot scale was increased to visualize the deforma-
tion of the bottom surface.

3.8. Observations

3.8.1. Killing contact

Apart from the simulations exposed above, another with birth and death commands
was carried out. Nevertheless, in this case, the commands were applied to deactivate
not only the thin film but also the contact between the silicon dioxide and the thin
film. The steps were based on simulation 2 (see subsection 3.6) as follows:

� Step 1: Heating the substrate and SiO2 to the corresponding process temperat-
ure, while the thin film body was killed with the command ekill. Besides, the
thin-film-SiO2 contact was also killed. It was done by tagging the contact and tar-
get elements, named in ANSYS Workbench2 as cid and tid respectively, with
the commands mycont=cid and mytarg=tid. Then, both elements were se-
lected with esel,a,type,mycont and esel,a,type,mytarg to be killed
with ekill,all.

2http://www.padtinc.com/blog/the-focus/utilizing-element-birth-and-
death-for-contact-elements-in-workbench-mechanical (visited on 15/03/17)

http://www.padtinc.com/blog/the-focus/utilizing-element-birth-and-death-for-contact-elements-in-workbench-mechanical
http://www.padtinc.com/blog/the-focus/utilizing-element-birth-and-death-for-contact-elements-in-workbench-mechanical
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� Step 2: Bodies kept at the process temperature.

� Step 3: Thin film and contact were selected with the APDL commands
esel,s,mat„part1, esel,a,type,mytarg and esel,a,type,mycont
and then activated with ealive,all.

The temperature of the three bodies dropped to room temperature.

� Step 4: Bodies kept at room temperature.

The meshing and body supports were the same in simulation 2. The results are shown
in Figures 3.48 and 3.49 for the AlN.

Thin film

Substrate

SiO2

Figure 3.48.: Residual stresses generated when the contact between the thin film and
SiO2 layer was born. Zoomed view of the delamination zone.

Thin film

Substrate

SiO2

Figure 3.49.: Deformation in y-axis generated when the contact between the thin
film and SiO2 layer was born. Zoomed view of the delamination zone.

As can be seen in Figure 3.48 delaminations occurred in the silicon dioxide and thin
film layers leading to high residual stresses, e.g. 31 821 MPa in AlN layer. Those
detachments were caused mainly by the abrupt change of the contact status from
step 2 to step 3, where the contact was activated. Since the birth and death technique
reduces the stiffness matrix of the killed element (see subsection 3.6), that body remains
geometrically in the model and thus, the contact that unites it with the entire model
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must be active. Hence, the absence of that contact disrupted the simulation results as
follows: generated a rough 0.5 µm gap between the thin film and silicon dioxide layer
at step 2 (see Figure 3.50a), which was increased in the subsequent steps leading to a
maximum deformation of 14 327 µm (see Figure 3.50b).

Thin film

Substrate

SiO2

(a)

Thin film

(b)

Figure 3.50.: Deformation in y-axis: (a) At step 2, i.e. with a non-active contact
between SiO2 and thin film, (b) At step 4.

Even though this approach could not simulate properly the residual stresses, since the
reached values were very different from the ones obtained in 4.1, it allowed to visualize
the layers behavior if the contact was lost during the manufacturing process. This can
be caused, for instance, by a drop of the thin film deposition ratio, inter alia.

3.8.2. Simulation 3

Figure 3.51.: Deformation along y-axis of the bilayer body after reaching the depos-
ition temperature at 1190 ◦C. Since the support was applied only to
the perimeter edge of the bilayer body, a high deformation of 8713.7 µm
was obtained.

In section 3.7, three faces of the bilayer body were fixed in simulation before the cooling
step. Otherwise, due to the high temperature (1190 ◦C), the circular plate would have
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high deformations in its center (see Figure 3.51), if only the perimeter edges were
limited. This occurred because the plate deforms due to the thermal load and a lack
of displacement restriction.

On the other hand, simulation 3 were planned initially to have three steps with no
supports at the third step. The process was the following:

1. Step 1: The surface in contact with the thin film and the lateral faces of the
bilayer body (see Figure 3.52a) were fixed on all axes, i.e. ux = uy = uz = 0 (see
Table 3.10), unlike the first step shown in 3.7.2. The bilayer body was heated to
the deposition temperature (see Figure 3.52b).
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Figure 3.52.: Boundary conditions: (a) Faces fixed in the bilayer solid, (b) Temper-
ature curve applied step by step.

