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Abstract

Residual stress remains in a material or structure after manufacturing and processing
in the absence of external forces or temperature difference. Further, these residual
stresses are one of the most common bottlenecks in the case of the fabrication of novel
microelectromechanical systems (MEMS). As stress characterisation techniques utilised
at the macroscale are not suitable for measuring the local stress on MEMS devices,
various MEMS-applicable alternatives have been researched in recent years. The goal of
this work was to find such an alternative with an optical detection scheme. First, a brief
overview of the macroscale stress measurement techniques is followed by a comprehensive
overview of the existing MEMS residual stress characterisation approaches. Next, an
adapted version of the rotating arm test structure described in the first chapter was
simulated in COMSOL Multiphysics to find the best design for achieving the targeted
measurement range: from -1 GPa to 1 GPa. The optimised design parameters served
as the basis for the lithography mask designs presented in the third chapter of this
diploma thesis. These designs include measures implemented to reduce the out-of-plane
deflection and to ensure easy readability of the measurement results, as well as a successful
fabrication of the test structure. Moreover, the detailed dimensions of both a smaller
and a larger rotating arm test structure are included, followed by a brief description of
their fabrication process. To check if the fabricated rotating arm test structure fulfils
its purpose successfully, several a-SiC:H, Pt and AIN, and Cr thin films with different
mechanical stress levels and thicknesses were deposited by using PECVD, sputtering,
and evaporation, respectively, on top of the rotating arm test structures. The verification
measurements confirmed that both larger rotating arm test structures covered with 375
nm thick, PECVD-deposited a-SiC:H thin films function correctly but only reach 57 and
60 % of the simulated displacement. These values are significantly smaller than the 95.9
% reached by the best-performing rotating arm test structure presented in this diploma
thesis: the larger device rotated by 45°, coated with a 250 nm thick, evaporated Cr thin
film. On the other side, out-of-plane deflection is still observable for this best-performing
test structure. Reducing this out-of-plane deflection may be achieved by depositing the
stressed thin films only on specific parts of the rotating arm test structure and an increase
of the measured vs expected x-displacement ratio may be achieved by making several
design adjustments on the central part of the fabricated rotating arm test structure.
Thus, further research is needed to verify if the proposed improvement measures will be
able to lead to a better-performing rotating arm test structure design.
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CHAPTER

Introduction

Stress components that remain in a material or structure after manufacturing and pro-
cessing, in the absence of external forces or temperature difference, are called residual
stresses [I]. In the case of fabrication of novel microelectromechanical systems (MEMS),
which requires the integration/stacking of distinctly different materials, these residual
stress are one of the most common issues, causing undesired static mechanical deflections
and changes in mechanical key parameters such as resonance frequency shifts [2].

Due to the mechanical nature of MEMS devices, their performance, reliability as well as
long-term performance may be significantly reduced by these residual stresses [I][2]. As
enhanced performance and reduced failures would be the consequence of a better under-
standing and control of film stress, an accurate stress analysis is of particular importance
[3][4]. Such an analysis could help identify whether the fabricated microstructures will
meet the design expectations by investigating the local distribution and evolution of
residual stress [5][4].

Therefore, various techniques of localised stress assessment for MEMS thin film materials
were being researched in recent years, as new methods must be developed, due to the
fact that many well-established residual stress characterisation techniques utilized at
macroscale cannot be applied [4][1].

As the negative effect of residual stresses is even more pronounced in the case of MEMS
devices made out of piezoelectric materials due to the stacking of several layers for
transducer realisation, the estimation and minimisation of residual stress are vital to
assess the functioning of such modern-day piezoelectric MEMS devices [4][2].

1.1 Types of residual stresses and their causes

As different reasons may lead to the formation of residual stress, a simple way to categorise
the different types of residual stresses is after their nature, into intrinsic and extrinsic
stresses [2]. For the extrinsic stresses, thermally generated residual stress will follow,

1
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while the three types of intrinsic stresses to be further described in this work are general
intrinsic stress, lattice mismatch stress, and plastically induced stress [2].

1.1.1 Extrinsic stress

Nonuniform cooling or heating are the cause of thermally generated residual stresses
on a macroscopic level, where large internal stresses and severe thermal gradients occur
due to these thermal nonuniformities [2][1][3]. Further, the mismatch of thermal expansion
coefficients (CTE) between different MEMS constituents (two adjoining materials, for
example a film and a substrate) are the main cause on a microscopic level [2][I][3]. Thus,
sample temperature changes taking place during processing and fabrication result in
different thermal strains in the substrate and in the film [I][3]. For example, sputter
deposition involves plasma exposure, which heats up the sample [3]. Further, the sample
cools down after the growth is finished and the resulting change in temperature is capable
of leading to large thermal stress [3]. Additional thermal stresses may be generated in
the case of samples subjected to laser processing, as such fabrication processes cause
phase transformations such as melting and resolidification [I].

The resulting thermal stress is proportional to the difference between the CTE of the
substrate (o) and the one of the film (ay), as well as to the change in temperature AT,
and the biaxial modulus of the film A [3]:

AO'thewnal = Mf5 = Mf(OéS — Oéf)AT

The main reason for this proportionality is the fact that a thin film is constrained to
remain bonded to the much thicker substrate [3].

To sum up, thermally generated residual stress is predominantly biaxial, as it acts on the
x-y plane of MEMS structures [2][3].

1.1.2 Intrinsic stress
1.1.2.1 Stress induced due to microstructure imperfections

The first main mechanism through which intrinsic residual stress is generated is the
elastic deformation of grain boundaries [2]. This deformation occurs as a consequence of
the imperfections in the microstructure and of the deviation of the lattice structure from
its equilibrium state [2]. Further, such imperfections in the microstructure, like grain
boundaries or boundaries between the columns voids (or point defects or dislocations
in a crystalline lattice at atomic level), occur because of the impurities present on
the depositing surface during the growth process and due to non-equilibrium growth
conditions [2].

The main consequence of these stresses induced due to microstructure imperfections is the
bending of the MEMS structure, as these stresses generally vary along with the thickness
of the film [2]. Further, freestanding microstructures fabricated from the deposited film
may warp, buckle up, or bend down, showing signs of mechanical instability if critical



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1.1. Types of residual stresses and their causes

values of internal stress are exceeded [6][7]. Such instability may lead to delamination or
rupture of the deposited films [6][7].

1.1.2.2 Lattice parameter mismatch stress

As film layers and the substrate or underlayer, on which they are grown on, may have
different lattice parameters, a strain could arise in the interface between the film and
the substrate [2][3]. This strain leads to lattice parameter mismatch stress, but may also
lead to stress relaxation through the generation of different types of defects (for example,
cracks, dislocations, or voids) in the film [2].

The lattice mismatch A can be written as:

A laa—as|
ap

where a4 is the lattice constant of the film (A), while ap is the lattice constant of the
substrate (B) [2]. This formula indicates that the condition for growing good-quality
epitaxial films is not having a considerable mismatch of the film-substrate lattice constants
[2]. Further, the critical thickness ¢. represents the maximum allowed epitaxial layer
thickness to which a film may be grown, without risking to introduce dislocations at the
film-substrate interface and can be related to the lattice mismatch as follows [2]:

aA ai
to~x —~R ———
2A  2|as—ap|

In consequence, due to the fact that stretching or buckling of the MEMS structure may
arise due to large lattice mismatch stresses and piezoelectric materials are anisotropic,
special attention should be payed in order to reach the desired fabrication quality [2].

1.1.2.3 Plastically induced stress

The main cause which lies behind plastically induced stress are the incompatibilities in
plastic straining between constituent matrix and reinforcement materials of the composite,
such as metal nanoparticles embedded in the polymer matrix or the ductile metal matrix
embedded in the ceramic [2]. These incompatibilities result in the formation of shape
misfit [2].

This kind of residual, intrinsic stress is most prominent in the multiphase-alloy or
composite films [2].
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According to [§], another way to categorise the residual stress is into compressive and
tensile stress [g].

1.1.3 Compressive stress

Capillary forces, which act at early growth stages in the surface plane of small islands
rigidly bonded to the substrate, are the usual trigger for the appearance of compressive
stress [8]. An additional compressive stress-producing mechanism, present in the case of
sputter-deposited films, is energetic particle bombardment during deposition process [§].
Further, the entrapment of impurity atoms of a size different from the growing crystal
produces lattice distortion, which also causes compressive stress [§].

Compressive stress can lead to undesired buckling, bending of released micromachined
structures or even delamination [3][9]. Further consequences of compressive stress are
higher yield stress, lower fatigue resistance, and higher hardness in the affected material

[2].

1.1.4 Tensile stress

Attractive forces at column boundaries in columnar films are one major cause of tensile
stress [§]. Further, another mechanism capable of inducing tensile stress is the formation
of a grain-boundary segment by neighboring islands [§]. Tensile stress generation may also
be caused by phase transformations, annihilation of excess vacancies, or film densification
resulting from grain growth [8].

The main consequences of too high tensile stresses are limited usable thickness of a layer,
deformation, or even film cracking [2][8][3].

The last categorisation of residual stress presented in this work includes the follow-
ing three origins of residual stress: thermal, mechanical and chemical [I]. While the
residual stress with thermal origins was already described as a component of extrinsic
stress, the mechanical component of residual stress is a result of the nonuniform plastic
or elastic deformation, which may take place during the fabrication process [I].

On the other hand, volume changes associated with phase transformation, precipitation,
chemical reactions, or oxidation may cause chemically generated stresses [I]. Further, the
generation of substantial residual stress gradients in the surface layers of MEMS devices
can be the consequence of chemical coatings and surface treatments [I].
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1.2 Stress measurement methods on wafer level

The following subchapter includes an overview of some well established stress measurement
methods, which are able to measure various parameters leading to the existing residual
stress on wafer level.

It is important to note that residual stress is an intrinsic property and is not directly
measurable [I]. Therefore, it must be deduced from other measurable properties, like
force, deformation data, or strain, together with material parameters (Young’s modulus,
Poisson’s ratio) and based on a specific model from theory of elasticity, mechanics of
materials, or even photonics [IJ.

1.2.1 Wafer curvature

As a consequence of coating one type of material on different wafer substrates, residual
stress may be generated, which may cause a change in the curvature of the wafer [2].
This bending induced by the stressed film will be measured during the wafer curvature
measurement [3]. By using the Stoney equation, the residual stress o resulted due to
the deposition of a thin film can then be estimated as a function of the curvature of the
wafer:

g P o (1 _ 1)
1= veup 6tfilm Ry Ry

where FEg,; is the Young’s modulus of the substrate and v, its Poisson ratio, which
both have to be known for the stress estimation [2]. Further, ¢y, and tyy,, stand for
the thickness of the substrate and of the film, respectively [2]. Ry is the initial radius of
curvature of the substrate (before the film deposition) and serves as a reference point,
while R; is the radius of curvature of the substrate recorded after the deposition of the
film [2]. This Stoney equation is valid only for the cases when the substrate is much
thicker than the deposited film (thin-film regime) [2]. Further, if the deposited film is
highly stressed or its stiffness cannot be neglected, the Stoney formula could result in
significant errors [I].

Wafer curvature measurements can be performed easily in situ and in real-time, while also
being nondestructive [3][8]. These characteristics enabled this method to gain popularity
for quantifying residual stress in constrained, non-integrated structures, in particular
thin films deposited on thick substrates [I0]. This specific measurement, which is still
dominating in industrial processes due to its relatively simple structure, has the major
advantage of being able to measure the evolution of the curvature during the deposition
of the film [I][3]. This ability can be used in order to determine the distribution of stress
at different heights in the film, not just the average stress [3].

The curvature of the wafer can be measured either using methods without direct mechan-
ical contact, like laser scanning, optical transmittance, reflectance, or X-ray reflectivity,
or by using direct contact methods, like strain gauges or stylus profiler [2]. As next, laser
scanning and multi beam optical stress system (MOSS) will be further described.
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1.2.1.1 Laser scanning

In the case of laser scanning, the usual procedure used for calculating the stress is
to measure the curvature of physical surface of the sample and then use continuum
mechanics models for the transformation [II]. A setup of such a laser scanning device
can be seen in the Figure [1.1.

Focal plane Opticall Focal plane Focal plane of
of lens lens of lens curved specimen
]

PSD

------------------------------------

-
-
-

N S

-

Rotation
mirror

Laser Specimen

Figure 1.1: Functioning principle behind a laser scanning setup. From [I1].

The depicted setup consists of a position sensitive detector (PSD), an optical lens with
nominal focal length of 2000 mm, a micro-scanner driven by a galvanometer and a 0.5
mW laser generator [I1]. Parallel beams, which scan perpendicularly over the specimen
surface, are produced by the rotation of the rotation mirror, due to its placement at the
focal plane of the optical lens [I1]. In the case of a flat specimen, the reflected beams
would be focused into a single point at the focal plane, as they would be parallel [I1].
Thus, no deflection of the reflected beams would be sensed during the scanning by the
PSD [11]. However, if the specimen has a radius of curvature R, the reflected beams can
not be focused into a single point, as they are no longer parallel.

Some simple geometrical considerations lead to the following equation for the curvature
of the physical surface of the sample k:

1 d

R~ 2Df

where d is the displacement distance of the reflected beam on the PSD, D is the scanning
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1.2. Stress measurement methods on wafer level

distance on specimen, and f is the focal length of the optical lens [IT].

1.2.1.2 Multi beam optical stress system (MOSS)

The next optical method may be successfully used for in situ measurements in growth
chambers, where a large amount of mechanical vibration is induced by the vacuum
pumps [§]. The reason for this reduced sensitivity to sample vibrations is its working
principle: in this case, not the absolute position of the beam, but the spacing between the
different reflected beams is used to determine the curvature of the sample [3][8]. Thus,
the direction of the reflected beams may be changed by sample vibrations or motion,
but by the same amount for all of them [8]. Therefore, the relative spacing between the
beams remains unaltered and the overall resolution is not limited by the mechanical
stability of the sample during the measurement [§][3]. A setup of such a MOSS device
can be seen in the Figure 1.2l

T substrate J‘hs

cch

Figure 1.2: Schematic of multi beam optical stress system (MOSS). From [3].

First, an array of parallel laser beams directed towards the sample surface is created by
using an optical element [3]. A CCD camera is used to measure the spacing between the
reflected beams, while a frame grabber is used for digitizing [3]. In order to achieve small
spot sizes with a spacing on the order of several mm, the lens focuses the beams on the
detector [3].

Further, the following equation shows the relationship between the change in sample
curvature x and the change in beam spacing dd :

od cos(¢)

K= Ko+ o s
dO 2Lcame7"a

where kg is the initial curvature in the sample, dy is the initial spacing of the beam
reflections, ¢ is the angle between the sample normal and the incident beam, while
Leamera is the distance from the camera to the sample [3].
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1.2.1.3 Capacitive measuring methods

With this measuring method, the change in capacitance, induced by changing the spacing
between a fixed reference electrode and the sample, is measured [12]. Although this
approach has high sensitivity, it assumes that the sample does not drift from his position
or vibrate, actions which may lead to a capacitance change [12]. Thus, such capacitive
measuring methods may be inaccurate in the presence of significant amount of mechanical

noise [12].

