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Abstract

This master thesis proposes a design and fabrication process for ultrathin CMOS-compatible mem-
branes with resonant frequency tuning enabled by residual stress control in thin film stack.

In recent years, interest towards non-invasive monitoring of industrial high-voltage power electron-
ics equipment has strongly increased, especially in the field of partial discharge detection. Partial
discharges are incomplete dielectric breakdown in electric insulation material causing long term dete-
rioration and eventually destruction of the affected piece of equipment. Such events can be detected
using membrane based ultrasound microphones. This works explores the possibility to increase the
sensitivity and the embeddability of membranes.

A simple analytical design process based on Matlab modeling is proposed and confirmed by Comsol
simulations of multilayer membranes. Eight designs are proposed, four square and four circular de-
signed for resonant frequencies ranging from 70kHz to 300kHz. The design parameters are the thickness
of the membrane, its width and the equivalent residual stress across the full thin film stack and are
respectively fixed at 1pm, 400 to 1600pum and 50MPa. Simulations and models show close alignement
within less than 5% for first mode resonant frequency.

Fabricated membranes have measured thickness around 975nm, width within 40pm margin above the
design and measured equivalent residual stress in stack around 70MPa. They are characterized using
laser vibrometry. Their measured first mode resonant frequency lies within a 5% error margin around
the expected value from models. Comparison between detected frequency for higher mode and Comsol
simulation results show maximum 20% of error.
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Introduction

This master thesis proposes a design process for ultrathin membranes with control of their resonant
frequency. The proposition is to tune residual stresses in the thin film stack composing the membranes
to achieve this goal. This approach is part of the large research field for Micro Electro-Mechnical
Systems (MEMS) sensors improvement. The design specifications are driven by a chosen application
in the field of industrial monitoring.

In the last years, Internet of Things (IoT) applications have boomed and invaded the everyday life.
Remote sensors and connected objects can be found everywhere, in all possible domains of applications.
Some of these only exist to fulfill the curiosity and desire of consumers to follow the trend but can be
deeply irrelevant. On the other hand, IoT nodes and non-invasive monitoring can make a difference
in the industrial domain by preventing failures thanks to the detection of the early signs of defects.
The high-voltage industry has been focusing for years on the detection of partial discharges that can
be related to over 85% of reported failures of equipments.

This text begins with a contextualisation of Partial Discharges (PD) as destructive events that occur
in high-voltage equipment when the insulation partially fails and starts to degrade. The signals that
these events produce are investigated with a focus on acoustic emission. Acoustic emission detection
is interesting as it allows for non-invasive monitoring and, although it is already in use, it is still an
unconventional method to detect PD in industry nowadays. The use of low-range ultrasound MEMS
microphones currently implies bulky equipments to solve a lack of sensitivity issue. In response to this
problem, designing membranes-based sensors with an enhanced sensitivity through the use of resonant
modes could be of interest. The basics of the mechanical behavior of a membrane and the precise
positioning of its eigenfrequencies are investigated. Residual stresses are found to be a key parameter
of eigenfrequencies and some research on common methods to control these is done to complement the
State of the Art Chapter.

The Scope of The Work Chapter further defines the exact objectives that are pursued. This work
only covers the design and fabrication of resonant membranes, but does not discuss the transduction
process. Another specification of this work is to keep the bill of material as simple and embeddable as
possible. This directed the choice to exclusively with CMOS-compatible dielectrics. The main goal is
set on implementing a stress-controlled multilayered stack.

The following steps all go towards a proof of concept of the use of stress controlled stacks in ultrathin
dielectric-only membranes to control their resonant frequency. As detailed in Models and Simulation
chapters, theoretical models with all the needed parameters were either found in the literature or
proposed for designing both the membranes and the stack compositions. A fast design method based
on these theoretical models is implemented using Matlab. The expectations of these designs are then
compared to Comsol Multiphysics simulations before fabrication of the effective membranes.



CHAPTER 1. INTRODUCTION | 2

The realisation challenges of the stress-controlled stacks are detailed in Fabrication process Chapter.
Once the stack is completed, two main fabrication processes are tested, one on standard thickness
wafers, the other on thinned dies. The goal is to determine the impact of several non-idealities, linked
to etching membranes in thick dies, on the quality of the resulting devices and to validate the methods
to process thinned dies individually.

The samples resulting from both processes are finally measured with a setup based on laser vibrometry
and compared to the theoretical expectations in terms of eigenfrequencies. The setups are detailed in
Measurement Methods Chapter and the results are presented and discussed in the last chapter.



State of The Art

The goal of this first chapter it to provide the necessary background to set the framework of this
master thesis. The specifications for the membrane design are driven by an application of industrial
equipment monitoring in the domain of the high-voltage electrical network. These equipment can suf-
fer from partial discharges, incomplete insulation breakdowns that deteriorates the insulating material
and can cause further damage. Monitoring these events with ultrasound microphones in a non-invasive
technique to detect them, although unconventionnal.

The first section discusses the state of the art in the partial discharge detection field, defines the emit-
ted signals and makes a quick inventory of the mainstream ways to detect these. The main goal is
to set the context of this work. Partial discharges are a very broad subject and the second section
explains why the subject is narrowed down to the use of membrane based ultrasound microphones for
acoustic emission detection. In section[2.3] the acoustic emission signal and sensing methods in the case
of PD detection are reviewed. The last two sections lay the basics for membranes with a specific fo-
cus on their resonant behavior and the residual stress control in multi-layer material stacks respectively.