2. Step 2: The thin film solid was brought together to the bilayer body in order to
activate the contact between them. The bilayer body was kept at the deposition
temperature.

3. Step 3: The limitation in displacement shown in step 1 was withdrawn with the
aim of enabling the deformation of the plate.

Table 3.10.: Supports applied step by step.

Areas Thin film
Step ux (µm) uy (µm) uz (µm) uy (µm)

1 0 0 0 0
2 0 0 0 -2000
3 Inactive

Nevertheless, ANSYS did not found a solution since the model had highly distorted
elements at the third step. This could have been caused because the wafer deformed
freely without any support at that step and thus, the iterations performed by the
software could not converge.
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On the other hand, as can be seen in Figure 3.22, the element size has a major influence
on the solution. For that reason, the element size selected for the wafers (700 µm) could
not be the right for this simulation, e.g. it had a high aspect ratio of 3387.9 (see Table
3.8). However, in this case, that element size was selected by changing its value until
the software could generate successfully the mesh of the wafer. Hence, the usage of a
more computing power could lead to the generation of a finer mesh and thus, to find
a solution.



CHAPTER 4

Comparison with experimental values

4.1. Wafer curvature measurements

With the aim of applying this method, described in 2.5.2.1, wafers were fabricated
under the preparation processes described in 3.2 with thin film thicknesses of 240 nm
and 500 nm for the AlN and Cr2AlC respectively (for other dimensions see Table 3.1).
For estimating the curvature radius, wafer deflections scans after each layer deposition
were performed along the x- and z-axis by a white-light interferometer. The results
are shown in Figures 4.1a, 4.1b, 4.2a and 4.2b.
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Figure 4.1.: Deflection scans of the AlN wafer with only the substrate (Si) layer,
after the SiO2 layer deposition (green marks) and after the AlN layer
deposition (red marks): (a) Along the x-axis, (b) Along the z-axis.
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Figure 4.2.: Deflection scans of the Cr2AlC wafer after the SiO2 deposition (blue
marks), after the Cr2AlC layer deposition (green marks) and after the
heat treatment (red marks): (a) Along the x-axis, (b) Along the z-axis.

Furthermore, the scans were performed only for 40 mm, despite the diameter of the
wafer (50 mm), owing to limitations of the interferometer software. Besides, the con-
tinuous lines of the deflections after the AlN layer deposition in Figures 4.1a and 4.1b
were estimated by a regression fitting procedure due to the presence of data located on
the left and right (see Figures 4.3a and 4.3b) that could alter the curvature estimation.
The procedure is explained in Appendix A.
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Figure 4.3.: Deflection scans with wrong data measured on the left and right, enclosed
by two meshed rectangles. Data taken after AlN layer deposition: (a)
Along x-axis, (b) Along z-axis.

ρ =

(
1 + (f ′(x))2

)3/2
|f ′′(x)|

(4.1)
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Since the residual stress formulas require mainly the curvature radius, this parameter
was calculated with Equation 4.1, where f(x) is the equation of a plane curve [77]. For
that purpose, the equations of each curve shown in the previous figures were estimated
by regression fitting according to the following procedure:

� Match the units of measure of abscissa and ordinate. Since the stress unit in SI
is MPa, the deflections in y-axis were converted in millimeters.

� Apply a polynomial fitting using the software OriginPro 2016. The polynomial
order was varied until the regression values were close to the data. This was
achieved by maintaining the R-square and the residual sum of squares higher
to 0.998 and lower to 1.5× 10−4 respectively. According to OriginLab1, the R-
squared parameter indicates how the fitted data explains the variability of the
observed data around its mean, whereas the residual sum of squares is the sum of
the square deviation between the fitted and the observed data. Hence, the higher
the value of the R-squared, the closer the fitted data to the observed data, while
the smaller the residual sum of squares, the better is the polynomial fitting.

� Calculate the curvature radius with Equation 4.1.