1.2.2 X-ray diffraction (XRD)

Like the wafer curvature stress measurement method, X-ray diffraction enables a fine
tuning and control of the stress level, as part of the design of functional coatings and
novel nanostructured materials [§]. Thus, the durability of such coatings and materials
will be extended, while their performance will be enhanced [8]. On the other side, this
stress measurement method cannot measure residual stress in amorphous materials [2].
Due to grain boundaries or different defects induced by the deposition process itself,
strain and stress fields are most often inhomogeneous [13]

By using XRD methods, the lattice deformation in different crystallographic directions is
measured [I3]. Then, by applying a constitutive equation in the form of the generalised
Hooke’s law and provided that the single-crystal elastic constants of the materials are
known, the residual stress can be calculated from the measured x-ray elastic strains, e,
which can be written as follows [I3][8][2]:

d(nkty — do(nkr

do(nki)

In this formula, douky and dp) represent the d-spacing of the (hkl) plane under no
strain and strain conditions, respectively [2].

Some traditional theoretical X-ray diffraction methods are the sin’¥ one, as well as the
grazing incidence X-ray diffraction geometry (GIXRD) [I1I]. Further, the double crystal
diffraction topography (DCDT) will be also described.

The sin?¥ method is the most common procedure [§] and implies that X-rays with
wavelength \ are irradiated onto the sample at different incident angles [14]. In this way,
the slope M of the diffraction angle to sin?V¥ can be obtained and the residual stress o
can be written as:

c=KM

where U is the angle between the normal of the diffractive crystal surface and the normal
of the sample surface, while K is the stress constant [14]. In addition to this formula, the
relationship between the interplanar spacing d and the diffraction angles 2¢ is included
in the following Bragg equation:
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2dsing = nA
with the order of the reflection n [14].

In order to overcome the difficulties faced by XRD stress analysis in thin layers, GIXRD
has evolved as an alternative measuring method [I3]. The depth to which diffraction
information is collected is realised by employing angles of the incident and diffracted
x-ray beam with respect to the top sample surface close to the critical angle for total
external reflection [§]. The following equation can be stated for the residual stress in the
case of GIXRD measurements:

Esw  dnkty — do(nkl
(1 + V)SinQ\I’ dO(hkl)

OR =

where v is the Poisons ratio, and FEy,; is the Young’s modulus of the thin-film material

[2].

1.2.2.1 Double crystal diffraction topography (DCDT)

In the case of XRD, the usual procedure used for calculating the stress is to measure
the curvature of crystal lattice planes and then use continuum mechanics models for the
transformation [I1]. A setup of a double crystal diffraction topography device can be
seen in the Figure [1.3|

X-ray imaging
detector

asymmetrically

incident beam

specimen position
before rocking

specimen position

after rocking by @ digital images of

diffracted beams

Figure 1.3: Functioning principle of curvature measurement by DCDT. From [11].
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10

Starting from the left side, the depicted setup consists of an asymmetrically cut Si single
crystal, with (4 0 0) as the reflection plane and cut such that its {1 0 0} lattice planes
form a 33.2° with the crystal surface [I1]. In order to enable the occurrence of the
diffraction, the X-ray incident beam must form a grazing incidence angle, as the Bragg
angle for Si (4 0 0) is 34.58° for Cu Ka [II]. Thus, a magnification factor m = 39 is
obtained, where m is defined as the ratio between the width of the diffracted beam to
that of the incident beam [I1I]. As next, the specimen, a coated Si (1 0 0) single crystal
wafer, is entirely illuminated by the large diffracted cross-sectional beam and serves as
a second crystal [II]. The Bragg condition is satisfied only at a narrow region of the
specimen, when the lattice planes in the wafer have a radius of curvature R [I1]. Thus,
the diffraction condition is satisfied by the single vertical band (1st exposure) on the
detector from the region, which is produced by the diffracted X-ray beam [I1]. Further, a
second vertical band corresponding to the 2nd exposure occurs as a result of the shift of
the specimens region meeting the Bragg condition, caused by the rocking of the specimen
by an angle w [I1].

Some simple geometrical considerations lead to the following equation for the lattice
plane curvature k:

where 6 is the Bragg angle of the (4 0 0) reflection (34.58° for the Cu Ka radiation),
D is the spacing of two vertical bands on the X-ray imaging detector, and Rw is the
separation of the two bands where Bragg reflection occurs, before and after rocking [11].
In comparison with the laser scanning technique, double crystal diffraction topography is
the better choice for measuring extremely small curvature changes for ultra-thin films
[11]. The reason for this is the fact that it can be difficult to position the laser beam
to exactly the same region of a specimen before and after deposition, especially if the
substrate curvature of the specimen has large nonuniformities [I1]. On the other hand,
DCDT has other limitations: it can only be used for films deposited onto single crystal
substrates, since it measures lattice curvature [I1]. In such situations, which occur often
in the case of protective coatings, the laser scanning technique can be readily applied

[11].

1.2.3 Ultrasonic techniques

Ultrasonic techniques is another popular category of non-destructive methods used to
measure the residual stress in MEMS structures [2]. It uses the fact that the propagation
velocity of an ultrasonic wave in an isotropic elastic body is affected by the stress and its
magnitude [I4]. Therefore, it basically measures the residual stress-induced change in
ultrasonic acoustic wave velocity in the material or structure [2]. Thus, the relationship
between the acoustic velocity of the ultrasonic wave V,. and the residual stress o, can be
used to measure the residual stress [14] as follows:
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Vi = Vo + Kgeor

where Vj is the acoustic velocity of the material not affected by residual stress, while
K, is the acousto-elastic constant of the material [2].

The acousto-elastic constant has a strong dependence on the microstructural inhomogen-
ities and anisotropic nature of materials, which makes it quite complicated to isolate
the effect of multiaxial stress [2]. Despite this disadvantage, this method is able to
provide information about macro-stresses over large areas of the material during MEMS
fabrication, being at the same portable, cheap, and quick [2].

1.3 External stress measurement methods on wafer
regions

1.3.1 Raman spectroscopy

The next presented method used to measure material parameters which lead to the
residual stress, Raman spectroscopy, relies upon the inelastic scattering of photons due
to the interaction with the phonons, molecule vibrations, or any other excitation in
the material under test [2]. Beside its ability to yield information about the materials
mechanical strain, it can also deliver data about crystal orientation and structure, electron-
phonon interaction, or the impurity content [I].

In micro-Raman spectroscopy (1RS), a monochromatic radiation, for example a laser
light, is focused on the tested sample to a spot size of ~ 1 pum by using a microscope [1].
As next, the scattered photon due to inelastic scattering is recorded in a spectrometer,
serving as the Raman signal [2]. The intensity of the Raman signal is measured as a
function of frequency by the spectrometer [IJ.

First, a reference spectrum is measured by recording the signal for the sample without
stress or strain [2][I]. If the sample is placed in a stressed state, it exhibits a shift in
frequency in the Raman spectrum with respect to the reference spectrum:

Aw = o1

7 )\s

where \; and Ag are the wavelengths of the incident and scattered radiation, respectively
[T]. Aw however is the Raman shift and has usually em ™! as a measurement unit [I].
Further, the value of the local uniaxial stress can be determined from the change in the
Raman shift [I]. The spot size of the monochromatic radiation determines the locality of
the measurement [I]. Moreover, if the Raman shift is interpreted as a wavenumber shift,
the tensile and compressive stresses may be identified in the following way: while the
compressive stress induce a shift towards the higher wavenumber, the tensile stress yields
a shift towards lower wavenumber [2].

In conclusion, Raman spectroscopy has proven to be a suitable nondestructive method
for measuring nonuniform residual stresses in microstructures [I4]. On the other side, it

11
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is less sensitive to amorphous material and the Raman frequency shift can be affected by
external factors, like laser thermal effects or focusing depth [2][14].

1.3.2 TIon Beam Layer Removal (ILR)

The following Ion Beam Layer Removal method (see Figure is based on the standard
Euler-Bernoulli beam theory, used for calculating deflection characteristics and load-
carrying of beams [5]. Thus, ILR leads only indirectly to the residual stress, as the
deflection of a cantilever is the consequence of the existence of residual stress inside the
film [5]. Beside the residual stress, the deflection of the cantilever also depends on the
Young’s modulus of the involved materials, the momentum of inertia of the cantilever, as
well as the film- and substrate thickness [5].

The Ton Beam Layer Removal method works as further described: a FIB workstation
is used to fabricate a cantilever, which is initially fixed on both sides, out of the initial
system, in the vicinity of the sample edge [5]. As next, the material, which is supporting
the cantilever on one side, is removed [5]. Depending on the distribution of residual
stress in the system, this action leads to a positive or negative deflection [5]. A scanning
electron microscope is used to measure the first deflection at the free end of the cantilever
(deflection area) [5]. The film thickness is gradually reduced in the rear part of the
cantilever (ILR area) over a width of 10 - 15 pm, in order to determine the stress
distribution across the coating [5]. Further, the measurement of the deflection changes
during FIB milling are done by the rest of the cantilever, which remains unaltered and
acts as a pointer [0]. Next, the stiffness of the system is reduced as a side effect of
the gradual thinning of the cantilever, while the stress distribution is also affected [5].
Both of these side effects lead to a change in deflection, which is measured at the tip
of the cantilever for every milling step [5]. The actual deflection, the dimensions of the
cantilever, and the elastic properties of the system are the parameters which lead to the
mean stress value from each removed layer [5]. Finally, by using the Euler-Bernoulli beam
theory, together with the thicknesses of the sublayers as well as the measured deflections,
the residual stresses in the sublayers are consequently determined.

Figure 1.4: SEM image of a cantilever, which bends upwards due to the effect of the
tensile residual stress. The red dashed square indicates the deflection area and the blue
square indicates the ILR area. From [5].
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1.3.3 Nanointendation

Nanointendation is a simple method, which is traditionally used to determine mechanical
properties of materials, like toughness, fracture strength, micro hardness, or Young’s
modulus [2][I]. This measurement technique implies that an indentation tip of defined
shape shape, like Berkovitch, Vickers, spherical, or cone types, is indented into the
structure to be measured [2][I]. This interaction between the tip and the structure results
in a F-h curve, where h, the depth of the penetration, is plotted as a function of the
applied load, F [2]. The aforementioned mechanical properties can be extracted from
the F-h plot, which is also altered by the presence of residual stress in the material as
further described: if tensile residual stress is present in the material, the magnitude of
shear stress is enhanced, which in turn enhances the indentation plasticity [2]. Therefore,
a lower load is required to indent same depth, while the shape of the loading curve in
F-h plot moves downward and exhibits a lower slope [2].

The other way round, if there is any compressive residual stress in the material, the
unloading curve shifts towards the left [2]. Moreover, the compressive residual stress
yields more elastic recovery, while the tensile one induces less elastic recovery, as the
unloading process of the nanoindentation technique is purely elastic [2].

The contact between the tip and the structure to be measured results in another way
of determining the level of residual stress in the material: through the examination of
the shape of the pileup occurring at the edge of the contact circle [I]. Are there any
deviations in shape to be observed, information about the level and sign of residual stress
of the structure can be obtained [I]. Although the hardness or the Young’s modulus
of materials are not very affected by residual stress, the contact area between tip and
the structure is very sensitive to residual stress [I4]. Therefore, this method is able to
provide information about the residual stress in localised areas of the wafer [2].

13
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1.4 On-wafer stress indicators

For the past two decades, there has been a major research activity regarding novel MEMS
structures, which enable the measurement of residual stress on wafer level [I]. Thus,
there has been a rapid growth of such MEMS residual stress characterisation devices [J.
As next, some of them will be briefly presented.

1.4.1 Micromachining technique

Usually, test structures fabricated by micromachining technique used for residual stress
measurement are released after removing the underlying sacrificial layer [I0]. As a
consequence of residual stress, the structure will increase or decrease its dimensions [10].
This deformation of the structure leads to the residual stress [10].

1.4.1.1 In-plane

1.4.1.1.1 Pointers Pointers are in-plane test structures that amplify small displace-
ments induced by residual stress, by making use of geometric effects [I0]. A linear
relationship between the deflection of the pointer and in-plane stress can be observed for
such structures [9].

The stress value deduced from the pointer structures is independent of the film thickness,
in contrast to the buckling structures [9]. Further, no anti-sticking procedure are needed
for pointers, as they may only stick in their relaxed position, in contrast to buckling
structures, where sticking can develop into a critical issue [9]. In addition to the already
presented advantages, such pointers structures can be successfully used for the whole
stress range according to [9]. Only in the case of very high stress values, the geometric
differences between the fabricated and the simulated structure may become important
and hence cause significant deviations to the stress values determined by the wafer
curvature technique [9]. Further, a possible problem for such high stress gradients may
be the upward deflection of the indicator tips, which could hinder the readout of the
indicator structure. On the other side, the Young’s modulus is the main uncertainty in
the case of low stress values [9].

A rotating arm test structure, as depicted in Figure 1.5, is composed of two layers
deposited on a substrate [4]. The first layer is a sacrificial one, while the second one
is the thin film under investigation [4]. The test structure [I0] consists of two fixed
parallel arms, marked with Ly, which have an offset h between them and play the role
of test beams, and a freestanding rotating indicator beam marked as L, [4][I0]. The
amplification effect of such a measurement structure can be enhanced by either increasing
the length of the rotating indicator beam or by decreasing h [I0]. One end of each test
beam is connected to the rotating indicator beam, while the other one is anchored to the
substrate [I0]. After the sacrificial layer is removed, the test beams are no longer bound
to the substrate and are therefore free to contract or elongate to relieve any residual
stress, thus creating a rotating deflection of the indicator beam [I5][I0]. The direction of
this deflection leads to the type of residual stress: in the case of tensile residual stress, the
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Figure 1.5: Schematic of a rotating arm test structure: a)before and b)after removing
the sacrificial layer. Here, the situation of a thin film under tensile stress is depicted.
From [4].

two parallel arms shorten and induce a clockwise rotation of the indicator beam, while
in the case of compressive residual stress, a counterclockwise rotation of the indicator
beams occurs due to the lengthening of the test beams [2][10][4]. This rotation of the
rotating indicator beam leads to the residual stress in the test beams [4]. Starting with
Hooke’s law:

o= Fe

where E is the Young’s modulus of the thin film and € is the strain in the test beams,
which can be further expressed as:

AL
E—Lf

with AL the change in length of test beams, which is equal to:

h+df

AL = 5

tan(«)

where dy is the width of the initially fixed parallel arms and o the angle of rotation of
the indicator beam [4]. Finally, the angular displacement of the indicator beam 0 is also
represented in Figure and is equal to [4]:

The deflection of the indicator beam can be read by using a vernier scale attached to
the substrate at the end of the indicator and inspecting it with an optical microscope or

15
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scanning electron microscopy (SEM) [10][9]. Further, if the strain over the entire surface
has to be mapped, several structures have to be built on the wafer and their angle of
rotation must be optically extracted [I5]. This procedure can be done automatically by
using a camera together with a software that is able to recognize the pattern of rotating
beams and analyse their rotation angles [4].

In conclusion, this practical semi-automated wafer mapping technique is preferred to
buckling-type devices as such in-plane strains can be easier detected and quantified
optically [15]. However, the Young’s modulus needed for calculating the residual stress is
dependent on the deposition and related process conditions for thin films used in MEMS
technologies [15].

An improvement of the rotating arm test structure is the double indicator test
structure as shown in Figure 1.6l By using two symmetrical structures, it can increase
the sensitivity of the measurement [I0]. Further advantages of this structure are the
elimination of technology variations and under-etching, while the double deflection can
be measured [10].

Vernier I
< Indicator

—

Figure 1.6: Schematic of a double indicator test structure. From [I0].

1.4.1.1.2 Bent-beams Another test structure which takes advantage of geometric
layout to amplify in-plane displacements induced by residual stress is the bent-beams test
structure shown in Figure 1.7| [I0]. These test structures are symmetric with respect to
the x- and y-plane [7]. Further, they can measure tensile and compressive residual stress,
indicating tension by an increase in the distance between the indicators and compression
by a decrease, respectively [10].