2.1 Partial discharges

Partial discharges are small dielectric breakdowns that occur inside a defect or lower density region in
an insulating material [I]. This can provoke further damage in the material and eventually end in a
full short-circuit of the insulation. Partial discharges need high voltage to occur and is thus mostly
seen in grid equipment such as transformers, lines or any other power electronics equipment.

The first part of this section focuses on defining the partial discharge phenomenon and the associated
signals that are emitted. Second part summarises the type of sensors that are used in industry or in
research to detect them nowadays.

2.1.1 Description of the phenomenon

According to the IEC standards, partial discharges are "localised electrical discharge that only partially
bridges the insulation between conductors and which can or can not occur adjacent to a conductor" [2].
These discharges are also named incomplete breakdowns as they do not impact the insulation strength
in the beginning [I].

Higher local electric field stress concentrations generally means a specific part of the insulation will be
more prone to PD. These zones can be of several aspects : (i) a cavity, either a defect or a small crack,
in a solid dielectric, (ii) a sharp edge, either in void or any other gaseous insulator, or (iii) a region
showing a lower density in a liquid insulator. Physically, PD can take place in any insulation at any
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(b)

Figure 2.1: Representation from [1] of a high volatge insulation with a gas filled void a) capacitor
equivalent of the insulator where PD occurs b) equivalent circuit diagram with spark gap F during PD

voltage. However, there is almost no need to test for them at low voltages since they would not be
among the main causes of failure. Partial discharges are typically a high-voltage equipment problem.
The typical voltage to start testing for partial discharges in the industry lies between 2.5kV and 3.3KV

i3].

The conditions for a partial discharge to occur are an electric field reaching the local critical value
for impact ionisation and the presence of a free electron inside the cavity, void or low density region
[1, 2, 4]. This electron can then trigger an electron avalanche inside the defect. The behavior of an in-
sulator where a PD occurs can be approximated by an equivalent circuit of capacitors such as presented
in Figure 2.1} The smaller permittivity of the enclosed gas increases locally the electric field strengh
above the critical value for impact ionization. When the PD triggers, a current flows through the
dielectric and shares the accumulated charges between the two capacitors representing the insulation.

The way a partial discharge prepares and occurs u(t), ¢+
can then be approximated with the following
development : in the preparation step, the
capacitors C'y and C'y get charged proportionally
to the voltage at their terminals, following
expression u1(t) in Equation Next, the PD
occurs and as current flows, the voltage across
C7 brutally discharges to reach a small residual
voltage. These two steps are repeated with
C) charging, PD firing and C) discharging as
long as vol tage u1o(t) stays above the critical
value. The waveforms are visible in Figure[2.2] [1].

Figure 2.2: Voltage waveforms of the equivalent
circuit diagram in Figure showing the PD oc-
- Gi u(t) (2.1) curance, u, s the absolute critical value enabling
C1+C the local breakdown [1]
PD can be classified in several types depending on the configuration of the equipment, its insulation
and its surroundings. These types are :

U1 (t) = U10 (t)

e internal discharges : found in solid insultation, in defects such as voids, cavities or small cracks
in dielectric materials. They are the most rare and difficult to sense as they usually can not be
accessed for direct measurement. Most of the time, they show slow propagation and slow failure
mode. However, they are among the most hazardous for the equipment as they can remain
unoticed until complete breakdown of the insulation. [1I 3] 4]

e treeing : consisting of discharge impacts in solid insulation that progressively form tree-like
discharge channels through the material. These occur continuously.

e surface discharges : PD occuring across insulation surface. These are very common and the
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easiest to both spot and fix. [1I [3, 4]

e corona : specific name of PD firing only in gaseous media with no immediate proximity of any
liquid or solid insulation. These PD typically emit chemical markors and can be seen visually.
However, most of them are not very hazardous. [II, 3, 4] 2]

e contact discharge on floating metal objects in high field conditions : when a metallic object
triggers a PD by changing the topology of the normal insulation. [II 3, 4 2]

2.1.2 Consequences

Inside the insulation, the potential consequences of partial discharges are multiple, especially for the
internal discharges. At first, no change occurs in the insulation strength of the material but, on the long
run, exposure to this phenomenom can progressively deteriorate the material. PD generates heat and
chemical changes around its region of occurrence. It can also promote the propagation of small cracks.
All of these, together with other deterioration mechanisms, reduce slowly the insulation strength and
erode the material, causing treeing. The issue of it can be a total breakdown of the insulation leading
to short-circuits or even destruction of a piece of equipment. [11 2} 3] 4], 5]

Such incidents occurring on the electrical network can generate large power outages and be the cause
of the destruction of other pieces of equipment. According to the industry, over 85% of asset failures
can be related to partial discharges [5]. Moreover, if a full breakdown of an insulation occurs, workers
or civilians could be harmed by the discharge. Detecting the partial discharges and monitoring them
enables to prevent such incidents and accidents.

2.1.3 Emitted signals and detection of partial discharges

When PD occur, they result in various signal that can be sensed. Some of these are linked directly to
the PD itself, others are direct consequences of it. They are summarized in this list |2} [1]:

e electrical signal variations on the conductor of the equipment,

e clectromagnetic wave resulting from the variation of the electrical field in the material, that can
be sensed in the RF region or in the visible light spectrum,

e temperature variation due to dissipation of energy,

e chemical marks linked to reactions involving the insulating material, including potential burning
or evaporation,

e acoustic signal emitted by the stress wave that propagate in the insulator and then in air, this
acoustic signal is called Acoustic Emission (AE).