Figure 4.4 and 4.5 depict the data scan along x-axis after the AlN layer deposition
and after the heat treatment of Cr2AlC respectively with their fourth order fitting
polynomials. For smaller orders, the parameters, i.e. R-squared and the residual sum
of squares, were outside the limits set previously. On the other hand, even though for
higher polynomial orders the parameters met the limits, it would hamper unnecessarily
the radius curvature estimation and thus, the fourth order was chosen. The 4th order
fitting polynomial for these curves are the following:

δy AlN = 0.642− 0.002x+ 3.532× 10−5x2 − 5.926× 10−8x3 − 1.497× 10−9x4 (4.2)

δy Cr2AlC = 0.630− 0.004x+ 1.06× 10−4x2 − 7.241× 10−7x3 + 8.373× 10−9x4 (4.3)

Then the curvature radiuses were estimated with Equations 4.1, 4.2 and 4.3. The fitting
polynomials for the other curves as well as their function δy are shown in Appendices
B.1 and B.2. According to the residual stress formulas explained in 2.5.1, Hsueh’s
and Stoney’s formulas permit to calculate the residual stress for multilayer deposition.
Nevertheless, the Hsueh equation was not used because it requires the curvature radii
of each layer at each step to calculate the corresponding residual stress, which for
this work were not measured. Hence, the Stoney equation for multilayer structures
according to Guo et al. [54] was employed. Since Equations 2.22 and 2.23 require
isotropic mechanical properties, the anisotropic properties of the substrate, SiO2, AlN
and Cr2AlC were converted into one value through the Voigt Equations 2.1, 2.2 and
2.3. The results are shown in Table 4.1.

1http://www.originlab.com/doc/Origin-Help/Regression_Results (visited on
10/03/17)

http://www.originlab.com/doc/Origin-Help/Regression_Results


4. Comparison with experimental values 70

0 1 0 2 0 3 0 4 0
0 . 6 2 0

0 . 6 2 5

0 . 6 3 0

0 . 6 3 5

0 . 6 4 0

0 . 6 4 5  S i + S i O 2 + A l N

 P o l y n o m i a l  F i t  o f  S h e e t 1  C 1 " D e f l e c t i o n  i n  Y  a x i s "

D
ef

le
ct

io
n 

in
 Y

 a
xi

s 
(m

m
)

C o o r d i n a t e  i n  X  a x i s  ( m m )

E q u a t i o n
y  =  I n t e r c e p t  +  B 1 * x ^ 1  +  B 2 * x ^ 2  +  B 3

* x ^ 3  +  B 4 * x ^ 4

P l o t D e f l e c t i o n  i n  Y  a x i s
W e i g h t N o  W e i g h t i n g
I n t e r c e p t 0 . 6 4 1 9 4  ±  1 . 1 5 0 0 5 E - 5
B 1 - 0 . 0 0 1 5 5  ±  3 . 9 8 4 7 3 E - 6
B 2 3 . 5 3 2 3 8 E - 5  ±  4 . 0 5 1 6 9 E - 7
B 3 - 5 . 9 2 5 5 4 E - 8  ±  1 . 5 2 1 9 8 E - 8
B 4 - 1 . 4 9 7 4 1 E - 9  ±  1 . 8 8 7 5 5 E - 1 0
R e s i d u a l  S u m  o f  S q u a r e s 1 . 3 2 4 4 6 E - 4
R - S q u a r e ( C O D ) 0 . 9 9 8 8 5
A d j .  R - S q u a r e 0 . 9 9 8 8 5

Figure 4.4.: Data scan along x-axis after the AlN layer deposition (red line) and
fourth order fitting polynomial (black dash-line). Polynomial paramet-
ers, R-squared and residual sum of squares shown in embedded table.
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Figure 4.5.: Data scan along x-axis after the heat treatment once the Cr2AlC was
deposited (red line) and fourth order fitting polynomial (black dash-line).
Polynomial parameters, R-squared and residual sum of squares shown in
embedded table.

Table 4.1.: Mechanical properties obtained by the Voigt relations.