The annotations from Figure 1.7 have the following meaning: M, is the moment acting
about the anchor located at the anchor, # is the angle between the x-axis and the arm
before its release, L, is the actual length of the arm or half the overall device length, M
is the moment in the arm at any position x, L, is the projected length of the arm onto
the x-axis, and F is the force required to deform the arm at point B [7]. Further, Ay
is the displacement of the apex of the structure and is used to determine the residual
in-plane stress of the film [7]. The test structure presented in [7] has a Vernier gauge
attached to the center of the beam. The residual stress o can be expressed as :

AL F
c=F— 4 —
T wh
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Figure 1.7: Free body diagram of a half of a bent beam and the forces acting on it. From

7.

where E is the Young’s modulus, while w and h are the width and the height of the beam,
respectively [7]. Further, AL is the change of length difference between the actual beam
and its projected length on x-axis due to force F and is equal to [7]:

AL = (La(0) = Lp(0)) = (La(F) = Lp(F))
In conclusion, bent beams allow for rapid and non-contacting measurements [10].

1.4.1.2 Out of plane: Buckling technique

The basic principle of the stress measurement by buckling technique is the extension or
contraction of the released structure caused by stress in thin films [10].

Figure 1.8: Schematic of an array of microbridges/fixed-fixed beams. From [2].

1.4.1.2.1 Microbridges/Fixed-fixed beams In this case, the typical device used
is a micro bridge or fixed-fixed beam, which buckles after release and can only measure

17
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compressive stress [I0]. By using critical buckled bridge dimensions, the compressive
stress o can be expressed as:

B E  w2h?
T 1,312

where E is the Young’s modulus, v is the Poisson’s ratio, h is the thickness of the bridge
while L is the length of the critical buckled bridge [10].

According to [9], the whole stress region from high tensile to high compressive stress may
be covered with acceptable resolution by using a minimum of four different indicator
geometries.

1.4.1.2.2 Microrings The following two test structures use also the buckling tech-
nique, but are also capable of detecting tensile residual stress [10].
Guckel rings, as depicted in Figure 1.9 are test structures, which can be used to

Figure 1.9: Schematic of an array of Guckel rings. From [2].

measure tensile stress only [I0]. Under tensile stress, the ring of such a Guckel ring
deforms to an oval after the freestanding structure is released [I0]. This buckling process
takes place only if the internal residual stress exceeds their corresponding specific critical
value [I]. Further, the central beam of the structure becomes compressive [10]. Values of
residual stress o can be derived from the maximum displacement of the central beam of
a Guckel ring as it follows:

E 0.515h2
1-v R?

g =

where E is the Young’s modulus, v is the Poisson’s ratio, h is the film thickness, while
R, is the critical buckel radius [16].

As next, such a diamond ring test structure (see Figure 1.10)) is able to measure both
compressive and tensile stress, while still using the buckling technique [10]. First, the
sacrificial layer has to be removed in order to enable either the middle beam to buckle,
in the case of tensile residual stress, or the outside beams, in the case of compressive
residual stress [I0]. The mechanism behind can be described as follows: first, the tensile
stress in the layer is converted into compressive stress in the middle beam by the diagonal
beams, while the compressive stress is increased in the outside beams [10].

The goal of such test structures is to characterize the in situ residual stress generated
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Figure 1.10: Schematic of a diamond ring. From [10].

during the entire fabrication process [I]. Unfortunately, only large stress values could be
evaluated under an optical microscope, as the deflection must be greater than 10 pm
[11]9]. Even in such cases it was difficult to distinguish between unbuckled and buckled
beams, as the determined values were still generally too low [9]. In order to enhance this
resolution, the number of beams has to be increased while their dimensions varied, which
requires considerable wafer space [I][I7]. Further, another reason for which such an array
of test structures with systematically varied geometry parameters is needed is the fact
that a single test structure is only capable to provide information whether the residual
stress exceeds the critical stress or not [2][I]. The last disadvantage of such buckling test
structures is given by their sensitivity to the boundary condition, which may affect the
accurate determination of the strain [17].

1.4.2 Strain gauges

The reason for the fabrication of such on-wafer micro-machined strain gauges is the need
to gauge more accurate values of residual stress, which originates from the MEMS device
fabrication [2]. Further, such strain gauges are suitable for measuring planar biaxial
stresses, as deflections could be observed in the x-y plane [2].

1.4.2.1 Micro strain gauge

The test structure depicted in Figure |1.11 is a mechanical micro strain gauge, which
can be fabricated in situ with active devices [I8]. Moreover, it is able to determine both
tensile and compressive strain under optical microscopes with a resolution of 0.0001 %
[18]. In this case, a single structure is used, which implies a significant reduction of the
required wafer area in comparison to the fixed-fixed beams [I].

Such a mechanical micro strain gauge consists of three beams: a tip beam with the length

Ly, a slope beam with the length L, and an indicator beam with the length L, [10].

The tip beam elongates, in the case of compressive residual strain, or shrinks, in the case

of tensile residual strain, after the device is released in the sacrificial etch step [1][18].

Further, the movement of the tip beam is transferred to the slope beam and a maximum

19
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Figure 1.11: Micro strain gauge schematic. From [10].

is created at the tip beam side of the slope beam, which only produces a tiny rotation at
the center of the slope beam, since its other end is a fixed anchor [I8]. The indicator
beam is placed at the center of the slope beam and magnifies this tiny rotation at the
center of the slope beam [I8]. Thus, a large displacement ¢ is generated at the Vernier
side of the indicator beam, which enables the reading of the compressive or tensile strain
under an optical microscope [18]. The residual stress o is calculated by :

_ 2 F Le
T 31—V LyLy

where E is the Young’s modulus and v is the Poisson’s ratio [I0]. Finally, such a micro
strain gauge is resistant to out-of-plane gradients, while its accuracy profits from the
independence of the micro strain gauge output of both the thickness of the microstructure
cross-section and the thickness of the deposited thin film [I8][I].

1.4.2.2 Long-short beam strain sensor

The next presented test structure is another variation of a strain sensor, which can
measure both compressive and tensile stress: the long-short beam strain sensor [2][17].
As depicted in Figure [1.12| it consists of two cantilever test beams with different lengths,
a short and a long test beam, connected by a short tip beam as an indicator [2][10].
Further, the two test beams will contract or extend due to the residual stress in the thin
films, after the release of the freestanding part [I0]. Thus, a deflection § of the two test
beams is caused by their difference with respect to contraction or elongation [I7]. This
deflection is magnified by the short tip beam used as an indicator and can be read out
by using the vernier gauge attached at the free end of the indicator beam together with
an optical microscope [I7][I0]. In this case, the residual stress o can be expressed as:

E

= 0
7 1—V’7
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Figure 1.12: Schematic of a long-short beam strain sensor. From [10].

where E is the Young’s modulus, v is the Poisson’s ratio, and ~ is the conversion factor
related to geometrical parameters of the structure [10].

Moreover, the accuracy of such a long-short beam strain sensor benefits from the inde-
pendence of the displacement of both thickness of the film and Young’s modulus, while
the analytical model of the sensor is free from correction factors [17].

1.4.3 M-test method

Figure 1.13: Depiction of the M-test method working principle. From [2].

The instability phenomenon of elastic structure subjected to electrostatic actuation
named as pull-in has been recognized as a promising method for the characterisation of
material properties [I]. Further, the M-test method is an electrostatic beam bending
technique and represents a major milestone for the pull-in research [I][10]. Moreover, it
can estimate the residual stress gradient along the thickness [2]. The M-test method can
be used to measure residual stresses of integrated, free-standing, and thin structures, as
well as the Young’s modulus [10].

Such an M-test setup consists of an array of MEMS test structures (like cantilever
beams, fixed-fixed beams, and clamped diaphragms) of different dimensions, which are all
suspended above the fixed ground plane by a gap, as depicted in Figure |[1.13 [I]. Further,
a voltage is applied between the upper movable conductor and the ground plane, causing
a downward deflection of the array of MEMS test structures towards the underlying fixed
ground plane, as a consequence of the electrostatic actuation [I][2]. Thus, the upper
movable conductor becomes first unstable and then spontaneously pulls in or collapses to
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the ground plane, if the applied voltage reaches the critical pull-in value [I]. This pull-in
voltage depends on the residual stress present in the MEMS test structures, as well as
on mechanical characteristics, like Young’s modulus and Poisson’s ratio, of the MEMS
test structures, or their geometry [2]. By using the electrostatic attraction, this method
makes possible to test a batch of specimens simultaneously, as well as the rapid change
of the loading state [].

The beam stiffness of the M-test structure consists of two main components in the
presence of residual stress: one caused by the stress component, while the other having
the geometrical and mechanical properties as a main cause [2]. Therefore, the pull-in
voltage Vpui—in can be expressed as [2]:

Vv - Yin
T L2 Dy (14 y3n )
where

1 — cosh (%)

D,=1+2
" WQ’QkLSinh (vzgkL>

with

128
- JZ
Further, the stress parameter S equals to :
S = tgd
while the bending parameter B can be expressed as [2]:
B = Et3g}

Moreover, the numerical constants 7i,, Von, and 73, represent numerical constants for
the cantilever beams, fixed-fixed beams, and clamped diaphragms, respectively [1]. € is
the vacuum permittivity, L is the beam length or radius of the diaphragm, gq is the gap
between the ground plane and the test structure, & is the effective residual stress, t is
the thickness of the film or diaphragm, and E is the effective Young’s modulus [2].
According to [I0], the resolution of the M-test structure can reach up to 4 % for single-
crystal silicon structures, under the ideal conditions described in [I0]. Due to the fact
that these conditions are violated by most of the surface-micromachined structures, the
major problem of the M-test is revealed: the trade-off between accuracy and modeling
complexity [I]J[I0]. Thus, in reality, the modeling errors could further increase as a
consequence of MEMS structures imperfections like built-in imposed bending moments
due to stress gradients or compliant supports[I].
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1.4.4 Bulge test

This last method used for measuring tensile residual stress requires a freestanding thin-
film diaphragm [2]. Further, uniform pressure is exerted to one side of this diaphragm,
causing it to bulge outward, as shown in Figure|1.14 [2]. In this way, a pressure difference
is created between the top and the bottom of the membrane. Thus, the pressure (P)
versus the deflection (d) characteristics of the diaphragm are used to extract the stress
and strain of the thin film [2]. Therefore, the residual stress o can be expressed in terms
of the applied pressure P as follows for a circular diaphragm:

R E t
P=0C1—d —d?
= a? + 2 1-va*
while for a square diaphragm:
opt E t 4
P =3.393—d + (1. —0.61 —d
3393@2 +(1.996 — 0.6 3)1—VCL4

where C and Cs are the geometry dependent shape factors, R is the radius of diaphragm,
d is the deflection of the diaphragm, a is the characteristic length, E is the Young’s
modulus, v is the Poisson’s ratio, while t is the film thickness [2].

Although this method is particularly useful for measuring stress in low-elastic modulus
materials, the presented generic formulas can only handle ideal situations due to modeling
uncertainties and complexities [2][1]. Another drawback of the bulge test method is the
fact that backside etching is needed.

Diaphragm

ITHg S

ﬂ Pressure

Figure 1.14: Bulge test schematic. From [2].
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CHAPTER

Simulations of the rotating arm
test structure

After analysing the MEMS residual stress characterisation devices described in the section
1.4, the rotating arm test structure was chosen as the test structure to be simulated by
using the simulation tool COMSOL Multiphysics. The main reasons for the choice of
this specific test structure were its intuitive functioning principle, together with the fact
that the rotating arm structure is able to indicate both compressive and tensile stress
through in-plane measurements [10].

Figure 2.1/ depicts the rotating arm test structure, as simulated in COMSOL Multiphysics.

Wr

inbetw

-

Lf

\ 4

Figure 2.1: Schematic of the simulated rotating arm test structure - top view.
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Similar to the test structure depicted in Figure 1.5 it consists of two fixed parallel beams,
both Ly long and Wy wide, and a freestanding rotating indicator beam, whose length is
equal to L,, while its width is equal to W,.. Further, the two fixed parallel beams have an
offset inbetw between them, which includes half the width of both fixed parallel beams.

To simulate a real use case of such a test structure as accurately as possible, the

Figure 2.2: Schematic of the simulated rotating arm test structure - side view.

simulated structure is made out of two extruded work planes, united together to a single
COMSOL component, as it can be seen in Figure 2.2. The base layer, which is 15 ym
thick, contains the rotating arm test structure and has no stress applied. The stress,
which has to be measured by the rotating arm test structure, is applied only on the
thinner top layer, which is therefore only 1 um thick. The stress was applied only in the
x and y directions, in equal shares of 1000 MPa, in order to verify the extent to which
the rotating arm structure will rotate in the x-y plane, as well as buckle out of the x-y
plane. The applied stress values were chosen according to the targeted measurement
range of the simulated test structure and were introduced in the initial stress matrix
of COMSOL Linear Elastic Material model. For more clarity, Figure 2.3 depicts the
simulated rotating arm test structure, together with the used x-y-z coordinates.

5 x10%m

y_\t/,(

Figure 2.3: Schematic of the simulated rotating arm test structure - x-y-z coordinates.
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Further, both the base and the top layer were simulated as being made out of single

crystal, anisotropic Si. As depicted in Figure 1.5, only the rotating indicator beam should
be free to rotate as a consequence of stress. Therefore, the only used constraint stated
that both fixed beams should stay fixed at their ends, which were opposite to the rotating
indicator beam, during the simulation. A Free Tetrahedral COMSOL Mesh was used,
with the Mesh size Finer. The aforementioned Mesh settings were perceived as the
optimal tradeoff between the needed accuracy of the simulation results and a reasonable
computation time.
As next, two COMSOL studies were added: one Stationary and one Parametric Sweep.
The Stationary Study was used for simulating the stationary state of the built test
structure and also included geometric nonlinearities. On the other side, the goal of
the Parametric sweep was to vary the values of the parameters W, Wy, and inbetw.
The aforementioned parameters were chosen as they were expected to influence the
rotation of the rotating indicator beam in a non-linear manner. In contrast, in the case
of the length of the fixed beams L; and of the length of the rotating indicator beam
L,, the measured deflection was predicted to react linearly to the growth of L, and L,.
Therefore, the lengths of the beams were not systematically varied, which reduced the
needed computation time. Thus, the dimensions of the similar structures presented in
[15], [4], [16], and [I9] were used as a starting point for defining four pairs of equal lengths
for the fixed and rotating indicator beam, to which the four rotating arm test structures
from Table 2.1| correspond:

Structure number Ly L,
1 250 pm | 250 pm
2 500 pm | 500 pm
3 750 pm | 750 pm
4 1000 pgm | 1000 pm

Table 2.1: Overview of the fixed and rotating indicator beam lengths for the four simulated
rotating arm test structures.

The settings of the Parametric Sweep were also inspired by the dimensions of the
similar structures used as starting points for the definition of Ly and L,. Further, the
same Parametric Sweep settings as listed in Table 2.2 were used for all the four simulated
test structures from Table 2.1. The start value defines the lower limit of the range of
values covered by the Parametric Sweep, while the stop value defines its upper limit. The
step size represents the length difference between two consecutive values of the range
covered by the Parametric Sweep.
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2. SIMULATIONS OF THE ROTATING ARM TEST STRUCTURE

Parameter name | start value | stop value | step size
W, 6 pum 12 pm 6 pm
Wy 6 pm 24 pm 2 pm
inbetw 0 pm 20 pm 1 pm

Table 2.2: Settings of the Parametric Sweep study: overview.