Depending on the type of PD, these signals can be more or less easy to sense. The most challenging
type of PD to detect is the internal one because of the difficult access to these signals for measurements.
Most of the time, they can be detected through electric signal variations at their terminals, RF sensing
or AE measurements. Specific computer assisted methods are deployed to both detect the PD and find
the source and new ones are being developed. [

The PD signal itself is characterized by the time it takes to charge the capacitor to the critical value
and then to discharge it and is most of the time shaped as a narrow current pulse, close to a Dirac
pulse. They can be approximated by the superposition of two exponential functions. Most PD show
rising and falling time of some microseconds, which places them under the MHz range, but the external
ones can have frequencies as high as the GHz range. More continuous PD also exist in gases and are
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called pulseless PD [1J.

The PD are commonly measured as a an equivalent charge corresponding to the integration of the
current pulse. Most of the time, this pulse charge value is expressed in pC and is invariant from
discharge to discharge. Typical values range from below 1pC' up to more than 1000pC. Since most
PD are not easily accessed for direct measurement, a method called apparent charge test can be used
to retrieve the charge value. [Il 4] This apparent charge is defined as "that charge which, if injected
within a very short time between the terminals of the test object in a specified test circuit, would give
the same reading on the measuring instrument as the PD current pulse itself"[2].

The emitted signal depends on the power in the line or equipment, the value of the capacitance of the
defect resulting in the PD and the value of the critical voltage for the defect material. Most of time
the energy of the discharge is proportionnal to the charge squared and all other emitted signals are
proportional to the energy of the discharge. [6] As an indication of the order of magnitudes that can
be encountered, currents above 1.3A can be observed in 20kV equipments with discharges having a rise
time of 50ps and transferred charge of 114pC [7].

In order to have correct measurement, calibration of the sensors and signal processing chain is needed
because instruments and situations for PD testing vary. [I]

2.2 Context of this work

This section describes the scope of the present work in the context of PD detection. It details the
choices made to limit the subject of this master thesis around a precise type of sensing and specific
parameters to focus on during the rest of the work.

PD detection is a very broad subject, given the numerous signals that are emitted for each discharge. In
this context AE detection, seems to be interesting as it is among the non-invasive techniques. It consists
in monitoring the ultrasonic acoustic emissions that result from the PD using microphones. Moreover
industry already uses AE sensing for PD detection but it is still considered a non-conventionnal method
[4]. Tt can detect PD of the external type, directly occuring in air or the acoustic wave emitted in solid
materials and then propagated in air.

The choice is hence to focus especially on AE detection using membranes as acoustic waves are linked
to a pressure variation. Making the membranes complementary metal-oxide-semiconductor (CMOS)
compatible could be of interest for integration of the sensor and the data processing circuit on the same
chip. The following sections will explore the context and state of the art around these two aspects.

2.3 PD detection using AE sensing

The acoustic emission signal has been chosen as it is already used in the industry, however, most
of these sensors seem to not be CMOS compatible. Most of the articles report needs for very high
sensitivity as the signal often shows very small amplitude. [6]

First part of this section explores the signal characteristics of the AE signals and especially the fre-
quencies of it. Second part reviews some sensors that can be found in recent research articles on PD
detection using AE sensing or in the industry.

2.3.1 AE signal characteristics

The main characteristics of a signal are its frequency and its intensity. In this case, the signal is
acoustic. This section reviews the frequency content of the signal first before focusing on the question
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of the intensity.

The frequency characteristics of a PD signal depend on various parameters including the equivalent
capacitor value of the PD-prone region, the frequency of the signal on the conductors in the equipment
and the attenuation of the signal in the different material that it crosses. Initial signal often is a
very short pulse with very broad spectrum around several megahertz. This spectrum is then impacted
strongly along its propagation. Acoustic resonance in the cavity can already generate signal with
several resonant peaks. Three main phenomenons can be identified as impacting the frequency content
of the signal [6]:

e Frequency-dependent velocity, linked to dispersion : It causes a variation of the arriving time of
the different frequency components to the sensor.

e Frequency-dependent propagation paths : The different paths cause different wave components
to hit the sensor with relative time lags.

e Absorption in the different materials on path : This phenomenon impacts more the higher
frequency components.

The changes in signal that it causes can be summarised as a smoothing of the signal depending on
the propagation distance : the signal risetime becomes slower and the pulse duration is spread. The
multiple reflections, wave-types and velocity variations also can cause echoes of the wave. [0, [§]

To approximate the available signals, four typical configurations were reproduced in testbenches in
[9): plate-plate, needle-plate, ball-plate and floating model. These are illustrated in Figure along
with the respective spectrum sensed by a lead-zirconium-titanate (PZT) piezoelectric sensor for each
configuration. They give a frequency range for the largest amplitude signal part between 50 to 170
kHz. This corresponds to the low ultrasonic spectrum.

The intensity of the sensed signal is directly linked to the amplitude of the received sound wave. At
the source of the PD, the amplitude of the acoustic wave is proportional to the energy of the discharge.
This is already very variable from discharge to discharge. Various factors can cause attenuation on the
signal amplitude : geometrical spreading and division of the wave among different propagation paths,
transmission losses at each interface from medium to medium and different absorption in each medium.
[0, [8] At the sensor itself, other parameters like incidence angle can further impact the sensed signal. [6]

2.3.2 Current sensors for PD detection trough AE sensing

This section shows a small selection of sensors that where either recently developped in resarch or that
are currently sold in the industry for PD detection using AE sensing. They are presented in Table 21}

It can be seen in this table that the informations about sensitivity are not normalised. This is due to
the impossiblity to quantifiy the equivalent charge that would be measured as the signal varies strongly
from equipment piece to another.