Silicon AlN Cr2AlC SiO2

EV (MPa) 140490 294540 350580 80000
ν 0.2353 0.2566 0.1971 0.1850

According to the assumptions considered by Guo et al. [54], the Young’s modulus and
Poisson’s ratio of the films are equal to that of substrate, which in this case was not met
as it can be seen in Table 4.1. For that reason, those parameters were considered equal
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to the mean value between the substrate and the thin film. Note that the mechanical
properties of the silicon dioxide were disregarded due to their lower values compared to
the other materials. Furthermore, the estimation of the curvature radius considered the
scans along x axis (Figures 4.1a and 4.2a) because those data had a higher concavity
unlike the scans in z axis (Figures 4.1b and 4.2b). Those parameters as well as the
substrate and layer thicknesses were replaced in Equations 2.22 and 2.23 to calculate
the residual stresses after each layer deposition. The results are shown in Figure 4.6
for the aluminum nitride and Figure 4.7 for the Cr2AlC.
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Figure 4.6.: Residual stress (black marks) and curvature radius (red marks) after
each fabrication step for the AlN wafer. Note that the lines are not
values, but are connecting lines among values.
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Figure 4.7.: Residual stress (black marks) and curvature radius (blue marks) after
each fabrication step for the Cr2AlC wafer. Note that the lines are not
values, but are connecting lines among values.
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4.2. XRD measurements

The measured diffractograms (black marks) are shown in Figures 4.8 and 4.9 for the
AlN and Cr2AlC wafers respectively. As can be seen in 2.5.2.2, the value of the Full
Width at Half Maximum (FWHM) is required to calculate the residual stress with
Equation 2.40 because its value is affected by the latter. Hence, the diffractograms
were fitted by the Rietveld refinement (red marks), calculated by the software TOPAS,
with the aim of measuring the FWHM, noted as β in Equation 2.40.
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Figure 4.8.: Measured diffractogram of the AlN wafer. The average residual stress
(σ0 = 714.8 MPa) is calculated from the measured curve (black marks),
Rietveld fitting curve (red marks) and theoretical position (blue marks).
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Figure 4.9.: Measured diffractogram of the Cr2AlC wafer. The average residual stress
(σ0 = 1004.5 MPa) is calculated from the measured curve (black marks),
Rietveld fitting curve (red marks) and theoretical position (blue marks).

As a result, the average residual stress is 714.8 MPa (AlN wafe) and 1004.5 MPa
(Cr2AlC wafer).
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4.3. Discussion

4.3.1. Residual stresses

A visual comparison between the residual stresses obtained by the simulations, de-
scribed in Chapter 3, and the experimental results is shown in Figure 4.10.
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Figure 4.10.: Equivalent residual stresses obtained by simulations (blue and red
columns), i.e. Axisymmetric (Axi.), Axisymmetric with initial
curvature (Axi. w/curv), Quadrant with initial curvature (Quad. w/-
curv) compared with experimental results (pale blue and red columns),
i.e. Stoney equation, according to Guo et al. [54], and XRD measure-
ments.

Regarding the residual stresses in the AlN wafer, a descending trend from the axisym-
metric model to the XRD measurement is observed. The simulated residual stresses
(red columns) obtained by the flat and curved axisymmetric models were almost equal
(1172.1 MPa and 1174.1 MPa respectively), which indicates a low influence of the
curvature on the axisymmetric model results. This, in addition to their deviation
from the experimental results, could have been caused by the geometric simplification,
i.e. a two-dimensional section extracted from a three-dimensional solid. Since the
section must be in the xy plane, the software disregarded the anisotropic properties of
the materials oriented in z-axis during the processing stage.

On the contrary, the residual stress simulated considering a curved quadrant model
reached a value (1077.5 MPa) closer to the experimental results (pale red columns).
Even though the mesh of the quadrant has not high quality elements, and therefore
a stress distribution cannot be displayed, this three-dimensional model enables the
software to consider the anisotropic properties of each body. For that reason, it can
be asserted that a simulation based on a three-dimensional wafer with high quality
elements could provide better results.
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Furthermore, the difference between the stress calculated by the Stoney equation
(888.2 MPa) based on wafer curvature scannings, according to Guo et al. [54], and
the XRD measurement (714.8 MPa) permits to see the extent of each technique. Since
the Stoney equation estimates type I stresses, while the XRD technique permits to
estimate the residual stress types I and II, that difference would show that the type II
stresses reduces the macroscopic stresses.