A more straightforward approach for measuring the rotation of the indicator beam
instead of recording its rotation degree is to monitor the displacement in the direction
of the x-axis at the ends of the rotating indicator beam. Therefore, two COMSOL
Point Evaluations were added at the ends of the rotating indicator beam: Point 20,
as highlighted in red in Figure 2.4, at the lower end of the beam, while Point 28, as
highlighted in red in Figure [2.5, at its upper end.

Figure 2.4: Position of Point 20 (highlighted red point).

e i

Figure 2.5: Position of Point 28 (highlighted red point).
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2.1.

2D plots

The scope of the COMSOL simulations is to find the suitable parameters for fabricat-

ing a rotating arm test structure able to cover the desired measurement range: from -1
GPa to 1 GPa. Thus, the three parameters varied through the Parametric Sweep (W,., W,
and inbetw) were systematically kept one or two at a time constant at convenient values,
while the other ones were varied. The resulted x-displacement values were evaluated
in the form of COMSOL Tables. Further, these table values were displayed as 1D or
2D plots, which were finally analysed to discover the most suitable rotating arm test
structure dimensions.
First, W,, Wy, and inbetw were varied, and the resulting 3D plot revealed the first
finding of the analysis: W, does not have any influence on the measuring capability of
the rotating arm test structure and can therefore be arbitrarily chosen. This property
of W, was to be anticipated and is characteristic to all four simulated test structures,
as presented in Table 2.1, Since the target was to reach the desired measurement range
with the minimal needed dimensions of the test structure, the smallest value assigned to
W, through the Parametric Sweep, 6 um, was further used for the 2D and 1D plots.

2.1 2D plots

Managing to cover the entire measurement range means that the x-displacement registered
at the Points 20 and 28, respectively, due to the 1000 MPa stress applied in the upper
layer, has to be readable under the microscope. Thus, the x-displacement is displayed
by using a colour scale, as depicted in Figure 2.6| for the first pair of dimensions of the

simulated rotating arm test structure from Table 2.1: both L, and Ly equal to 250 pm.

For obtaining such a 2D plot, both Wy and inbetw were varied across the whole range of
values covered by the Parametric Sweep, as stated in Table 2.2.

The main interest of the 2D plots was on the highest achieved x-displacement, highlighted
in dark red. The optimal values for W and inbetw were assumed to be the ones which
correspond to this point of maximum of the x-displacement. Thus, the optimal value of
W} can be read on the x-axis, while the optimal range of values of inbetw can be read on
the y-axis. A similarity between the 2D plots is exemplified by using Figure [2.6: while
the optimal value of Wy can be easily identified as equal to 6 um, the optimal value of
inbetw can not be read with the same accuracy. Thus, the 2D plot can only provide an
optimal range: from 6 pm to 10 pm for this first simulated test structure (see Table 2.1).
By following the same methodology, the optimal value of Wy and the optimal range of
values for inbetw can be obtained for the second, third, and fourth simulated rotating
arm test structures (as sorted in Table 2.1) by analysing Figure 2.7, Figure 2.8, and
Figure 2.9) respectively.
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Table Surface: Displacement field, X companent fuml. Pointi 20

inbotw (um)
5

6 7 8 ] 10 1 12 13 u 16 17 13 13 20 2 22 23 2

15
W fum)

Figure 2.6: 2D plot for the first simulated rotating arm test structure (Ly = L, = 250
pm) : ideal values of Wy (x-axis) and ideal range of values for inbetw (y-axis) for the
highest x-displacement registered at Point 20 (highlighted in dark red in the colour scale).

Table surface: Displacement field, X component fuml, Point: 20

inbatw (um}

6 7 a i 10 n 1 1 1 15 16 7 1 19 F 21 22 2 F
e fum)

Figure 2.7: 2D plot for the second simulated rotating arm test structure (Ly = L, =
500 pm): ideal values of Wy (x-axis) and ideal range of values for inbetw (y-axis) for
the highest x-displacement registered at Point 20 (highlighted in dark red in the colour
scale).
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2.1.

2D plots

Table surface: Displacemant fild, X eompenent (um), Boint: 20

nbetw (um)

16 1 18 19 20 2

10 1 12 18
wit umi

Figure 2.8: 2D plot for the third simulated rotating arm test structure (Ly = L, = 750
pm): ideal values of Wy (x-axis) and ideal range of values for inbetw (y-axis) for the
highest x-displacement registered at Point 20 (highlighted in dark red in the colour scale).

Table Surface: Displacement field, % campanent fum. Poirt: 20

inbatw fum)

6 7 ] ® 10 u 12 12 1 16 1w 18 1 0 2 2 F 20

15
W {um)

Figure 2.9: 2D plot for the fourth simulated rotating arm test structure (Ly = L, =
1000 pm): ideal values of Wy (x-axis) and ideal range of values for inbetw (y-axis) for
the highest x-displacement registered at Point 20 (highlighted in dark red in the colour
scale).
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Due to the position of Point 20, at the lower end of the rotating indicator beam (see
Figure 2.4)), and the position of Point 28, at the upper end of the rotating indicator beam
(see Figure 2.5), it is to be anticipated that one of the points will register a positive
x-displacement, while the other point will register a negative x-displacement.

The counterclockwise rotation of the rotating indicator beam, as a consequence of the
applied stress, was observed for all simulated rotating arm test structures (as listed in
Table 2.1) and is depicted for the rotating arm test structure with Ly = L, = 750 pm in
Figure 2.10.

Further, the 2D plots generated in the same manner as the ones for Point 20, depicted

Wr=6, Wf=6, inbetw=12 Surface: von Mises stress (N/m?) g

-5 x10™* m
X107 m x10°

s -5 0 5 2.5

~

0 x10%m

L.

Figure 2.10: 2D plot showing the counterclockwise rotation of the rotating arm test
structure with Ly = L, = 750 yum. The colour scale depicts the stress values applied in
the different regions of the rotating arm test structure.

in Figure 2.6/ - [2.9, but for Point 28, confirmed the aforementioned anticipated behaviour.
These 2D plots generated from Point Evaluation 28 did not provide any new data, they
only displayed the data already obtained from Point Evaluation 20 mirrored. In this
way, the correctness of the x-displacement, W, and inbetw was successfully verified. In
consequence, the 2D plots generated for Point 28 are not part of this diploma thesis.

To sum up, the maximal x-displacements displayed by the colour scales of the 2D
plots (see Figure 2.6 - 2.9) can be found in Table 2.3:

Structure number Ly L, maximal x-displacement
1 250 pm | 250 pm 1.4 pm
2 500 pm | 500 pm 5 pm
3 750 pm | 750 pm 10 pm
4 1000 pgm | 1000 pm 18 pm

Table 2.3: Overview of the maximal x-displacements displayed by the colour scales of the
2D plots (see Figure 2.6/ - 2.9).
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2.2.

1D plots

The main criteria used to select the simulated rotating arm test structures to be
fabricated was the readability of the device displacement under an optical microscope.
Such readability can be assured for x-displacements of at least 5 ym. Thus, the third
and the fourth structures from Table 2.3 were further considered as potential rotating
arm structures to be fabricated.

2.2 1D plots

Next, an accurate value of the inbetw parameter was the missing piece of the puzzle for
both structures with the dimensions Ly = L, = 1000 pm and Ly = L, = 750 pm. As
the 2D plots were only able to deliver an optimal range of values for inbetw, 1D plots,
like the one depicted in Figure 2.11}, were created.

For obtaining such a 1D plot, only inbetw was varied across the whole range of values

id. X component {um), Pointi 20
-

[ 2 ] ] 8 12 1 16 18 20

10
inbatw (um)

Figure 2.11: 1D plot for the third simulated rotating arm test structure (Ly = L, = 750
pum): ideal value of inbetw (x-axis) for the highest x-displacement value registered at
Point 20 (y-axis).

covered by the Parametric Sweep, as stated in Table [2.2. The blue line in Figure 2.11
and Figure 2.12] outlines the x-displacement values registered at Point 20 for each of
the varied inbetw values. The optimal value for inbetw can be read on the x-axis and
was assumed to be the one that corresponds to the highest registered x-displacement,
according to the y-axis.

Similar to the analysis of the 2D plots, the 1D plots generated from Point Evaluation 28
were only used to verify the correctness of the Figures 2.11 and 2.12. Thus, they are not
part of this diploma thesis.
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Figure 2.12: 1D plot for the fourth simulated rotating arm test structure (Ly = L, =
1000 pm): ideal value of inbetw (x-axis) for the highest x-displacement value registered
at Point 20 (y-axis).

With the inbetw values obtained through the analysis of the Figures |2.11 and [2.12 all
the values of the parameters needed for fabricating the structures 3 and 4 (according to
Table 2.1)) are defined, as shown in Table 2.4,

Structure number

Ly

L,

Wy

W

inbetw

3

750 pm

750 pm

6 pm

6 pm

12 pm

4

1000 pm

1000 pm

6 pm

6 pm

14 pm

Table 2.4: Overview of the optimal values for the third and the fourth simulated rotating
arm test structure (according to Table 2.1)).

2.3 Out-of-plane deflection

Besides the x-displacement, needed as an indicator for the rotation of the rotating indica-
tor beam, the z-displacement was also registered at both Point Evaluation 20 and 28.
The reason for this separate analysis was to identify potential out-of-plane deflection of
the rotating indicator beams.

As for the x-displacements, the resulting z-displacement values were also evaluated in
the form of COMSOL Tables. As all the values of the parameters needed for fabri-
cating structures 3 and 4 (according to Table 2.1) were already determined (see Table
2.4) before starting the out-of-plane deflection analysis, only the z-displacement values
corresponding to these already determined parameter values of the rotating arm test
structures were of interest. Thus, no plots of the resulting z-displacements were generated.
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2.3. Out-of-plane deflection

Next, two further Point Evaluations were added to measure the z-displacement near
the middle of the rotating arm test structure. While Point Evaluation 13 (see Point 13
highlighted in red in Figure serves as a comparison for the z-displacement value
from Point Evaluation 28, Point Evaluation 14 (see Point 14 highlighted in red in Figure

2.14) serves as a comparison for the z-displacement value from Point Evaluation 20.

In this way, it could be analysed if a potential out-of-plane deflection affects only the
lower (corresponding to Point Evaluation 20) and the upper end (corresponding to Point
Evaluation 28) of the rotating indicator beam or the entire rotating arm test structure.

Figure 2.13: Position of Point 13 (highlighted red point).
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Figure 2.14: Position of Point 14 (highlighted red point).

Next, Table contains the z-displacements registered at Point Evaluation 20, 14,
28, and 13, for both the rotating arm structure with Ly = L, = 750 ym and the one
with Ly = L, = 1000 pm.

Ly= L, | Pt. Ev. 20 | Pt. Ev. 14 | Pt. Ev. 28 | Pt. Ev. 13
750 pm | 8.981 pym 0.382 pym 8.99 pm 0.378 pm
1000 pm | 16.24 pm | 0.563 pm 1543 pm | 0.559 pm

Table 2.5: Overview of the z-displacement values registered at Point Evaluation 20, 14,
28, and 13 for the third and the fourth simulated rotating arm test structure (according

to Table .

The z-displacements presented in Table lead to a clear conclusion: the rotating
indicator beam of both the rotating arm test structure with L; = L, = 750 pym and
the one with Ly = L, = 1000 pm shows out-of-plane deflection. The z-displacements
registered at Point Evaluation 14 and Point Evaluation 13 show values smaller than 1
pm. Thus, these z-displacement values serve as evidence that the out-of-plane buckling
phenomenon affects only the upper and lower ends of the rotating indicator beams, but
not the entire rotating arm test structures. This described behavior is depicted in Figure
for the rotating arm test structure with Ly = L, = 750 pm and in Figure for
the rotating arm test structure with Ly = L, = 1000 pm.
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2.3. Out-of-plane deflection

Wr=6, Wf=6, inbetw=12 Surface: von Mises stress {Njm?)

x107* m
x107* m
5

z

L.,

Figure 2.15: Depiction of the out-of-plane buckling phenomenon at the ends of the
rotating indicator beam for the third simulated rotating arm test structure (according to
Table 2.1)).

Wr=6, Wf=6, inbetw=14 surface: von Mises stress (N/m?)

i *x10™* m
x10" m

z

L.,

Figure 2.16: Depiction of the out-of-plane buckling phenomenon at the ends of the
rotating indicator beam for the fourth simulated rotating arm test structure (according
to Table 2.1).

The next step for turning the two chosen simulated rotating arm test structures, as
parameterised in Table 2.4, into reality, was to export the COMSOL structures as an
AUTOCAD-specific data type, needed for the realisation of the photolithography masks.
Unfortunately, the bare export of the already existing COMSOL structures into the
desired AUTOCAD-compatible files could not be achieved. This technical inconvenience

1.5

0.5

0.5
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and the undesired discovery, that the ends of the rotating arm test structures were
deflecting out-of-plane, led to two improved AUTOCAD designs of both the rotating arm
test structure with Ly = L, = 750 pm and the one with Ly = L, = 1000 pm. These
improved designs are still based on the third and the fourth simulated rotating arm
test structure (according to Table 2.1) with the ideal parameter values from Table 2.4,
but include changes aimed at reducing the out-of-plane deflection, on the one side, and
ensuring a successful fabrication process of the rotating arm structures, on the other side.
Further, these AUTOCAD designs incorporate considerations taken for ensuring smooth
handling during the verification measurements of the rotating arm test structures and
are described in the next chapter of this diploma thesis.
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CHAPTER

Design and fabrication of the
rotating arm test structure

3.1 Improved design of the rotating arm test structure

As announced at the end of the second chapter of this diploma thesis, the COMSOL
simulations led to several findings, which were incorporated in the improved AUTOCAD
design, as depicted for the smaller rotating arm test structure (Ly = 757 ym) in Figure
3.1. The characteristic parameters of this new design are defined by using this smaller
rotating arm test structure as an example. The larger rotating arm test structure, as
depicted in Figure 3.2, is defined by the same parameters as the smaller one, but with
correspondingly larger values (see Table 3.2).

Similar to the test structure depicted in Figure 2.1, the design of the smaller rotating
arm test structure consists of two fixed parallel beams, both Ly long and Wy wide, with
the same offset inbetw between them. Different from the design of the rotating arm
test structure simulated in COMSOL, the fixed beams maintain their optimal width,
according to the COMSOL simulations (see Table 2.4), only at their joint with the
rotating indicator beam, while the rest of the beam was widened for increasing the
stability of the structure. Further, the rotating indicator beam is still freestanding and is
made out of three parts: one central part, having the same width W, as the rotating
indicator beam of the COMSOL simulated design of the rotating arm test structure, and
two display beams, each of which is parallel to one fixed beam and wider than the central
part due to the same purpose of increasing the stability, which end in an arrow shape.
The x-displacement of the rotating indicator beam, as listed in Table [2.3, is the main
indicator of device sensitivity in the case of the rotating arm test structure depicted in
Figure 2.1. The improved AUTOCAD design of the rotating arm test structure (see
Figure 3.1 and Figure 3.2) shifts this indicator role to the rotation of the display beams.

39




Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.

DESIGN AND FABRICATION OF THE ROTATING ARM TEST STRUCTURE

40

Next, the fixed beams and the rotating indicator beams were equally long for all the
four simulated rotating arm test structures listed in Table 2.1. In contrast, the display
beams of the rotating arm test structure depicted in Figure |3.1] are shorter than the
fixed beams, while the fixed beams of this improved AUTOCAD design are minimally
lengthened compared to the ones of the COMSOL simulated rotating arm test structure,
as listed in Table 2.4, to ensure a smooth fabrication process.