These sensors are most of the time either glued on the equipments [I1], which is a more invasive op-
eration, or used as portative devices with bulky waveguides. [6, [14] The main problem is always the
attenuation of the signal amplitude that can become to small to be detected. The only solutions are
either to reduce the distance the wave must cross to meet the sensor, concentrate dispersed wave or
increase the sensitivity of the sensor. Combining these solutions is often necessary.
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Figure 2.4: Detection sensitivity for a sensor
working around resonant frequency (intrinsic fre-
quency) or far below (flat response range) [9]

plate, b) needle-plate, c) ball-plate, d) floating model from [9]

One of the solutions to improve the sensitivity
of a membrane-based sensor is to work at reso-
nant frequency. This is proposed in [6, 9]. Fig-
ure 2.4 illustrates the advantages of working at
resonant frequency in terms of higher sensitiv-
ity but also the associated inconvenience of hav-
ing a much narrower bandwidth. [6, 9] The Figure
also illustrates the idea of selecting several mem-
branes with different resonant frequencies to use
them together to cover a larger bandwidth like an
acoustic filter bank.
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Sensor type Membrane | Resonant | Freq. Sensitivity Res. Dyn. | Temp.
(RorI) Form, Size, Freq. Range Range | Range
Thickness [kHz| [kHz] °C
FP interferometer Circ. 91 Up to | 552Pa/fringe | 28 Pa | N/A N/A
(R) [10] 2mm o 100
25pm thick.
FP interferometer Circ. 195,3 Up to 0,1nm/Pa N/A N/A N/A
(R) [9] 1.5 to to 200 to
1.8 mm & 169.7 1,4nm/Pa
40 pm thick. | (resp.)
PZT (R) [9] N/A 150 50 to 780 to N/A | N/A | N/A
180 -70 dB
PZT N/A 125 | 125 to “56dB N/A | N/A | 65 to
(PAC WD AH17) 450 1000 | (ref V/m/s ) 177
(I) |11 -61dB
(ref V /pbar)
Piezores. Kulite N/A 125 N/A -127dB 4,47 1.12Pa | -55
(I) [12] (ref V/pbar) | pV/Pa to to
35.5kPa 260
Ultraprobe N/A 20 to N/A Detects N/A N/A 0
9000 PZT 100 0.127 mm & to
(I) [13] Tunable leak @0.34 bar 50
@ distance
of 15.24 m

Table 2.1: Sensors comparison for PD detection from research (R) and industry (1)

2.4 Membranes and resonant behavior

Membranes are often used in the sensors proposed in Section above. Working on the membrane
transduction enhancement, from a mechanical wave to stress variation, can increase the sensitivity
of any sensor using this mechanical structure. This section reviews the membranes by begining with
generalities about it, including a contextual definition, the main fabrication techniques to create MEMS
membranes, the basics of their static behavior and how their are usually exploited in MEMS sensors.
A second subsection covers the resonant behavior of membranes and the existing theoretical models
for this behavior.

2.4.1 Defining membranes in theory and MEMS fabrication contexts

This section begins with a definition of the term membrane depending on the different contexts that
will be along the theoretical design process and the fabrication steps. Two definition of theoretical
objects a physical membrane can be identified to are first stated. Next, a definition of a physical
membrane in the context of MEMS is proposed before covering the basics of the fabrication.
Theoretically, according to [15], a membrane is a thin structure with two dimensions largely superior
to the third. It is an idealised and simplified object. This structure can be assimilated to a surface in
space and its bending rigidity is considered to be so low it can be neglected. It sustains only tensile
loads through in-planne stresses. The main parameters that define it are its mass per unit of surface
area and the tension applied to it per unit of length of its boundary.

Another theoretical object that is very close to the membrane is the plate : here as well, two dimen-
sions are largely superior to the third. It is composed of linear elastic material and considered to be of
uniform thickness. The main difference is that a plate has a rigidity in bending and deforms primarly
in flexion along the axis perpendicular to the plane of the plate. These deformations must remain
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small in comparison to the thickness of the plate.[15]

Comparing these two definition to each other, on one hand the model of the membrane is close to a
soap bubble or a piece of soft fabric stretched on an embroidery hoop and on the other hand the plate
resembles a piece of Bristol paper.

In the context of MEMS fabrication, a membrane is a thin layer of material with two dimensions
of the same order of magnitude and a third dimension, the thickness, which is of a smaller order of
magnitude. It is a released structure, meaning there is no layer underneath that supports it and it is
maintained in place from its sides. The clamped part of its edges is not always continuous. In certain
case, a membrane can also be called a diaphragm. [10]

The realisation of MEMS membranes can be achieved through several processes. Some of the most
used are detailled in this paragraph but further information can be found in [I7]. The most common
way to build a MEMS membranes uses are :

e Bulk micromachining : The principle is to stack the layers of materials that will compose the
membrane one above another. These layers can include designs for other functional parts of the
membrane such a resistors, wires or electrodes. Once these layers are in place, the membrane is
released from the backside using an etching technique. The etching can be performed using gas,
plasma, liquid etchant or a reactive ion etching (RIE) process that alternates between plasma
etching and plasma deposition of a material.

e Front side release : This technique relies on the etching of material under the membrane layers by
an isotropic etchant. It implies that the membrane either presents a gap or is not fully clamped.

e Use of a sacrificial layer : In this case, the membrane layers are build on top of another layer
that is made to be etched from an opening that can be further away from the membrane than in
the case of front side release. Here as well the technique relies on an isotropic etchant.