Likewise, the residual stresses in the Cr2AlC wafer show a trend, but in this case
an ascending one. The stresses simulated (blue columns) with the flat and curved
axisymmetric model are similar (813.5 MPa and 780.8 MPa respectively), which depicts
the low impact of the initial curvature on the results obtained with an axisymmetric
section by the reasons above mentioned.

Besides, the equivalent stresses simulated with a curved quadrant model reached a
value of 780.8 MPa lower than that calculated with experimental results (pale blue
columns). Since the annealing process of the Cr2AlC wafer was deemed as a single
cooling step, the microstructural stresses could not be represented in the simulation.
Therefore, the simulation results do not include those stresses and thus, are lower than
the XRD stress (1004.5 MPa).

For both materials, the proximity of the simulated values to that calculated by the
Stoney equation describes that the simulations performed in this work allow repres-
enting mainly the type I.

4.3.2. Deflection of the wafer

Since the initial curvature added to the models was considered as the deflection from
0 mm to 20 mm along the x-axis (see Figure 3.33), the simulated results were com-
pared with the wafers generated by the deflection measurements in that range. The
considered data were that measured at room temperature after the deposition of the
AlN thin film and after the heat treatment for the Cr2AlC wafer. Note that the miss-
ing data were estimated by the corresponding regression equation. Besides, since the
simulations based on the quadrant model enabled to include the anisotropic properties
of the material, their results were chosen in this comparison.

The deflections of the AlN wafer are shown in Figure 4.11. As can be seen, the
deflections occur along -y-axis and rise from the circumference to the center, where a
maximum deflection of 61.2 µm was reached in the deflection measurements (Figure
4.11a), while a maximum value of 56.5 µm in the simulation (Figure 4.11b). From
Figures 4.1 and 4.6, it can be observed that higher the deflection, lower the curvature
radius is. Therefore, the difference between the maximum values indicates that the
curvature radius of the wafer is higher than that of the simulations. Thus, the residual
stress existing in the AlN wafer is less than the simulated ones because the residual
stresses are inversely proportional to the curvature radius (see Equations in 2.5.1).
The latter is consistent with the results shown in Figure 4.10, where the red columns
(simulated stresses) are higher than the pale red columns (measured stresses).

On the other hand, the deflections of the Cr2AlC wafer are shown in Figure 4.12. Alike
the AlN wafers, the deflections occurred oriented in -y-axis reaching at the center a
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Figure 4.11.: Deflections in y-axis of the AlN wafers: (a) Measured data, (b) Simu-
lated data.
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Figure 4.12.: Deflections in y-axis of the Cr2AlC wafers: (a) Measured data, (b)
Simulated data.

maximum value equal to 61.2 µm in the deflection measurements (Figure 4.12a) and
equal to 58.5 µm in the simulation (Figure 4.12b). Based on the above mentioned, the
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difference between the previous values indicates that the curvature radius of the wafer
is lower than that of the simulations and therefore, the measured stresses in the Cr2AlC
wafer are higher than the simulated ones. This can also be seen in Figure 4.10, where
the pale blue columns (measured stresses) are higher than the blue columns (simulated
stresses).



CHAPTER 5

Conclusions and Future Work

5.1. Conclusions

The simulation of the residual stresses in the AlN and Cr2AlC wafers was accomplished.
Three simulation types were developed in Ansys Workbench by including different
features in each one. Simulation 1 represented mainly the thermal loads applied to the
model as heating and cooling steps. Nevertheless, since the thin film body was active
during the simulation, no residual stresses were generated once the model was cooled
to room temperature. Therefore, simulation 2 included the birth and death technique
with the aim of representing the thin film deposition by the activation of its model and
thus, of its material properties.

On the other hand, the simulation 3 was based on a different approach by setting a
pinball region as contact trigger. Even though the contact between the thin film and
silicon dioxide layer was detected only when the bodies were brought together, the
thermal load applied to the substrate was not transmitted to the thin film due the
fixation of the contact surface during the heating process. As a result, low residual
stress were generated in the thin film.