Further, Figure 3.1/ depicts only an improved design of the COMSOL simulated rotating
arm test structure design, on which the stressed thin film will be deposited, as described
elaborately in the fourth chapter of this diploma thesis. While the rotating arm test
structure design depicted in Figure [2.1| was simulated as a COMSOL component con-
sisting of one base layer, which contains the rotating arm test structure and has no
stress applied, and one 1 um thick, stressed top layer (see Figure [2.2)), the components
of the improved AUTOCAD rotating arm test structure design are distributed on several
AUTOCAD layers, as depicted in Figure 3.1 The rotating arm test structure itself,
outlined in neon green, is placed on the SILICONTOPSIDE layer, while the scales
used for measuring the rotation of the display beam are outlined in yellow and are placed
on the BOTTOMELECTRODE layer. Finally, the red frame of the whole rotating
arm test structure is placed on the SILICONBACKSIDEFE layer.

Figure 3.3 depicts only one half of the smaller rotating arm test structure (Ly = 757
pm), on which the length and width of both the fixed (Ly, Wy) and the display beam
(Lg, Wq), together with the distance between the display and the fixed beam dgr and the
length of the central part of the rotating indicator beam L., are marked.

The length of the fixed beam Ly is defined as the distance between its joint with the
central part of the rotating indicator beam and the frame of the structure. The width of
the fixed beam W defines its maximum width, achieved only for the part of the fixed
beam parallel to the display beam. Further, the length of the display beam L, is defined
as the distance between the central part of the rotating indicator beam and the arrow
shape intended to show the rotation of the display beam on the scale. The width of the
display beam W defines its maximum width, achieved for the whole beam except the
aforementioned arrow shape.

Next, the distance between the display and the fixed beam dy is measured between the
parallel areas of the aforementioned beams. Its values were calculated with the help of
a Python script, which had L4, L,., and the rotation angle registered for the highest
x-displacement value of the third and fourth COMSOL simulated rotating arm test
structures, as listed in Table 2.3, as inputs. This Python script generated plots with the
maximal positive and negative x and y-displacement of the display beams as outputs (see
Figure 3.4 for the smaller and Figure 3.5 for the larger rotating arm test structure). The
values of dgs listed in Table 3.2 were obtained by doubling the corresponding maximal
x-displacement values from Table 3.1. Further, the same dg; distance was also maintained
between the lateral parts of the frame of the rotating arm test structure and the display
beams. In this way, the areas that needed to be removed through the etching process, as
further described in the next subchapter, were as equal as possible in order to ensure a
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3.1. Improved design of the rotating arm test structure

successful etching.
Another use of the distance between the display and the fixed beam was as input for
calculating the length of the central part of the rotating indicator beam L,. by using the
following formula:

ch = Qddf + A+ 2Wd

where the A parameter is equal with 8 um for the smaller and with 6 pm for the larger
rotating arm test structure, respectively. A describes the part of L,. not parameterised
by the distance between the display and the fixed beam dgy or by the width of the display
beam W, respectively.

Ly maximal x-displacement | maximal y-displacement
757 pm 20 pm 4 pm
1013 pm 36 pm 7 pm

Table 3.1: Overview of the maximal x and y-displacement values registered for the smaller
(see Figure 3.4) and for the larger rotating arm test structure (see Figure 3.5).

Different from the design of the rotating arm test structure simulated in COMSOL,
the inbetw parameter, as marked in Figure 3.6, does not include half the width of both
fixed parallel beams (W) anymore, as the fixed beams of the improved AUTOCAD
design of the rotating arm test structure are ten times wider than the ones of the rotating
arm test structure depicted in Figure 2.1, The updated inbetw parameter only includes
half of the width of the fixed beams at their joint with the central part of the rotating
indicator beam (W), which is also marked in Figure 3.6. To ensure both the stability
and the optimal performance of the rotating arm test structure, the fixed beams narrow
under an angle of 45° up to their optimal width according to the COMSOL simulations,
as listed in Table 2.4 while the width of the central part of the rotating indicator beam
(Wre), also marked in Figure 3.6, is designed equal to the optimal width.

Next, the y-displacement values of the display beam listed in Table [3.1] led to the
inclined scale used for measuring its rotation, as depicted in Figure 3.7. This design
input, together with the value chosen for the distance between the tip of the arrow shape
designed at the end of the display beam and the frame surrounding the whole rotating
arm test structure (d,x), ensures that the rotation of the display beams can be easily
read, without risking to collide with the remaining wall, located under the inclined scale
(see Figures |3.11| - 3.12)). Further, another design input occurred for maintaining d,j was
the lengthening of the fixed beams by 7 pm for the smaller and by 13 pm for the larger
rotating arm test structure, respectively, when compared to the 750 ym or the 1000 um
long fixed beams of the COMSOL simulated rotating arm test structures.

Although designing the display beams with elongated tips at their end could have in-
creased the readability of their rotation on the scale, the possible damage of such elongated
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tips during the etching process led to the arrow shape design, as depicted in Figure [3.7.
The dimensions of the arrow shape are designed as a compromise able to ensure both
smooth fabrication and clear readability. Thus, the display beams narrow under an angle
of 45°, while the height of the arrow h,, defined as the distance between its tip and the
imaginary horizontal line between the part of the display beam parallel to the fixed beam
and its narrowed end part, is marked in Figure 3.7. Finally, the markers of the scale used
for measuring the rotation of the display beam are displaced in 5 um intervals.

The larger rotating arm test structure (Ly = 1013 pm), as depicted in Figure 3.2,
is designed after the same design principles as the smaller one. The increased values of its
parameters are listed together with the values of the smaller rotating arm test structure
in Table 13.2.

The following step was to group one smaller together with one larger rotating arm test
structure, either straight-oriented, as depicted in Figure 3.8, or rotated by 45°, as depicted
in Figure 3.9. Next, 69 such straight-oriented pairs of rotating arm test structures and 67
pairs of rotating arm test structures rotated by 45° were placed on the mask template,
along specific alignment marks. Thus, the mask design needed to fabricate the rotating
arm test structures, as described elaborately in the next subchapter, was completed and
ready to be ordered.

Parameter

Value structure Ly = 757 pym

Value structure Ly = 1013 pym

Ly

757 pm

1013 pm

Wy

60 pm

60 pm

Lg

735 pm

985 pum

Wy

20 pm

20 pm

dgy

40 pm

72 pm

Ly

128 pm

190 pm

inbetw

12 pm

14 pm

6 pm

6 pm

6 pum

6 pm

10 pm

10 pm

dak

o pm

S pm

Table 3.2: Overview of the parameter values of the smaller (see Figure 3.1) and of the
larger rotating arm test structure (see Figure 3.2).
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Figure 3.1: Schematic of the smaller rotating arm test structure (L; = 757 pm) - top
view.
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Figure 3.2: Schematic of the larger rotating arm test structure (Ly = 1013 pm) - top
view.
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3.1. Improved design of the rotating arm test structure

Figure 3.3: Schematic of one half of the smaller rotating arm test structure (L; = 757
pum) - zoomed view.
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Figure 3.4: Maximal positive and negative x and y-displacements of a display beam of
the smaller rotating arm test structure (Ly = 757 pum).
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Figure 3.5: Maximal positive and negative x and y-displacements of a display beam of
the larger rotating arm test structure (Ly = 1013 pm).
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ng

" inbetw

Figure 3.6: Central part of the smaller rotating arm test structure (L; = 757 pm) -
zoomed view.

Figure 3.7: Scale used for measuring the rotation of one display beam of the smaller
rotating arm test structure (Ly = 757 pm) - zoomed view.
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Figure 3.8: Pair of one smaller (see Figure |3.1) and one larger, straight-oriented rotating
arm test structure (see Figure 3.2).
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Figure 3.9: Pair of one smaller (see Figure 3.1) and one larger rotating arm test structure
(see Figure 3.2) rotated by 45°.
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3. DESIGN AND FABRICATION OF THE ROTATING ARM TEST STRUCTURE
Figure 3.10: Overview of the mask design containing 69 pairs of straight-oriented rotating
arm test structures (see Figure 3.8) and 67 pairs of rotating arm test structures rotated
by 45° (see Figure 3.9).

5



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.2. Fabrication of the rotating arm test structure

3.2 Fabrication of the rotating arm test structure

The mask design containing 69 straight-oriented pairs of rotating arm test structures (see
Figure 3.8) and 67 pairs of rotating arm test structures rotated by 45° (see Figure 3.9) was
made out of three separate masks corresponding to the three different AUTOCAD layers:
BOTTOMELECTRODE, SILICONTOPSIDE, and SILICONBACKSIDE.

The first mask used for fabricating the rotating arm test structure was the one designed
for the BOTTOMELECTRODE layer. Besides the scales used for measuring the
rotation of one display beam of a rotating arm test structure, as outlined in yellow in
Figure 3.7, the design of this mask includes the markings, which serve as boundaries
for the area reserved for the pairs of rotating arm test structures, the TU Wien and
ISAS logos, the number of the pair of rotating arm test structures, as well as the two
areas containing the alignment marks. For this reason, no alignment step was required
before exposing the positive photoresist not covered by the mask. Next, the exposed
regions of the photoresist were removed and a 20 nm thick Cr layer was evaporated. The
reason for choosing evaporation instead of spin coating as a deposition method was the
smoother elimination of the unexposed photoresist regions. Further, a 50 nm thick Au
layer was deposited by using a Wolfram boat. Three acetone baths were used to remove
the parts of the Au and Cr layers deposited on top of the photoresist and subsequently
the unexposed photoresist beneath. Finally, the wafer was cleaned with isopropanol to
remove any traces of acetone and baked.

The second mask used in the fabrication process of the rotating arm test structure was
the one designed for the SILICONTOPSIDE layer. Thus, the design of this second
mask includes the rotating arm test structure itself, outlined in neon green in Figure
3.1/ - 3.2 Next, the alignment marks fabricated by using the first mask were used to
ensure an exact alignment process of the mask on the wafer. As for the first mask, the
positive photoresist areas not covered by the second mask were exposed and subsequently
removed. Further, 90 cycles of Bosch etching followed by an oxygen plasma cleaning
step were performed. Finally, the top side of the future rotating arm test structure was
spray-coated to ensure better stability of the entire test structure.

The last used mask was the one designed for the SILICONBACKSIDE layer. This
mask includes the frame, which surrounds the whole rotating arm test structure, outlined
in red in Figure 3.1]- 3.2, The fabrication steps done while using this third mask are
identical to the ones done while using the mask designed for the SILICONTOPSIDFE
layer up until the etching step. In this case, 1300 etching cycles were needed, followed by
an oxygen plasma cleaning step and an HF release step. The top side of the rotating
arm test structure was protected by the applied spray coat during the HF release step.

Next, the result of the described fabrication steps can be seen in Figure 3.11] for the
smaller rotating arm test structure (L; = 757 pum) and in Figure 3.12, which depicts
the larger rotating arm test structure (Ly = 1013 pm). Both depicted rotating arm test
structures had no thin film deposited on top of them.
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SUB000 10.0kV 8.0mm x70 LM(UL) 500um

Figure 3.11: Overview of the smaller rotating arm test structure (Ly = 757 pm) with
no mechanical stress applied (no thin film deposited on top of the rotating arm test
structure). The values of the scale are expressed in pm.

SU8000 10.0kV 8.0mm x60 LM(UL) 500um

Figure 3.12: Overview of the larger rotating arm test structure (Ly = 1013 pm) with
no mechanical stress applied (no thin film deposited on top of the rotating arm test
structure). The values of the scale are expressed in pm.
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3.2. Fabrication of the rotating arm test structure

The last two figures of this chapter depict imperfections of the rotating arm test
structures, which occurred during the fabrication process. Figure depicts how the
angles of the central part of a rotating arm test structure are rounded and not sharp, as
depicted in the corresponding AUTOCAD schematic (see Figure 3.6).

‘

SU8000 10.0kV 22.0mm x3.00k SE(UL)

Figure 3.13: Zoomed view of the rounded angles of the central part of a rotating arm
test structure with a 250 nm thick Cr thin film evaporated on top of it.
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Next, Figure shows how the right display beam of a smaller rotating arm test
structure (Ly = 757 pm) shows a clockwise rotation directly after fabrication, without
having any thin film deposited on top of it, which may indicate mechanical stress. The
display beams of both the smaller and the larger rotating arm test structure show the
same clockwise rotation offset of about 0.5 pum). The reason for this offset might be the
existence of mechanical stress in the Si wafer itself.

SU8000 10.0kV 8.0mm x2.00k LM(UL)

Figure 3.14: Zoomed view of the clockwise rotation of the right display beam of a smaller
rotating arm test structure (L; = 757 pum) with no mechanical stress applied (no thin
film deposited on top of the rotating arm test structure). The distance between two
markers of the scale used for measuring the rotation of the display beam is equal to 5

pm.
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CHAPTER

Verification measurements of the
rotating arm test structure

To check if the chosen rotating arm structure design fulfills its purpose successfully,
several thin films with different mechanical stress levels were deposited on top of the
rotating arm test structures. Further, the expected x-displacement values were compared
with the ones registered during the verification measurements.

Three different deposition methods were used for the test films: plasma-enhanced chemical
vapor deposition (PECVD), sputtering, and evaporation. While thin films deposited
via PECVD and via evaporation exhibit homogeneously distributed mechanical stress
with repeatable values, the reachable mechanical stress inside a sputtered thin film can
reach values several times higher than the 600 - 700 MPa possible in the PECVD thin
films. The disadvantage of the sputtered thin films is that, unlike the PECVD and the
evaporated thin films, the mechanical stress differs along the thin film, and its registered
values are rather unreproducible.

4.1 Measurements done on PECVD deposited thin films

First, a-SiC:H thin films were deposited by using the PECVD method. PECVD was
preferred against sputtering due to its ability to deliver homogeneously stressed thin
films. Although the x-displacement values from the COMSOL simulations were obtained
for stress values of 1 GPa, it was expected that the films fabricated by using PECVD
would be able to generate a rotation of the display beams, even for mechanical stress
values of just 600 - 700 MPa.

To verify the mechanical stress value of a thin film deposited by using the PECVD
method and a specific set of process parameters, such a thin film was first deposited on a
blank wafer, without any rotating arm test structure on it. A mechanical stress value of
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around 600 - 700 MPa was measured by using the wafer curvature stress measurement
method for the PECVD-deposited, 500 nm thick a-SiC:H thin film. Next, 125 nm, 250
nm, and 375 nm thick a-SiC:H thin films were deposited on top of two straight-oriented
rotating arm test structures and on top of two rotating arm test structures rotated by
45°. Both the straight-oriented and the rotating arm test structures rotated by 45° were
always fabricated as a pair composed of a smaller structure, with Ly = 757 pm, and of a
larger one, with Ly = 1013 pum (see Figure 3.8/- 3.9). At the same time, the remainder
of the PECVD process parameters remained unchanged. As the mechanical stress in
PECVD-deposited thin films is homogeneous, it was assured that the 125, 250, and 375
nm a-SiC:H thin films possess the same values of mechanical stress [20].

Figure [4.1}, 4.2, 4.3, and 4.4] depict the rotation of the display beams part of straight-
oriented rotating arm test structures as a response to the mechanically stressed 250
nm and 375 nm a-SiC:H thin films. While the rotation of the display beam with a 125
nm a-SiC:H thin film on top of it is too low to be considered a confirmation that the
rotating arm test structure works as expected, the rotation of the display beams coated
with 250 and 375 nm a-SiC:H thin films may be taken as evidence that the rotating
arm test structure behaves as expected after the COMSOL simulations. A similar, but
proportional to the increased thickness, rotational movement was expected to occur for
the display beams covered with a 500 nm a-SiC:H thin film. For this reason, together with
the stability problems encountered during the PECVD deposition, such a 500 nm a-SiC:H
thin film was not deposited on top of any rotating arm test structure. As expected, the
larger rotating arm test structure, with L; = 1013 um, registers a higher rotation of the
display beam (see Figure 4.2/ and Figure 4.4) than the smaller rotating arm test structure
(see Figure 4.1 and Figure 4.3), with Ly = 757 ym. The x-displacements displayed in
Figure 4.1] - [4.4], together with the approximate values of the expected x-displacements,
for both dimensions of the rotating arm structures are summarised in Table |4.1| for both
the 250 nm and the 375 nm a-SiC:H thin films.