These three membrane building techniques are illustrated in Figure 2.5 and the etching types in Figure
2.0l
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2.4.2 Basic of static mechanical behavior of membranes and their use in trans-
duction

The basics of the mechanical behavior of a fully clamped membrane can be found in [18] and [16]. If
a pressure is applied to a membrane, it causes the membrane to deflect in a predictible way :

En? o P P P
12(1 - 12) <3x2 " 8y?> <8w2 - ay2> w(z,y) =p (2.2)
where
[ % is the flexural rigidity of the material,
e w(x,y) is the steady displacement caused by the pressure p applied

The deflection of a square membrane of side 2a can thus be found as :

4 3 2\ 2 2\ 2
pa Eh x Y
= " _(1-= 1—- % 2.3
wlzy) =7 12(1—1/2)< a2)< a2> (23)

And the stress at the surface of it :

2 2\ 2 2 2\ 2 2\ 2
pa y 3z x 3y
Tox =050 [(1 - a2> (1 - a2> v (1 - a2> (1 - a2> ] 24)

A symmetric expression can be found for Tyy .

The maximal deflection is found at the centre of the membrane and the maximal stress can be found
at the center of its sides. This can easily be adapted to a circular membrane : the maximal deflection
is also at the center of it and the maximal stresses can be found all along the border, at the surface of
the membrane.

This position of maximal deflection makes the circular membranes especially suitable for transduction
that relies on the transformation of displacement to an electrical signal as the displacement at their
centre will be larger. Such transductors can be capacitive or use interferometry. This is found in Fabri-
Perot interferometers [9]. On the other hand, the repartition of stresses makes membranes square
good candidates for application where the transduction transforms stresses in an electrical signal like
piezoresistors or piezoelectric sensors.

As seen above in equation [2.3] the typical quantity to sense with a membrane is the pressure applied on
it. It is thus often used in application such as microphones for sound or ultrasounds, pressure sensors
for gas in chambers, etc. In such sensors, one of the main parameters for a good mechanical Figure of
Merit (FOM) is the thickness of the membrane. The mechanical FOM actually depends on the ratio
between the area and the square of the thickness for typical piezoresistive pressure sensors [19].

2.4.3 Resonant behavior of membranes

When in resonance, mechanical structures present higher deformation at higher speed than at other
nearby frequencies. The type of displacement depends on the mechanical wavelength provoking this
deformation.

The deformation type is called the mode shape associated to a resonant frequency or eigenfrequency
of the structure. In the case of membrane, the mode shapes depend on the form of the membrane :
for a square membrane, the mode shapes follow sinusoidal functions across the membrane whereas for
circular ones, it follows Bessel functions. [20] Computing the frequencies associated with each mode
can be done by solving the differential equation for the position of the nodes of the mode. However,
this method is long and fastidious so a more straightforward model is of highest interest.
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The resonant behavior of membranes depends on various parameters : size of the membrane, thickness,
modes, material, residual stresses inside the membrane, type of clamping etc. Several theoretical mod-
els exist to compute the eigenfrequencies of a membrane taking some of these parameters in account.
Most of them consider either a membrane that has no specified thickness or a plate that has no tensile
residual stress. [21) (I8 [I5 20] The ones that were chosen for this master thesis are discussed in the
next chapter. Selection was made based on the presence of the maximum design parameters present
in model. The chosen parameters to work with are the thickness and the area of the membrane [19]
and residual stresses.

With every other parameter fixed, controlling the stress in a membrane is key to controlling its resonant
frequency. It also impacts its position at rest. The film composing the membrane can be in buckling
if the residual stress in it is compressive. [22] Occurrences of such a control of the residual stresses
inside a stack in a membrane or other released designs such as cantilevers can be found in literature.
The materials used vary strongly and most of these stacks are fairly thick and complex (many layers).
These are investigated in the next section.

2.4.4 Stress control in material stacks for membranes

Controlling the stress inside a stack in order to control different parameters among which the resonant
frequency of the fabricated structure has been done previously. This section summarizes the attempts
that were found the be the closest to the ongoing project.

The residual stress in a material comes from difference in thermal expansion coefficient between the
different materials deposited one on top of another in a stack. [23] This thermal expansion coefficient is
a material parameter. It can vary with the quality of the deposited material, its crystalline structure,
its density, etc.[24] The deposition technique has strong impact on it but it can also be modified after
deposition by thermal treatments. [25]

To measure the stress in deposited thin films, several methods exists. Some imply to measure the
annealing temperature of the layer but such techniques completely change the stress in the mate-
rial to retrieve its previous value. [25] Among the non invasive techniques that preserve the sample,
articles mention the use of the Stoney formula coupled to a curvature measurement of the sample.
These measurements must be taken after each manipulation to know the stress in the thin film of
interest.[20, 27, 28]

The stress in stacks of multiple thin films can be controlled in several ways : the material themselves
can be chosen specifically for their stress level after a specific deposition technique corresponding to
the wanted stress, altered in term of residual stress through thermal treatments or stacked one above
another to compensate the stresses of one layer with another. Since finding materials with the wanted
stress level is not always possible and thermal treatments only give a partial solution to the problem,
stacking is the most common solution. [29]

Various goals can be achieved through stress regulation. It can be used to ensure that cantilevers will
not stick to the substrate once released or avoid that it rolls over itself [30], to ensure membranes are
not buckling [22) [31] [19] or control their resonant frequencies [29] and behaviour in deflection [32].
Several stress regulating stacks can be found in articles.