Furthermore, the simulation based on an axisymmetric geometric model enabled to
visualize the residual stress distribution in the layers unlike the simulations based on
quadrant solids. This can be used as a residual stress mapping, which permits to
identify which layer is under a higher stress and to predict possible failure modes of
the thin film. Besides, the simulations based on quadrant models generated outcomes
close to the measurements and, especially, to that obtained with the Stoney equation.
This was because unlike the axisymmetric simulations, the quadrant-based simulations
included the anisotropic properties of the materials by considering a three-dimensional
body.
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Hence, the birth and death technique added to the simulations with the APDL com-
mands permitted to activate or deactivate the thin film at the desired step according to
the deposition process because the results were consistent with the measured values.

5.2. Future work

As has been mentioned in Chapter 3, the wafers are composed of multilayer thin films
deposited over a substrate. Therefore, a simulation based on this multilayer structure
represents a new challenge to face. For this case, a high computing power will be re-
quired in order to generate the mesh of these very thin bodies, with thicknesses around
2 nm, and thus, to simulate the residual stresses. Besides, the boundary conditions,
meshing techniques as well as the birth and death commands considered in this work,
can serve as input data for this simulation type.

Furthermore, with the aim of moving closer to the preparation processes, a transient
simulation could be performed where the temperature curves over time, measured
during the preparation of the wafers, can be included. This, in turn, enables to simulate
over time and, as result, to have an enlarged view of the residual stresses generated
during the entire preparation processes.
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Figure 5.1.: Variation of the first modal frequency with regard to the doubly-clamped
beam lengths. Green marks represent the results for stress-free beams,
i.e. without residual stresses, while the red ones show the values for
beams with residual stresses. The material of the beams were Cr2AlC.

On the other hand, the impact of the residual stresses on the properties of the MEMS
structures (cantilevers or doubly-clamped beams) could be obtained by applying the
birth and death technique to a static or transient simulation based on the models of
these structures. For instance, Figure 5.1 depicts the disruption of the first modal
frequency of Cr2AlC beams with residual stresses. These results were obtained with a
simplified model, i.e. with a single-layer thin film and considering only the intermediate
section without the lateral supports (see Figure 3.2). Hence, a more complex simulation
would indicate whether a MEMS structure fits a specific application.
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Aluminum nitride: Scans with altered data
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Figure A.1.: Deflection scans with wrong data. Data taken along x axis after AlN
layer deposition.

As it can be seen in Figure A.1, the results presented two wrong data regions located
on the left and the right. Hence, the data was split in order to capture the data without
irregularities located in the middle. Then a regression fitting was applied to that data
as follows:

δy = −0.0001763x3 + 0.03828x2 − 1.578x+ 642 (A.1)
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where δy is the deflection in y axis (µm) and x is the coordinate in x axis (mm). The
previous procedure was applied to the wrong data taken in the z axis scan, depicted
in Figure A.2. The regression fitting for this data is the following:

δy = 0.0001307z3 + 0.01689z2 − 0.125z + 620 (A.2)

where δy is the deflection in y axis (µm) and z is the coordinate in z axis (mm).
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Figure A.2.: Deflection scans with wrong data. Data taken along z axis after AlN
layer deposition.

Afterwards, the deflections corresponding to the coordinates in x and z axis of the
wrong data were estimated by applying Equations A.1 and A.2. The results can be
seen in Figures 4.1a and 4.1b.
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Fitting equations