Thin film Test structure | right x-displ. | expected x-displ.
250 nm a-SiC:H | Ly = 757 pm 1 pm 1.625 pm
375 nm a-SiC:H | L; = 757 pum 1.5 pm 2.4375 pm
250 nm a-SiC:H | Ly = 1013 pym 2.5 pm 2.925 pym
375 nm a-SiC:H | Ly = 1013 pym 2.5 pm 4.3875 pm

Table 4.1: Overview of the measured and expected x-displacements displayed by the
rotation of the right display beams of both straight-oriented rotating arm structures,
coated with 250 nm and the 375 nm a-SiC:H thin films (see Figure 4.1/ - |4.4).

The expected x-displacements from Table 4.1 were calculated for both straight-oriented
rotating arm test structures, coated with th 250 nm a-SiC:H thin film, by using the
following formula:

expected x-displacement = 0.65 x 0.25 x highest x-displacement registered at Point 20
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4.1. Measurements done on PECVD deposited thin films

where the highest x-displacement registered at Point 20 (see Figure 2.4) was read from
the colour scale of Figure 2.8, as 10 pm, for the rotating arm test structure with L; = 757
pm and from the colour scale of Figure 2.9, as 18 um, for the rotating arm test structure
with Ly = 1013 pm. These highest x-displacements registered at Point 20 (see Figure 2.4)
were obtained by simulating a stress of 1 GPa homogeneously distributed along a 1 pm
thick Si layer, placed on top of the layer containing the rotating arm test structure. Thus,
these simulated x-displacements were multiplied with 0.65, as the deposited a-SiC:H thin
film has a stress of around 600 - 700 MPa compared to the simulated 1 GPa and with
0.25, as the deposited a-SiC:H layer is only 250 nm thick compared to the 1 pm used
in the simulations, for obtaining an approximate value of the expected x-displacement.
The type of mechanical stress is not considered in this formula, therefore the calculated
x-displacements are to be considered as absolute values.

The algebraic signs of the right and left x-displacements listed in Table [4.1, Table
4.3, Table 4.4, Table 4.5, and Table |4.6| are chosen according to the scales fabricated near
the right and left display beam and are defined in Table 4.2:

Direction of rotational movement of the display beam | Corresponding algebraic sign

clockwise rotation +

counterclockwise rotation -

Table 4.2: Overview of the algebraic signs of the right and left x-displacements.

The same formula used for calculating the expected x-displacements for both straight-
oriented rotating arm test structures, coated with the 250 nm a-SiC:H thin film, was
adapted for approximating the x-displacements expected to occur for both straight-
oriented rotating arm test structures, coated with the 375 nm a-SiC:H thin film (see
Table 4.1):

expected x-displacement = 0.65 x 0.375 x highest x-displacement registered at Point 20

The only difference is the factor 0.375 used instead of 0.25 as a consequence of the
increased thickness (375 nm) of the second analysed a-SiC:H thin film.

After considering the human error introduced in the measurement chain when read-
ing the rotation of the display beams from Figure 4.1 - 4.4, the following conclusion
can be drawn: the measured x-displacements of the smaller, straight-oriented rotating
arm test structures, covered with the 250 nm and the 375 nm a-SiC:H thin films, and
of the larger, straight-oriented rotating arm test structure, covered with the 375 nm
a-SiC:H thin film represent around 60 % of the expected x-displacement. Further, the
straight-oriented rotating arm test structure with L; = 1013 um coated with the 250 nm
a-SiC:H thin film appears to measure the stress better than the other three structures,
as the ratio between the measured and the expected x-displacement is 85.5 %.

o7



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

LAY Your knowledge hub

[ 3ibliothek,

4. VERIFICATION MEASUREMENTS OF THE ROTATING ARM TEST STRUCTURE

SU8000 10.0kV 8.0mm x600 LM(UL) 50.0um

Figure 4.1: Rotation of the right display beam, part of the smaller, straight-oriented
rotating arm test structure (L; = 757 pum), in response to the 250 nm a-SiC:H thin film
PECVD-deposited on top of it. The values of the scale are expressed in pm.

3 T
SU8000 10.0kV 8.0mm x450 LM(UL) 100um

Figure 4.2: Rotation of the right display beam, part of the larger, straight-oriented
rotating arm test structure (Ly = 1013 pm), in response to the 250 nm a-SiC:H thin film
PECVD-deposited on top of it. The values of the scale are expressed in pm.
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SU8000 10.0kV 8.0mm x600 LM(UL) 50.0um

Figure 4.3: Rotation of the right display beam, part of the smaller, straight-oriented
rotating arm test structure (Ly = 757 pm), in response to the 375 nm a-SiC:H thin film
PECVD-deposited on top of it. The values of the scale are expressed in pm.

1 1 1
SU8000 10.0kV 8.0mm x450 LM(UL) 100um

Figure 4.4: Rotation of the right display beam, part of the larger, straight-oriented
rotating arm test structure (Ly = 1013 pm), in response to the 375 nm a-SiC:H thin film
PECVD-deposited on top of it. The values of the scale are expressed in pm.
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The direction of rotational movement of the display beams is the main criterion used
to evaluate if the rotating arm test structure functions correctly or not. This direction is
depicted in Figure 4.5 for the right display beam, part of the larger, straight-oriented
rotating arm test structure coated with the 375nm a-SiC:H thin film, already depicted in
Figure 4.4, and for the opposite, left display beam of the same test structure in Figure
4.6. Due to the design of the rotating arm test structure, the correct functioning of such
a device implies the same clockwise or counterclockwise rotation of both display beams
of each structure. This kind of behaviour was observed for the larger, straight-oriented
rotating arm test structure covered with the 375nm a-SiC:H thin film: both display
beams, as depicted in Figure|4.5 and Figure|4.6, rotate clockwise and with the same extent.

The rotation of the display beams of the larger, rotating arm test structure rotated by
45°, coated with the 375 nm a-SiC:H thin film, was also analysed. The same behaviour
as for the larger, straight-oriented rotating arm test structure, coated with the same 375
nm a-SiC:H thin film, could be observed: both the right display beam, depicted in Figure
4.7, and the left display beam, depicted in Figure [4.8, rotate clockwise and with the same
extent. Further, the x-displacement values of this structure rotated by 45° (see Figure 4.7
- 4.8) are equal to the ones read from Figure 4.5 - 4.6, which are the response of the same
larger rotating arm test structure, covered with the same stressed a-SiC:H thin film, but
straight-oriented. Thus, it can be concluded that the larger rotating arm test structure ro-
tated by 45° behaves identically to the larger, straight-oriented rotating arm test structure.

Figure 4.9 - 4.10| depict a drawback of this rotating arm structure design: its out-
of-plane deflection. This undesired effect can be observed at the ends of the display
beams, which incline downwards, presumably in response to compressive mechanical
stress, instead of staying in the same plane with the rest of the rotating arm test structure.
Although out-of-plane deflection was also observed during the COMSOL simulations, as
depicted in Figures 2.15 - 2.16, done for the simplified design (see Figure 2.1), the design
updates, included in the improved AUTOCAD design of the rotating arm test structures
(see Figure 3.1-3.2), were not able to eliminate this drawback.

Under these circumstances, the equality between the measured x-displacement value of
the larger, straight-oriented rotating arm test structure, coated with the 250 nm a-SiC:H
thin film and of the one of an identical device coated with the 375 nm a-SiC:H thin film,
as listed in Table |4.1) is considered to be rather a consequence of a reading error caused
by the downwards deflection of the display beams of the latter device, than a proof that
a 375 nm a-SiC:H thin film induces the same x-displacement as a 250 nm a-SiC:H thin
film.
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SU8000 10.0kV 10.3mm x2.00k LM(UL) 20.0um

Figure 4.5: Rotation of the right display beam, part of the larger, straight-oriented
rotating arm test structure (Ly = 1013 pm), in response to the 375 nm a-SiC:H thin film
PECVD-deposited on top of it - zoomed view. The distance between two markers of the
scale used for measuring the rotation of the display beam is equal to 5 pm.

e o0 o e o0 o 1

SU8000 10.0kV 10.3mm x2.00k LM(UL) 20.0um

Figure 4.6: Rotation of the (opposite) left display beam, part of the larger, straight-
oriented rotating arm test structure (L; = 1013 pm), in response to the 375 nm a-SiC:H
thin film PECVD-deposited on top of it - zoomed view. The distance between two
markers of the scale used for measuring the rotation of the display beam is equal to 5
pm.
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SUB000 10.0kV 10.3mm x2.00k LM(UL) 20.0um

Figure 4.7: Rotation of the right display beam, part of the larger rotating arm test
structure (Ly = 1013 pm) rotated by 45°, in response to the 375 nm a-SiC:H thin film
PECVD-deposited on top of it - zoomed view. The distance between two markers of the
scale used for measuring the rotation of the display beam is equal to 5 pm.

SUB000 10.0kV 10.3mm x2.00k LM{UL) 20.0um

Figure 4.8: Rotation of the (opposite) left display beam, part of the larger rotating arm
test structure (Ly = 1013 pum) rotated by 45°, in response to the 375 nm a-SiC:H thin
film PECVD-deposited on top of it - zoomed view. The distance between two markers of
the scale used for measuring the rotation of the display beam is equal to 5 pym.
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SU8000 10.0kV 8.0mm x70 LM(UL) 500um

Figure 4.9: Out-of-plane deflection observable for both display beams, part of the larger
rotating arm test structure (Ly = 1013 pm) rotated by 45°, in response to the 375 nm
a-SiC:H thin film PECVD-deposited on top of it - top view

] [
SU8000 10.0kV 8.0mm x100 LM(UL) 500um

Figure 4.10: Out-of-plane deflection observable for the right display beam, part of the
larger rotating arm test structure (Ly = 1013 pm) rotated by 45°, in response to the 375
nm a-SiC:H thin film PECVD-deposited on top of it - zoomed view
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4.2 Measurements done on sputtered thin films

Aiming to generate an increased rotation of the display beams, several metallic thin films
were sputtered on top of straight-oriented and by 45° rotated rotating arm test structures.
It was expected to reach larger stress values than the 600 - 700 MPa, registered in the
case of the PECVD-deposited a-SiC:H thin films, by using sputtering instead of PECVD
as a deposition method.

As the mechanical stress differs along a sputtered thin film, three pairs of straight-oriented
rotating arm test structures were placed at approximately equal distances from the middle
to the edge of a wafer, which acted as a mount for the test structures. Another pair of
rotating arm test structures rotated by 45° was placed centrally on the wafer, near the
central pair of straight-oriented rotating arm test structures. Each pair of rotating arm
structures (see Figure 3.8 - 3.9) was composed of a smaller structure, with Ly = 757 pum,
and of a larger one, with Ly = 1013 pm. In this way, the broader range of stress values
contained in the sputtered thin films could trigger an increased rotation of at least one
pair of rotating arm test structures.

The average mechanical stress value of such a sputtered thin film was measured by
applying the wafer curvature stress measurement method on the wafer, which acted as
a mount for the pairs of rotating arm test structures. Five different thin films were
sputtered on such a setup made out of the four pairs of rotating arm structures, mounted
on a wafer: one 500 nm and one 1000 nm thick AIN thin films, another two 500 nm and
1000 nm thick Pt thin films, while only one 500 nm thick Ti thin film. While all four AIN
and Pt thin films sputtered on the wafer serving as a mount exhibited average mechanical
stress values similar to the one of mechanical stress homogeneously distributed along the
PECVD-deposited a-SiC:H thin films, the 500 nm thick Ti thin film reached only an
average mechanical stress value of 70 MPa. Doubling the thickness of such a thin film
would have just presumably doubled the average mechanical stress up to a value still
five times smaller than the ones reached by the other PECVD-deposited or sputtered
thin films. Thus, no 1000 nm thick Ti thin film was sputtered on any rotating arm test
structure.
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4.2. Measurements done on sputtered thin films

Next, Table |4.3) gives an overview of the measured and expected x-displacements
displayed by the rotation of both display beams of the straight-oriented rotating arm
test structures, located at the edge of the wafer acting as a mount, beneath the 500 nm
(shortened as: edge 500 nm Pt straight-oriented rotating arm test structures) and 1000
nm Pt thin films (shortened as: edge 1000 nm Pt straight-oriented rotating arm test
structures).

Thin film Test structure | right x-displ. | left x-displ. | expected x-displ.
500 nm Pt | Ly = 1013 pym -3 pm 4.5 pm 5.85 pum
1000 nm Pt | Ly = 1013 pum 5 pm -11 pm 11.7 pm
1000 nm Pt | Ly = 757 pum 2 pm -5 pm 6.5 pm

Table 4.3: Overview of the measured and expected x-displacements displayed by the
rotation of both display beams of the straight-oriented rotating arm test structures,
located at the edge of the wafer acting as a mount, beneath the 500 nm and 1000 nm
Pt thin films. The SEM pictures corresponding to the measured x-displacements can be
found in the Supplementary material part of this diploma thesis.

The same formula used for calculating the expected x-displacements for all rotating
arm test structures coated with a-SiC:H thin films (see Table |4.1) was adapted for
approximating the x-displacement expected to occur for the larger, edge 500 nm Pt
straight-oriented rotating arm test structure (see Table 4.3):

expected x-displacement = 0.65 x 0.5 x highest x-displacement registered at Point 20

The only difference is the factor 0.5 used instead of 0.25, as a consequence of the 500
nm thickness of the 500 nm Pt thin film. This formula used for calculating the expected
x-displacements is less accurate when used for sputtered instead of PECVD-deposited
thin films. Contrary to the homogeneously distributed mechanical stress in the case of
PECVD-deposited thin films, the mechanical stress differs along sputtered thin films.
Despite knowing about these stress heterogeneities, the location of the rotating arm test
structures pairs on the wafer acting as a mount is not considered in the calculation of
the expected x-displacement, because only the average mechanical stress on this whole
wafer acting as a mount was measured.

The ratio between the measured and the expected x-displacement for both display beams
of this particular rotating arm test structure brings no value and will be therefore not
further analysed, because the right display beam shows a different rotational movement
than the left display beam. Next, the different extent to which the display beams rotate,
together with their opposite directions of rotational movement, lead to the conclusion
that the larger, edge 500 nm Pt straight-oriented rotating arm structure does not show its
simulated behaviour. A reason for this unexpected behaviour may be given by the partial
coverage of the side walls of the rotating arm test structures, which represents an unde-
sired consequence of the sputtering process. In comparison, when depositing thin films
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by using PECVD, the side walls of the rotating arm test structures are completely covered.

The x-displacement values registered by the rotating arm structures in response to
the sputtering of a 500 nm thick Pt thin film on top of them were higher than the ones of
the rotating arm structures covered with PECVD-deposited a-SiC:H thin films. Therefore,
a 1000 nm thick Pt thin film was sputtered onto another four pairs of rotating arm test
structures, arranged identically on the wafer acting as a mount, as for the sputtering of
the 500 nm Pt thin film.