Most of the stacks use either silicon dioxide (SiO2) for a more compressive layer or silicon nitride
(SigNy) to increase tension. These two materials can be thermally treated to change their stress.
Undoped SiOs is typically deposited with a compressive stress, often around 300 MPa, weither the
deposition technique is plasma-enhanced chemical vapor deposition (PECVD) or a thermal oxidation.
[26] It can be thermally treated using thermal cycling to reduce the residual stress. [25] For SisNy, the
residual stress is typically tensile and thermal cycling can be used to increase it. It can reach around
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1 GPa. Specific deposition technique enable to make SiNx layers with controlled stresses between -300
MPa compressive and 300 MPa tensile. [20]

The article that proposes the closest project to the subject proposes a stress regulated stack for mem-
branes used in PZT sensors. Square membranes with thicknesses between 25 and 225 um for a side
length of 1 to 4 cm. These membranes present natural frequencies (first mode), between 506 and 33
283 Hz. The layers used for residual stress regulation are a thermal silicon dioxide layer of 300nm and
a low pressure chemical vapor deposition (LPCVD) silicon nitride layer of 100nm. The comparison
between a standard PZT stack and the stress regulated proposed stack are displayed in Figure To
make the membranes, the etching was done from the backside and stopped at the right thickness in
the silicon layer silicon. [29]

These membranes and other proposed released structures, in general, are very large and relatively
thick, which makes them bulky but sturdy. However such large membranes can be difficult to embed
in a portative apparatus and can not be embedded in CMOS circuits.

: Platinum 100 nm_

. PZT100-400 nm

Ht
NN

Platinum 100 nm
. 1I!IIIHH£4HIII!IHH

_ PZT 100400 nm

i Platinum 100 nm 1t

R IINRRRERENRERERENRERRRRNRRNNRE]

Ti or TiO, 15 nm Ti or TiO; 15 nm )
Thermal Silicon Dioxide 600 nm LPCVD Silicon Nitride 100 nm
Thermal Silicon Dioxide 300 nm

Silicon Wafer <100>
. = [
Thermal Silicon Dioxide 600 nm Siticon Wafer 100> {11111 LII1111]
WA N [ e e ]

Thermal Silicon Dioxide 300 nm

(@) LPCVD Silicon Nitride 100 nm Figure 2.8: Final etched PZT sensor

0 from [29]

Figure 2.7: Comparison between a) a standard PZT sensor stack
and b) the proposed stress requlated PZT sensor in [29]



Scope of the work

This goal of this chapter is to define the scope and objectives of the next chapters inside the context
defined in the preceding Chapter 2] Preliminary design choices are exposed and the limitations of the
design and process are then explained.

3.1 Preliminary design choices

As seen in the State of the Art, sensitivity is a key parameter to improve the detection of PD and
membranes show higher displacement either at very low frequencies or in resonance. This master the-
sis investigates the possibility to use membranes in resonance to increase the sensitivity of ultrasound
microphones.

The proposed sensing membranes would be a set of acoustic filters consisting of membranes smaller
than 2mm of side, each with a resonant frequency in the 7T0kHz-170kHz range. This will require mem-
branes to be both thin and present a low residual stress stack.

Membrane shapes will be reduced to squares and circles. These are the most usual shapes and the
most efficient when it comes to transduction : square membranes maximise the stress concentrated
areas on the membrane sides and circular shaped ones favours larger deformation and displacement.

The first design choices aim to reduce the complixity of the stack and to use CMOS compatible materi-
als. The chosen materials will be SiO9 and SigN4. These two materials can be deposited using different
methods to control their residual stress and can also be thermally treated for stress reduction or in-
crease. Si0O9 and SigNy are among the most common CMOS compatible dielectric and have been used
previously for stress control as presented in the State of the Art section 2l Moreover they are both eas-
ily accessible in the Winfab laboratories where the experimental part of this master thesis is performed.

3.2 Design and fabrication process limitations

During this project, only the membrane set is developed. No transduction will be added on it at this
stage of the work. This master thesis will focus on the numerous mechanical parameters that can play
a role in the determination of the eigenfrequencies of a membrane. To this end, the membranes are
first modelled to enable design choices to be made and then simulated to confirm the model before
fabrication. The models and simulations are then compared and adapted to the values obtained for
each parameter during the fabrication.

In terms of fabrication, the process to produce ultra-thin low-stress membranes with very simple stack
designs will be investigated. Several process variations will be compared to one another. The impact

14
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of substrate thickness on the quality of the obtained samples will be considered.

No test set-up for partial discharge is available at the UCLouvain. Building such a set-up required to
much time for a master thesis, especially along with the membrane fabrication. The measurements of
the resonant frequency of the membranes is hence performed using a laser vibrometry measurement
set-up.



Models and simulations

This section describes the simulations that have been performed in order to verify the chosen theoretical
model and predict the behaviour of the membranes once fabricated. First, the chosen theoretical models
and their sensitivity to different parameters are presented. These models are used for design choices
regarding the membrane sizes and the stack design. Next, the implementation of the simulations that
have been performed in this work is detailed. The simulations have been adapted to the design choices,
for the stacks and the membrane sizes. Two types of simulations were used, a simple simulation of the
membrane in vacuum and a multiphysics acoustic-shell simulation to investigate the response of the
membrane in the air.

4.1 Theoretical models for resonant membranes

The theoretical models used here were chosen for their simplicity and easy implementation in Matlab
in order to perform rapid sensitivity studies to different parameters and make design decisions. The
main goal is to have models taking the residual stress into account since it can be be used to tune the
resonant frequency of a membrane or another structure.