B.1. Aluminum nitride: Fitting equations
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Figure B.1.: Data scan along x axis on the silicon substrate (blue line) and fourth
order fitting polynomial (light blue dash-line). Polynomial parameters,
R-squared and residual sum of squares shown in embedded table.
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Figure B.2.: Data scan along x axis after the SiO2 deposition (green line) and fourth
order fitting polynomial (light blue dash-line). Polynomial parameters,
R-squared and residual sum of squares shown in embedded table.
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Figure B.3.: Data scan along z axis on the silicon substrate (blue line) and fourth
order fitting polynomial (light blue dash-line). Polynomial parameters,
R-squared and residual sum of squares shown in embedded table.
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Figure B.4.: Data scan along z axis after the SiO2 deposition (green line) and fourth
order fitting polynomial (light blue dash-line). Polynomial parameters,
R-squared and residual sum of squares shown in embedded table.
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Figure B.5.: Data scan along z axis after the AlN deposition (red line) and fourth
order fitting polynomial (black dash-line). Polynomial parameters, R-
squared and residual sum of squares shown in embedded table.
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B.2. Cr2AlC phase: Fitting equations
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Figure B.6.: Data scan along x axis after the SiO2 layer (blue line) and fourth order
fitting polynomial (light blue dash-line). Polynomial parameters, R-
squared and residual sum of squares shown in embedded table.
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Figure B.7.: Data scan along x axis after the Cr2AlC layer deposition (green line)
and fourth order fitting polynomial (green blue dash-line). Polynomial
parameters, R-squared and residual sum of squares shown in embedded
table.
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Figure B.8.: Data scan along z axis after the SiO2 layer (blue line) and fourth order
fitting polynomial (light blue dash-line). Polynomial parameters, R-
squared and residual sum of squares shown in embedded table.
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Figure B.9.: Data scan along z axis after the Cr2AlC layer deposition (green line)
and fourth order fitting polynomial (green blue dash-line). Polynomial
parameters, R-squared and residual sum of squares shown in embedded
table.
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Figure B.10.: Data scan along z axis after the heat treatment once the Cr2AlC layer
was deposited (red line) and fourth order fitting polynomial (black
dash-line). Polynomial parameters, R-squared and residual sum of
squares shown in embedded table.
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[42] Göran Stemme. Resonant silicon sensors. Journal of Micromechanics and Mi-
croengineering, 1(January 1999):113–125, 1999.

[43] Jürgen Fritz. Cantilever biosensors. Analyst, 133(7):855–863, 2008.

[44] O. A. Bauchau and J. I. Craig. Structural Analysis. Springer Netherlands,
Dordrecht, 2009.
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Genzel. Moderne Röntgenbeugung. Vieweg+Teubner, Wiesbaden, 2009.

[60] Richard Budynas and J. Keith Nisbett. Shigley’s Mechanical Engineering Design,
volume New York. Mc Graw Hill, tenth edition, 2015.

[61] Dimitrios G. Pavlou. Essentials of the finite element method: for mechanical and
structural engineers. Academic Press, 2015.

[62] Xiaolin Chen and Yijun Liu. Finite element modeling and simulation with Ansys
Workbench. 2014.

[63] ANSYS Inc. ANSYS Meshing User’s Guide, 2013.

[64] M. A. Nicolet. Diffusion barriers in thin films. Thin Solid Films, 52(3):415–443,
1978.

[65] R. Grieseler, J. Klaus, M. Stubenrauch, K. Tonisch, S. Michael, J. Pezoldt, and
P. Schaaf. Residual stress measurements and mechanical properties of AlN thin
films as ultra-sensitive materials for nanoelectromechanical systems. Philosophical
Magazine, 92(25-27):3392–3401, 2012.

[66] Narottam P. Bansal and R. H. Doremus. Handbook of Glass Properties. Academic
Press, Orlando, Florida, 1986.

[67] ANSYS Inc. ANSYS Mechanical APDL Element Reference, 2013.

[68] Y. X. Ou, J. Lin, S. Tong, W. D. Sproul, and M. K. Lei. Structure, adhesion
and corrosion behavior of CrN/TiN superlattice coatings deposited by the com-
bined deep oscillation magnetron sputtering and pulsed dc magnetron sputtering.
Surface and Coatings Technology, 293:21–27, 2016.

[69] Arun Augustin, K Rajendra Udupa, and Udaya Bhat K. Effect of Pre-Zinc Coat-
ing on the Properties and Structure of DC Magnetron Sputtered Copper Thin
Film on Aluminium. American Journal of Materials Science, 5:58–61, 2015.



Bibliography 92

[70] ANSYS Inc. ANSYS Mechanical User’s Guide, 2013.

[71] Milton Ohring. Materials Science of Thin Films: Deposition and Structure. Aca-
demic Press, second edition, 2002.

[72] Mustafa Toparli, Faruk Sen, Osman Culha, and Erdal Celik. Thermal stress ana-
lysis of HVOF sprayed WC-Co/NiAl multilayer coatings on stainless steel sub-
strate using finite element methods. Journal of Materials Processing Technology,
190(1-3):26–32, 2007.