The same formula used for calculating the expected x-displacements for the edge 500
nm Pt straight-oriented rotating arm test structures was adapted for approximating the
x-displacements expected to occur for the edge 1000 nm Pt straight-oriented rotating
arm test structures (see Table 4.3):

expected x-displacement = 0.65 x 1 x highest x-displacement registered at Point 20

The only difference is the factor 1 used instead of 0.5, as a consequence of the increased
thickness (1000 nm) of the second analysed Pt thin film. Despite doubling the thickness,
the average mechanical stress value, measured on the wafer acting as a mount during the
sputtering of the 1000 nm Pt thin film, is equal to the mechanical stress value measured
on the wafer acting as a mount during the sputtering of the 500 nm Pt thin film: around
600 - 700 MPa.

According to Table 4.3, both the smaller and the larger, edge 1000 nm Pt straight-
oriented rotating arm test structures behave identically to the larger, edge 500 nm Pt
straight-oriented rotating arm structure: they do not show their simulated behaviour,
which implies that the ratios between the measured and the expected x-displacement
of both display beams of these particular edge 1000 nm Pt rotating arm test structures
bring no value and will be therefore not further analysed. However, something worth
mentioning can be observed in Table 4.3: the measured x-displacements of the left display
beams of both smaller and larger rotating arm structure are more than twice higher than
the corresponding values of the right display beams, and show a 50 % better match with
the expected x-displacements.

The drawback of the larger rotating arm test structure (Ly = 1013 pum) rotated by
45°, coated with the PECVD-deposited 375 nm a-SiC:H thin film (see Figure 4.9 - 4.10),
is similarly present for the larger, edge 1000 nm Pt straight-oriented rotating arm test
structure. In this case, Figure 4.11 depicts the upward inclination observable at the ends
of the display beams. Such an out-of-plane deflection appears as a consequence of the
tensile mechanical stress present in the 1000 nm thick Pt thin film, sputtered on top of
the rotating arm test structure. Further, another consequence of such tensile mechanical
stress is the counterclockwise rotation of the left display beams, interpreted as negative
x-displacements (see Table 4.3). By following the same logic, the compressive mechanical
stress present in the 375 nm thick a-SiC:H thin film leads to the downward inclination of
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the ends of the display beams, as depicted in Figure [4.9|-[4.10. As the larger rotating
arm test structure (Ly = 1013 pum) rotated by 45°, covered with the PECVD-deposited
375 nm a-SiC:H thin film (see Figure 4.9|- 4.10)), shows its simulated behaviour and the
x-displacements are interpreted as positive for both the right and the left display beam, a
clockwise rotational movement of the display beams may be considered as a consequence
of compressive mechanical stress.

The zoomed view of the out-of-plane deflection of the left display beam, part of the
larger, edge 1000 nm Pt straight-oriented rotating arm test structure (Ly = 1013 pm),
depicted in Figure 4.12, serves as an evidence of the proneness towards human error to be
considered regarding the measured x-displacements. Although the rotational movement
of the display beam depicted in Figure |4.12 was interpreted as an x-displacement equal
to 94 % of the expected x-displacement (according to the values from Table 4.3), its
upward inclination may alter the reading of the measured x-displacement.

SU8000 10.0kV 8.0mm x70 LM(UL)

Figure 4.11: Out-of-plane deflection observable for both display beams, part of the larger,
straight-oriented rotating arm test structure (Ly = 1013 pum), located at the edge of the
wafer acting as a mount, in response to the 1000 nm Pt thin film sputtered on top of it -
top view.
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SU8000 10.0kV 8.0mm x900 LM(UL)

Figure 4.12: Out-of-plane deflection observable for the left display beam, part of the
larger, straight-oriented rotating arm test structure (Ly = 1013 pm), located at the edge
of the wafer acting as a mount, in response to the 1000 nm Pt thin film sputtered on top
of it - zoomed view.

Next, Table 4.4] gives an overview of the measured and expected x-displacements
displayed by the rotation of both display beams of the larger rotating arm test structures
(Ly = 1013 pm) rotated by 45°, located centrally on the wafer acting as a mount, beneath
the 1000 nm Pt (shortened as: central 1000 nm Pt rotating arm test structure rotated
by 45°) and 500 nm AIN thin films (shortened as: central 500 nm AIN rotating arm test
structure rotated by 45°).

Thin film Test structure | right x-displ. | left x-displ. | expected x-displ.
1000 nm Pt | Ly = 1013 pm 0.5 pm 3 pm 11.7 pm
500 nm AIN | Ly = 1013 pm 4 pm 0.5 pm 5.85 pm

Table 4.4: Overview of the measured and expected x-displacements displayed by the
rotation of both display beams, part of the larger, central 1000 nm Pt and 500 nm
AIN rotating arm test structures rotated by 45°. The SEM pictures corresponding to
the measured x-displacements can be found in the Supplementary material part of this
diploma thesis.

For approximating the x-displacements expected to occur for the central 1000 nm
Pt rotating arm test structure rotated by 45° (see Table 4.4)), the same formula as for
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the expected x-displacements of the edge 1000 nm Pt straight-oriented rotating arm test
structures was used:

expected x-displacement = 0.65 x 1 x highest x-displacement registered at Point 20

As already mentioned, this formula does not consider the location of the pair of ro-
tating arm structures on the wafer acting as a mount when calculating the expected
x-displacement. After analysing the measured, right and left x-displacements of the
rotating arm test structures, located at the edge of the wafer acting as a mount (see
Table 4.3), and the ones of the rotating arm test structures, located centrally on the wafer
acting as a mount (see Table 4.4), while assuming that a higher rotational movement
occurs due to higher mechanical stress, it may be concluded that the mechanical stress
of the Pt thin film region near the edge of the wafer serving as a mount is higher than
the one of the central region of the same thin film.

As for the edge 1000 nm Pt straight-oriented rotating arm test structures (see Table
4.3)), the right display beam of the larger, central 1000 nm Pt rotating arm test structure
rotated by 45° shows a different rotational movement than its left display beam (see
Table 4.4). Thus, this device behaves like the other ones covered by Pt thin films and
does not show its simulated behaviour.

The following behaviour is rather unexpected and therefore worth to mention: while the
left display beam of the larger, straight-oriented rotating arm test structures, located at
the edge of the wafer acting as a mount (see Table 4.3)) rotates counterclockwise, the left
display beam of the larger rotating arm test structure rotated by 45°, located centrally on
the wafer acting as a mount (see Table 4.4)) rotates clockwise, even though both rotating
arm structures are covered by the same 1000 nm thick Pt thin film.

To research the response triggered by a thin film sputtered from a different mate-
rial, AIN was sputtered onto another four pairs of rotating arm test structures, arranged
identically on the wafer acting as a mount, as for the sputtering of the 500 nm and 1000
nm Pt thin films.

The same formula used for calculating the expected x-displacements for the straight-
oriented rotating arm test structures, coated with the 500 nm Pt thin film, was used for
approximating the x-displacements expected to occur for the rotating arm test structures
covered with the 500 nm AIN thin film (see Table [4.4):

expected x-displacement = 0.65 x 0.5 x highest x-displacement registered at Point 20

The same average mechanical stress of around 600 - 700 MPa was measured on both
wafers acting as a mount, used for the sputtering of the 500 nm Pt thin film and the
sputtering of the 500 nm AIN thin film, respectively. This similarity provides an advan-
tage for analysing how the specific material used for sputtering the thin films impacts
the behaviour of the rotating arm test structures.
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According to Table the display beams show a different rotational movement in
both extent and direction. Thus, the larger, central 500 nm AIN rotating arm test struc-
ture rotated by 45° does not show its simulated behaviour, like the other rotating arm test
structures, on top of which Pt thin films were sputtered. Thus, no possible malfunction
of the rotating arm test structures due to sputtering Pt on top of them is to be concluded.
Further, while the rotating arm test structures with PECVD-deposited a-SiC:H thin
films on top of them showed their simulated behaviour, all the analysed rotating arm
test structures, onto which thin films were sputtered, did not behave according to the
COMSOL simulations.

Although the 500 nm AIN thin film induced similar x-displacements as the 500 nm
Pt one, the 1000 nm AIN thin film, sputtered on top of another four pairs of rotating arm
test structures, arranged identically on the wafer acting as a mount, as for the sputtering
of the Pt and the 500 nm AIN thin film, produced a different and unexpected result:
it destroyed the smaller, straight-oriented rotating arm test structure (Ly = 757 pm),
located at the edge of the wafer acting as a mount, as shown in Figure Even if the
rotating arm test structures are designed with a fixed beam parallel to each of the right
and left display beams, the test structure was not able to withstand the compressive
mechanical stress inside the 1000 nm AIN thin film, as only a downward inclined part
of a left display beam (see Figure was still visible from the whole rotating arm
structure after the sputtering of the 1000 nm AIN thin film.

~

A

Figure 4.13: Destroyed smaller, straight-oriented rotating arm test structure (Ly = 757
pum), located at the edge of the wafer acting as a mount, in response to the 1000 nm AIN
thin film sputtered on top of it - zoomed view.
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4.3 Measurements done on evaporated thin films

In search of a thin film containing homogeneously distributed tensile stress, Cr was
evaporated in the form of a 250 nm thin film on top of two straight-oriented rotating
arm test structures, and on top of two rotating arm test structures rotated by 45°. Same
as for the PECVD-deposited and the sputtered thin films, both the straight-oriented
and the rotating arm test structures rotated by 45° were always fabricated as a pair
composed of a smaller structure, with Ly = 757 pum, and of a larger one, with Ly = 1013
pum (see Figure 3.8 - 3.9). The evaporation of the 250 nm thick Cr thin film only on
top of the two mentioned pairs of rotating arm test structures was expected to enable
a comprehensive analysis of the response of the rotating arm test structure design. No
additional pairs of rotating arm test structures, placed in different positions, were needed
due to the homogeneously distributed mechanical stress. At the same time, the behaviour
of the rotating arm test structures rotated by 45° could be compared to the one of the
straight-oriented ones.

Next, Table 4.5/ gives an overview of the measured and expected x-displacements displayed
by the rotation of both display beams of the smaller and larger, straight-oriented rotating
arm test structures in response to the mechanically stressed 250 nm Cr thin film.

Thin film | Test structure | right x-displ. | left x-displ. | expected x-displ.
250 nm Cr | Ly = 757 um -2.5 pm -0.25 pm 2.6075 pm
250 nm Cr | Ly = 1013 pm -4.5 pm -0.5 pm 4.6935 pm

Table 4.5: Overview of the measured and expected x-displacements displayed by the
rotation of both display beams, part of the smaller and the larger, straight-oriented
rotating arm test structures, coated with the 250 nm Cr thin film. The SEM pictures
corresponding to the measured x-displacements can be found in the Supplementary
material part of this diploma thesis.

The same formula used for calculating the expected x-displacements for the rotating
arm test structures covered with PECVD-deposited thin films (see Table |4.1) was adapted
for approximating the x-displacement expected to occur for both straight-oriented rotating
arm structures, coated with the 250 nm Cr thin film (see Table |4.5):

expected x-displacement = 1.043 x 0.25 x highest x-displacement registered at Point 20

Thus, these simulated x-displacements at Point 20 were multiplied with 1.043, as the
evaporated Cr thin film has an average mechanical stress of 1043 MPa compared to the 600
- 700 MPa measured for the PECVD-deposited thin films, for obtaining an approximate
value of the expected x-displacement. This formula used for calculating the expected
x-displacements is for evaporated thin films as accurate as for the PECVD-deposited
ones. Like PECVD, evaporation produces thin films with homogeneously distributed
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mechanical stress, while the mechanical stress differs along sputtered thin films.

Next, a 250 nm thick Cr thin film was evaporated with the single purpose of measuring
its mechanical stress on a wafer. Thus, the wafer curvature stress measurement method
was applied on this wafer.

According to Table [4.5, both the smaller and the larger, straight-oriented rotating
arm test structures behave identically: while both their right and left display beam
rotates counterclockwise, the extent of their rotational movement is different. Thus, both
the smaller and the larger, straight-oriented rotating arm test structures, covered with
the 250 nm Cr thin film, do not show their simulated behaviour, like the rotating arm
test structures, on top of which thin films were sputtered, and unlike the rotating arm
test structures coated with PECVD-deposited thin films. Something worth mentioning is
the ten times higher rotational movement of the right display beams of both rotating
arm test structures from Table 4.5 when compared to the rotational movement of the
left display beams of the same test structures.

Next, due to the different rotational movement of the right and left display beams of
both the smaller and the larger rotating arm test structures (see Table |4.5)), the ratio
between the measured and the expected x-displacement of both display beams of these
specific rotating arm test structures brings no value and will be therefore not further
analysed. On the other side, a particularity worth mentioning is the value of around 95.9
% of the same ratio, when considering only the stress response of the right display beam
of both the smaller and the larger rotating arm test structure.

Further, Table 4.6/ gives an overview of the measured and expected x-displacements
displayed by the rotation of both display beams of the smaller and the larger rotating
arm test structures rotated by 45° in response to the mechanically stressed 250 nm Cr
thin films.

Thin film | Test structure | right x-displ. | left x-displ. | expected x-displ.
250 nm Cr | Ly = 757 pum -2 pm -2 pm 2.6075 pm
250 nm Cr | Ly = 1013 pm -4.5 pm -4.5 pm 4.6935 pm

Table 4.6: Overview of the measured and expected x-displacements displayed by the
rotation of both display beams, part of the smaller and the larger rotating arm test
structures rotated by 45°, coated with the 250 nm Cr thin film. The SEM pictures
corresponding to the measured x-displacements can be found in the Supplementary
material part of this diploma thesis.

For approximating the x-displacement expected to occur for both rotating arm
structures rotated by 45°, covered with the 250 nm Cr thin film (see Table 4.6), the
same formula used for calculating the expected x-displacements for the straight-oriented
rotating arm test structures, covered with the same 250 nm Cr thin film, was used:

expected x-displacement = 1.043 x 0.25 x highest x-displacement registered at Point 20
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Unlike the pair of straight-oriented rotating arm test structures coated with the same
250 nm Cr thin film, both the smaller and the larger rotating arm test structures rotated
by 45° show their simulated behaviour. According to Table 4.6, both their right and left
display beam rotates counterclockwise, while the extent of their rotational movement
is equal. Such a different behaviour between the rotating arm test structures rotated
by 45° and the straight-oriented ones could not be detected for the rotating arm test
structures covered with PECVD-deposited or sputtered thin films, where the orientation
of the test structure did not trigger a different behaviour in terms of direction and extent
of rotational movement of the display beams.

Next, the measured x-displacements of both display beams, part of the smaller ro-
tating arm test structure rotated by 45°, coated with the 250 nm Cr thin film, represent
around 76.7 % of the expected x-displacement. The larger rotating arm test structure
rotated by 45° and coated with the same 250 nm Cr thin film appears to measure the
stress better than the smaller structure, as the ratio between the measured and the
expected x-displacement of both its display beams is around 95.9 %. This value represents
the highest ratio registered by a rotating arm test structure defined in this diploma thesis.

Although the larger rotating arm test structure rotated by 45°, covered with the 250 nm
Cr thin film, shows its simulated behaviour (according to Table 4.6), the ends of its display
beams incline upwards, as depicted in Figure 4.14 - 4.15. Similar out-of-plane deflection
can be observed in Figure 4.11] - 4.12| for the larger, edge 1000 nm Pt straight-oriented
rotating arm test structure. As both thel000 nm thick Pt thin film and the 250 nm thick
Cr thin film contain tensile mechanical stress, these observed out-of-plane deflections
represent expected consequences.