4.1.1 Analytical models for resonant frequencies of prestressed square membranes

A theoretical model for membranes presenting residual stresses is developed in [2I] for square or rect-
angular shapes. The membranes presenting residual stresses will also be called prestressed as they
present a non-zero stress at rest. The model is developed for fully clamped membranes. This means
that all the edges of the membrane are attached to the surrounding substrate and that the border is
thus considered as totally fixed.

This model states that the frequency is given in function of the thickness of the membrane, its side
lengths and its material parameters as :

fz?\/smf—u%ﬂ(;f): (%) + @y

e h is the thickness of the membrane |m],

where:

e E is the Young modulus of the membrane material [Pa],

p is the density of the material [kg/m?3],

v is the Poisson coefficient [-],

a and b are the side lengths of the membrane [m],
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e n; and n; are the modes of each of the side of the membrane respectively |[-].

and
1,506 ifn—1
Gn_{nj—i—l ifn>1 (4.2)
1,248 ifn=1
T = G%(l—%) ifn>1 (4.3)
n2 if n > 10

At this point, no stress is taken into account yet. Stress impact on the resonant frequency gives the
following model, where f, is the frequency of the prestressed membrane, still from [21] where o is the
residual stress in the membrane in Pascals [Pa) :

g n; Jn
fo= \/f2+4p (‘22 +b;> (4.4)

In this master thesis, the rectangular membranes considered will be square. The used model is hence
a simplification of the first proposed model :

fo =[P4 g+ ) (4.5

wh | E

The frequency taking the stress in account f,; is thus directly proportional the inverse of the surface a%
and to the thickness h as long as it is thick enough so that its contribution is not overpowered by the
stress dependent component. For other terms, the frequency f, is proportional to their square root :

the material rigidity , /ﬁ, the stress ¢ and the inverse of the density of the material %.

4.1.2 Analytical models for resonant frequencies of circular membranes

Various models are available for the circular membranes but none of the found models took in account
the thickness and the residual stress at the same time. These models are first listed and compared
before laying down some hypothesis and proposing the used model in this master thesis.

First model |4.7is given in [18]. It is close to the model used in previous section for square membranes.
However, it does not account for the impact of residual stresses on the eigenfrequencies :

¢ _ Coh E
T ord? \[ 12p(1 — v2)

where non preveiously mentionned parameters are:
e (), are constants depending on the number m of nodal circles and n of nodal diameters,

e d is the diameter of the membrane |[m]|

The Cy,, constants are given in Table [£.1] and nodal circles and diameters are illustrated in Figure [4.1]
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Nodal
diameters
Nodal
circles
Lreles

Nodal diameters | n=0 | n=1 | n=2
Nodal circles

m=0 40.8 | 84.9 | 1394
m=1 159.1 - -
m—2 355.6 | — -
Table 4.1:  C,y, values for the low  Figure 4.1: Nodal circles and nodal diameters, respectively
vibration mode from [18] m and n in Table and illustration of mode m=2, n=1
from [33]

The second model from [I5] does include the effect of the stress but is neglecting the impact of the
thickness. The model is detailed here below :

Ni (S )2
=3 (5) )

with the non previously mentionned Nodal diameters T i=0 1 5 3

parameters : Nodal circles
e )\;; are mode-dependent con- j=0 - - 5.253 | 12.23
stants given in Tabld4.2] j=1 9.084 | 20.52 | 35.25 | 52.91
. ) j=2 38.55 | 59.86 | 83.9 | 111.3
e S is the stress in the membrane i=3 878 | 119.0 | 154.0 | 192.1

e 74 is the mass of material per

_ Table 4.2: C,,,, values for the low vibration mode from [18]
unit of area of the membrane

Using the model proposed for the square membranes as an example, we propose an approximate
analytical model for circular prestressed membranes. It takes in account the same parameters as the
model [4] or their equivalent for a circular shape. It is built using a similar form and only account for
modes with zero nodal diameters. The proposed expression for the estimation of the eigenfrequencies
in the circular shape case is :

_fp oy ontl 4.9
e = [ B+ (49)

4.1.3 Sensitivity studies of the analytical models

The sensitivity of the proposed models is then investigated to propose a reasonable design space for
all parameters playing in the design of soon-to-be fabricated membranes. The main parameters con-
ditioning the resonant frequencies of membranes beside material parameters are the thickness of the
membrane, its side length, or diameter, and its stress.

The model [£.4] allowed to produce curves of sensitivity of a square membrane. An illustration of these
curves can be seen in Figure

In Figure [4.2] a, the frequency is increasing linearly with the thickness if the stress is not included in
it. It is also the case for thick stressed membranes. However, in very thin membranes, the stress is
taking over. This occurs even if its value is relatively low, such as 50 MPa here.
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Figure 4.2: Sensitivity of the modelfmm [21] to a) the thickness of the membrane, b) the side
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Figure 4.3: Sensitivity of the model to a) the thickness of the membrane, b) the side lenght of the
membrane and c) the residual stress in the stack

The Figure 1.2 b shows the sensitivity of the model to the side length of the membrane. It decreases
quadratically with the side if no stress is taken into account. However, stress reduces this effect.

Last frame, Figure [£.2] ¢ shows the impact of the stress on a membrane with a 1 gm thickness and a
1mm side length. The increase is proportional to the square root of the stress.