[73] Zhenghao Gan and Heong Wah Ng. Experiments and inelastic finite element
analyses of plasma sprayed graded coatings under cyclic thermal shock. Materials
Science and Engineering A, 385(1-2):314–324, 2004.

[74] K.A Khor and Y.W Gu. Effects of residual stress on the performance of plasma
sprayed functionally graded ZrO2/NiCoCrAlY coatings. Materials Science and
Engineering: A, 277(1-2):64–76, 2000.

[75] Erdogan Madenci and Ibrahim Guven. The Finite Element Method and Applica-
tions in Engineering Using ANSYS®. Springer US, Boston, MA, second edition,
2015.

[76] ANSYS Inc. Lecture 3 - Introduction to contact. ANSYS Mechanical structural
nonlinearities, 2010.

[77] James Stewart. Calculus: Early transcendentals. Cengage Learning, eighth edi-
tion, 2016.


	Titel
	Zusammenfassung
	Abstract
	Resumen
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviation
	1 Introduction
	1.1 Motivation
	1.2 Objectives
	1.3 Overview

	2 State of the art
	2.1 MAX phases
	2.1.1 Crystal structure
	2.1.2 Elastic properties
	2.1.3 Mechanical properties
	2.1.4 Parameters of Cr2AlC phase

	2.2 Nitride semiconductors
	2.2.1 Crystal structure
	2.2.2 Main applications
	2.2.3 Parameters of aluminum nitride

	2.3 Microelectromechanical systems
	2.3.1 Classification
	2.3.2 Thin films
	2.3.3 Manufacturing processes
	2.3.3.1 Photolithography
	2.3.3.2 Sputtering
	2.3.3.3 Etching
	2.3.3.4 Evaporation
	2.3.3.5 Chemical vapor deposition


	2.4 Resonant MEMS
	2.4.1 Operational modes
	2.4.2 Theory of cantilever and beams

	2.5 Residual stress
	2.5.1 Residual stress formula
	2.5.1.1 Stoney equation
	2.5.1.2 Stoney equation for multilayer structures
	2.5.1.3 Freund equation
	2.5.1.4 Hsueh equation
	2.5.1.5 General thermal stress

	2.5.2 Residual stress characterization
	2.5.2.1 Wafer curvature measurement
	2.5.2.2 Nondestructive measurement
	2.5.2.3 MEMS structures


	2.6 Finite Element Method
	2.6.1 Steps of FEM
	2.6.2 Software packages


	3 Simulation of residual stresses
	3.1 MEMS structures
	3.2 Preparation processes
	3.3 Dimensions of the wafer
	3.4 Types of simulation
	3.5 Simulation 1 - Static load to quadrant
	3.5.1 Mesh
	3.5.2 Simulation
	3.5.3 Comparison with theoretical stresses

	3.6 Simulation 2 - Static load by using birth and death technique
	3.6.1 Axisymmetric simulation
	3.6.1.1 Mesh
	3.6.1.2 Simulation
	3.6.1.3 Results

	3.6.2 Axisymmetric simulation with initial curvature
	3.6.2.1 Mesh
	3.6.2.2 Simulation
	3.6.2.3 Results

	3.6.3 Quadrant simulation with initial curvature
	3.6.3.1 Mesh
	3.6.3.2 Simulation
	3.6.3.3 Results


	3.7 Simulation 3 - Detection of the contact between SiO2 and thin film
	3.7.1 Mesh
	3.7.2 Simulation
	3.7.3 Results

	3.8 Observations
	3.8.1 Killing contact
	3.8.2 Simulation 3


	4 Comparison with experimental values
	4.1 Wafer curvature measurements
	4.2 XRD measurements
	4.3 Discussion
	4.3.1 Residual stresses
	4.3.2 Deflection of the wafer


	5 Conclusions and Future Work
	5.1 Conclusions
	5.2 Future work

	A Aluminum nitride: Scans with altered data
	B Fitting equations
	B.1 Aluminum nitride: Fitting equations
	B.2 Cr2AlC phase: Fitting equations

	Bibliography