The zoomed view of the out-of-plane deflection of the right display beam, part of the
larger rotating arm test structure rotated by 45°, coated with the 250 nm Cr thin film
(see Figure 4.15), highlights the magnitude of this structures drawback: the display beam
inclines with more than its complete height upwards. While the layer of the rotating arm
test structure is 15 pm thick, the Cr thin film evaporated on top of it adds an extra 0.25
pm to the height of the display beam. The result is an upwards out-of-plane deflection
larger than 15.25 pm, which may further cause torsion of the display beam. Thus, an
accurate reading of the x-displacements may be disturbed, as the distance between two
markers of the scale used for measuring the rotation of the display beam is equal to 5

pm.

An advantage of the evaporated thin films, when compared to the PECVD-deposited
ones, is given by the precision of evaporating thin films only on top of the rotating arm
test structures without covering their side walls. As depicted in Figure 4.16|- 4.17, the
marks of the Bosch etching are still visible on the side walls of the bottom Si layer, which
hosts the rotating arm test structure, even after the evaporation of the Cr thin film on
top of it.
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Next, the following final chapter of this diploma thesis contains conclusions regard-
ing the behaviour of the rotating arm test structure design, as described elaborately
in the second and especially the third chapter, together with improvement inputs and
further research questions.

SU8000 10.0kV 22.0mm x70 LM(UL) 500um

Figure 4.14: Out-of-plane deflection observable for both display beams, part of the larger
rotating arm test structure (L = 1013 pm) rotated by 45°, in response to the 250 nm
Cr thin film evaporated on top of it - top view.

SU8000 10.0kV 22.0mm x700 LM{UL)

Figure 4.15: Out-of-plane deflection observable for the right display beam, part of the
larger rotating arm test structure (Ly = 1013 pm) rotated by 45°, in response to the 250
nm Cr thin film evaporated on top of it - zoomed view.
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4.3. Measurements done on evaporated thin films

I (|
SU8000 10.0kV 43.0mm x5.00k SE(UL) 10.0um

Figure 4.16: Overview of the surface of both Cr (top) and Si (bottom) layers, observable
for the left display beam, part of the larger rotating arm test structure (Ly = 1013 pm)
rotated by 45° - side view.

I oo 0
SU8000 10.0kV 43.0mm x45.0k SE(UL) 1.00um

Figure 4.17: Overview of the surface of both Cr (top) and Si (bottom) layers, observable
for the left display beam, part of the larger rotating arm test structure (Ly = 1013 pm)
rotated by 45° - zoomed view.
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CHAPTER

Conclusion and outlook

To give a clear overview of the effects produced by the thin films deposited on top
of the rotating arm test structures, Table 5.1 introduces the ratio between the mea-
sured and the expected x-displacement of the display beams of each analysed rotating
arm test structure as a performance criterion of the rotating arm test structures behaviour.

In the case of the rotating arm test structures coated with PECVD-deposited a-SiC:H
thin films, both larger test structures, which had the rotational movement of both their
left and right display beam analysed, proved that they function correctly. However,
an around 40 % larger x-displacement was expected (see Table 4.1). Thus, their ratio
between measured and expected x-displacement is lower than the one of other display
beams part of other rotating arm test structures listed in Table 5.1. The orientation of
the rotating arm test structures does not affect their functionality, as the ratios of the
larger rotating arm test structures covered with the same 375 nm a-SiC:H thin film differ
by only 3 %, even though one of the rotating arm test structures is straight-oriented,
while the other one is rotated by 45°.

Next, none of the rotating arm test structures coated with sputtered Pt and AIN thin
films can function correctly. Further, the larger rotating arm test structure covered
with AIN implies that not the specific use of Pt, but rather the use of sputtering as the
deposition process hinders a correct response of the rotating arm test structures.

The rotating arm test structures coated with evaporated Cr behave differently with
respect to their orientation: while the straight-oriented rotating arm test structures do
not show their expected behaviour, the ones rotated by 45° function correctly. Further,
the larger rotating arm test structure rotated by 45° achieves the best performance along
the rotating arm test structures presented in this diploma thesis due to its 95.9 % ratio
between the measured and expected x-displacement. However, its upward out-of-plane
deflection caused by the tensile stress in the Cr thin film is worth mentioning (see Figure
4.15). Similar upwards out-of-plane deflection is also caused by the tensile stressed Pt

7
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thin films, as depicted in Figure 4.12 while the compressive stress present in a-SiC:H
thin films (see Figure 4.10) and AIN thin films (see Figure 4.13) causes a downwards
out-of-plane deflection.

Test struct.

Orientation

Thin film

Ev. d. b.

Ident. rot.

measured
expected

Ly = 757 pm

straight

250 nm a-SiC:H

right

unknown

61.5 %

Ly =757 pm

straight

375 nm a-SiC:H

right

unknown

61.5 %

Ly = 1013 pm

straight

250 nm a-SiC:H

right

unknown

85.5 %

Ly = 1013 pum

straight

375 nm a-SiC:H

both

yes

57 %

Ly = 1013 pum

rot. by 45°

375 nm a-SiC:H

both

yes

60 %

Ly = 1013 pum

straight

500 nm Pt

both

no

76.9 % (left)

Ly = 1013 pum

straight

1000 nm Pt

both

no

94 % (left)

Ly =757 ym

straight

1000 nm Pt

both

no

76.9 % (left)

Ly = 1013 pum

rot. by 45°

1000 nm Pt

both

no

25.6 % (left)

Ly = 1013 pm

rot. by 45°

500 nm AIN

both

no

68.4 % (right)

Ly = 757 pm

straight

250 nm Cr

both

no

95.9 % (right)

Ly = 1013 pum

straight

250 nm Cr

both

no

95.9 % (right)

Ly =757 pm

rot. by 45°

250 nm Cr

both

yes

76.7 %

Ly = 1013 pm

rot. by 45°

250 nm Cr

both

yes

95.9 %

Table 5.1: Overview of the verification measurements results of the smaller (see Figure
3.11) and of the larger rotating arm test structure (see Figure 3.12). The column Ev. d.
b. (shortened from Evaluated display beam) states which display beams of the evaluated
rotating arm test structure were analysed with SEM. The column Ident. rot. (shortened
from Identical rotational movement of the right and left display beams) informs if the
extent and the direction of the rotational movement of both right and left display beam
of the same rotating arm test structure is identical. The column measured/expected
contains the ratio between the measured and the expected x-displacement of the analysed
display beam. If the rotational movement of the display beams is identical in its extent
and direction, then this ratio is the same for both display beams. Otherwise, only the
larger value will be documented in this table, while the (left) or (right) comment after
the percentage value states which of the display beams of the analysed rotating arm
test structure registered this better result. The measured and expected x-displacement
values used for calculating the ratio were taken from Table 4.1 for the rotating arm test
structures coated with PECVD-deposited a-SiC:H thin films, from Table 4.3 - |4.4] for
the rotating arm test structures coated with sputtered Pt and AIN thin films, and from
Table 4.5/ - |4.6 for the rotating arm test structures coated with evaporated Cr thin films.
The straight-oriented rotating arm test structures coated with sputtered 500 nm and
1000 nm Pt thin films were located at the edge of the wafer acting as a mount.
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The first improvement measure, which could be implemented without making any
design changes on the fabricated rotating arm test structure, as presented in this diploma
thesis and depicted in Figure [3.11 - [3.12, would be the deposition of the stressed thin
films only on the two fixed parallel beams of the rotating arm test structures. In this
way the out-of-plane deflection of the display beams could be avoided, and the chances
of destroying the display beams during the deposition process of the thin films could be
reduced. A drawback of this selective deposition of the stressed thin film is that an extra
mask would be required for fabricating such a rotating arm test structure.

Another improvement measure, which could also be applied without making any design
changes on the fabricated rotating arm test structure, would be to pattern the test
structures only at the end of the fabrication process, after the deposition of the stressed
thin film. In this way, the accidental thin film deposition on the side walls of the rotating
arm test structure, which is considerable for PECVD and sputtering, could be avoided. A
drawback caused by letting the patterning at the end of the fabrication process is the need
for an extra etching step. Alternatively, the choice of the deposition method could be re-
stricted to evaporation, which does not affect the surface of the side walls (see Figure 4.17)).

The first change in the design of the fabricated rotating arm test structure (see Figure
3.6) would be to modify the narrow part of the fixed beams, which connects them with
the central part of the rotating indicator beam. To implement changes of this narrow
part as described in [4] may be subject to further research questions.

Another perspective for further research would be to increase the width of the central
part of the rotating indicator beam W, (see Figure 3.6) to make it equal to the width
of the fixed beams W (see Figure 3.3), while reducing the width of the fixed beams at
their joint with the central part of the rotating indicator beam Wy, (see Figure 3.6).
These changes could ensure higher robustness of the central part of the rotating arm test
structure while making it more resistant to unwanted effects of mechanical stress, like
torsion.

A final change possible subject to further research is the reduction of the base layer

thickness (see Figure 2.3) in order to make the entire rotating arm test structure thinner.

The result may be a higher x-displacement of the display beams, as they would become
more responsive. However, a too-thin rotating arm test structure may become unstable
and more prone to out-of-plane deflections than the design presented in this diploma
thesis.
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SU8000 10.0kV 10.3mm x1.20k SE(UL) 40.0um

Figure 1: Rotation of the right display beam, part of the larger, straight-oriented rotating
arm test structure (Ly = 1013 pm), located at the edge of the wafer acting as a mount,
in response to the 500 nm Pt thin film sputtered on top of it - zoomed view. The distance
between two markers of the scale used for measuring the rotation of the display beam is
equal to 5 pm.
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SUB000 10.0kV 10.3mm x1.20k SE(UL)

Figure 2: Rotation of the left (opposite) display beam, part of the larger, straight-oriented
rotating arm test structure (Ly = 1013 pm), located at the edge of the wafer acting as a
mount, in response to the 500 nm Pt thin film sputtered on top of it - zoomed view. The
distance between two markers of the scale used for measuring the rotation of the display
beam is equal to 5 um.

SU8000 10.0kV 8.0mm x2.00k LM(UL) 20.0um

Figure 3: Rotation of the right display beam, part of the smaller, straight-oriented
rotating arm test structure (Ly = 757 um), located at the edge of the wafer acting as a
mount, in response to the 1000 nm Pt thin film sputtered on top of it - zoomed view.
The distance between two markers of the scale used for measuring the rotation of the
display beam is equal to 5 pm.
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SU8000 10.0kV 8.0mm x2.00k LM(UL) 20.0um

Figure 4: Rotation of the left (opposite) display beam, part of the smaller, straight-
oriented rotating arm test structure (Ly = 757 pum), located at the edge of the wafer
acting as a mount, in response to the 1000 nm Pt thin film sputtered on top of it -
zoomed view. The distance between two markers of the scale used for measuring the
rotation of the display beam is equal to 5 pum.

SU8000 10.0kV 8.0mm x2.00k LM(UL) 20.0um

Figure 5: Rotation of the right display beam, part of the larger, straight-oriented rotating
arm test structure (Ly = 1013 pm), located at the edge of the wafer acting as a mount, in
response to the 1000 nm Pt thin film sputtered on top of it - zoomed view. The distance
between two markers of the scale used for measuring the rotation of the display beam is
equal to 5 pm.
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SUB000 10.0kV 8.0mm x2.00k LM(UL) 20.0um

Figure 6: Rotation of the left (opposite) display beam, part of the larger, straight-oriented
rotating arm test structure (Ly = 1013 pm), located at the edge of the wafer acting as a
mount, in response to the 1000 nm Pt thin film sputtered on top of it - zoomed view.
The distance between two markers of the scale used for measuring the rotation of the
display beam is equal to 5 pum.
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SU8000 10.0kV 10.3mm x2.00k LM(UL) 20.0um

Figure 7: Rotation of the right display beam, part of the larger rotating arm test structure
(Ly = 1013 pum) rotated by 45°, located centrally on the wafer acting as a mount, in
response to the 1000 nm Pt thin film sputtered on top of it - zoomed view. The distance
between two markers of the scale used for measuring the rotation of the display beam is
equal to 5 pm.
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SU8000 10.0kV 10.3mm x2.00k LM(UL) 20.0um

Figure 8: Rotation of the left (opposite) display beam, part of the larger rotating arm
test structure (L = 1013 pm) rotated by 45°, located centrally on the wafer acting as a
mount, in response to the 1000 nm Pt thin film sputtered on top of it - zoomed view.
The distance between two markers of the scale used for measuring the rotation of the
display beam is equal to 5 pym.

SU8000 10.0kV 10.3mm x2.00k LM(UL) 20.0um

Figure 9: Rotation of the right display beam, part of the larger rotating arm test structure
(Ly = 1013 pm) rotated by 45°, located centrally on the wafer acting as a mount, in
response to the 500 nm AIN thin film sputtered on top of it - zoomed view. The distance
between two markers of the scale used for measuring the rotation of the display beam is
equal to 5 pm.
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SU8000 10.0kV 10.3mm x2.00k LM(UL) 20.0um

Figure 10: Rotation of the left (opposite) display beam, part of the larger rotating arm
test structure (Ly = 1013 pm) rotated by 45°, located centrally on the wafer acting as a
mount, in response to the 500 nm AIN thin film sputtered on top of it - zoomed view.
The distance between two markers of the scale used for measuring the rotation of the
display beam is equal to 5 pm.

SU8000 10.0kV 8.0mm x600 LM(UL)

Figure 11: Rotation of the right display beam, part of the smaller, straight-oriented
rotating arm test structure (Ly = 757 pm), in response to the 250 nm Cr thin film
evaporated on top of it. The values of the scale are expressed in pm.

86



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

SU8000 10.0kV 8.0mm x600 LM(UL) 50.0um

Figure 12: Rotation of the left (opposite) display beam, part of the smaller, straight-
oriented rotating arm test structure (L; = 757 pm), in response to the 250 nm Cr thin
film evaporated on top of it. The values of the scale are expressed in pum.

Tr o0 0 b1 1o
SU8000 10.0kV 8.0mm x450 LM(UL) 100um

Figure 13: Rotation of the right display beam, part of the larger, straight-oriented
rotating arm test structure (Ly = 1013 pum), in response to the 250 nm Cr thin film
evaporated on top of it. The values of the scale are expressed in pm.
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SUB000 10.0kV 8.0mm x450 LM(UL)

Figure 14: Rotation of the left (opposite) display beam, part of the larger, straight-
oriented rotating arm test structure (Ly = 1013 pm), in response to the 250 nm Cr thin
film evaporated on top of it. The values of the scale are expressed in pm.

SU8000 10.0kV 8.0mm x600 LM(UL) 50.0um

Figure 15: Rotation of the right display beam, part of the smaller rotating arm test
structure (L = 757 pm) rotated by 45°, in response to the 250 nm Cr thin film evaporated
on top of it. The values of the scale are expressed in um.
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SU8000 10.0kV 8.0mm x600 LM(UL) 50.0um

Figure 16: Rotation of the left (opposite) display beam, part of the smaller rotating arm
test structure (Ly = 757 um) rotated by 45°, in response to the 250 nm Cr thin film
evaporated on top of it. The values of the scale are expressed in pm.

]
100um

SU8000 10.0kV 8.0mm x450 LM(UL)

Figure 17: Rotation of the right display beam, part of the larger rotating arm test
structure (Ly = 1013 pm) rotated by 45°, in response to the 250 nm Cr thin film
evaporated on top of it. The values of the scale are expressed in pm.
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SU8B000 10.0kV 8.0mm x450 LM(UL)

Figure 18: Rotation of the left (opposite) display beam, part of the larger rotating arm
test structure (Ly = 1013 pm) rotated by 45°, in response to the 250 nm Cr thin film
evaporated on top of it. The values of the scale are expressed in pm.
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