Very similar conclusions can be made for the proposed model for circular membranes [£.9] even though
the effects of stress seem to be less significative in this case. However, this model remains an approxi-
mation for design. The sensitivity curves of it are displayed in Figure [£.3]

4.2 Modelling the stacks

In order to model the stacks, several parameters need to be addressed. The stacks must be designed to
fulfil both thickness and residual stress requirements. In order to enable this, an equivalent material
representing the full stack is needed. To this end, equivalent material parameters for the density,
Young’s modulus and Poisson’s ratio are modelled. The equivalent residual stress is also determined
using a simple weighted average model in order to allow for quick estimation and rapid design decisions.
Last, some stack design are proposed for a fixed residual stress and thickness.
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4.2.0.1 Equivalent material parameters

The materials used inside the proposed stacks are SiO2 and SigNy4. In order to estimate the properties
of an equivalent material, their characteristics are given in Table

It can be seen that the densities are close so their are assumed to be close enough to have the same
value. The chosen value is taken as being in the intersection of both ranges. The large ranges can
be explained by the fact that this parameter can be impacted by the deposition technique used. For
the Young’s modulus and the Poisson’s ratio, weighted averages were used with the layer thickness as
weight.

Material parameter ‘ Si09 ‘ SigNy
Density p [kg/m?] 2170 to 2650 | 2370 to 3250
Young’s modulus E [GPa| | 66.3 to 74.8 | 166 to 297
Poisson’s ratio v 0.15t0 0.19 | 0.23 to 0.28

Table 4.3: Material parameters of silicon diozide from [3]|] and silicon nitride [35]

4.2.0.2 Equivalent residual stress in stack

The simplest approach was used in this work and the equivalent residual stress is considered to be the
weighted average of the residual stress in each layer. The model is therefore simply :

iy Oiti
Oeg = 2=—— 4.10
“ Z?:l ti ( )
with :
i ) Material Deposition process Expected
® 0.4, the equivalent residual stress residual
of the full stack, stress [MPal
e 0;, the residual stress is layer 4, SiO- Wet thermal oxidation -300
. SiO9 PECVD and thermal annealing -70
® ¢, the thickness of the film of SisN, | LPCVD and thermal treatment 1050
layer 4, SigN, PECVD 300
* nt tie number of layers in the Table 4.4: Available materials and deposition processes for
stack.

stack design and expected residual stresses [36)]

In this case, the layers were assumed to be either SiOs or SigNy with various deposition methods
resulting in various residual stresses in the deposited layer. Thermal treatment for stress annealing
were also taken in account. Some very classical deposition or growing techniques for thin films were
chosen based on the available machines in the Winfab facility. The list of thin film types is given in

Table 4.4

The goal of the designed stack are to have equivalent residual stress close to 50MPa and a thickness
of 1um. These values can at this stage be considered as examples used in the following Figures as the
choice for these parameters is done later in the design process. This can be done by using two to three
materials with at least two presenting opposite residual stresses.

The first step was to adapt a stack used in previous projects of the laboratory [37, [31]. It is based on
one 400nm layer of wet thermally oxidised SiOs. The second layer is SigN4 deposited using LPCVD
and thermally treated to increase the residual stress. The final layer is made out of SiOy, PECVD
deposited and thermally treated for stress annealing. The thickness of the thermally oxidised SiO9 was
preserved and the two other layers are determined according to the goal stress.
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Next step was to design stacks with a same total thickness but different material layers. The propo-
sitions are a Type A stack with thermally deposited SiOy and PECVD SisN4 and a type B stack
featuring a PECVD SiOs, thermally treated for stress annealing and a PECVD SigNy layer on top.
The design curves for these stacks and the one adapted from the silicon oxide-nitride-oxide (ONO)
stack in |37, [31] are represented in Figure The three stack designs matching the 50MPa residual
stress goal are displayed in Figure [1.5] The goal is to compare these stacks to each other in terms of
fabrication ease and eventually performances afterwards.

300 T T T T T T T T T

200 - .

100 - T

Residual stress in stack [MPa]
o
T
L

-100 Goal stress -
Type A ON
200 Type B ON |
Type C ONO, 400 nm bulk oxide
300 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Silicon nitride layer thickness [um]

Figure 4.4: Design curves for the silicon nitride layer to obtain the goal stress of 50 MPa with a
silicon dioxide layer determined relatively to it for a total thickness of 1 um of the stack

Type A Type B Type C

300 nm 370 nm

600 nm Silicon nitride 300 MPa silicon dioxide -70 MPa

Silicon nitride 300 MPa
230 nm

700 nm Silicon nitride 1,05GPa

400 nm Silicon dioxide -70 MPa 400 nm
Silicon dioxide -300 MPa Silicon dioxide -300MPa

Figure 4.5: Selected stack designs based of Figure

4.3 Results of the models

Using these models and comparing to some references, parameters can be chosen to head towards a
design curve and then membranes to simulate and fabricate.

Based on the observation that a high aspect ratio between the membrane side length and its thickness
is better for low resonant frequencies, as seen in Figures a and b, it is decided to go for thin mem-
branes. The choice is made to use 1pm-thick stacks as thinner membranes would not enable to lower
the frequency much more. This thickness is also of the same order of magnitude as in [37, 31].

Each of the stack designs from Figure [£.5] can thus be used in this project. The sensitivity curves can
then be compiled in design spaces. The Figures and present the design spaces for respectively
square and circular membranes.

The 50 MPa tensile stress is chosen as it gives frequencies in the order of magnitude that is needed for
PD detection for less-than 2mm side membranes. It also seems to be a low but attainable value with
SiO2/SizNy stack in [29]. Plus, an increase in the stress has strong impact on the resonant frequency.
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Figure 4.6: Design space for 1um-thick square membranes based of model
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Figure 4.7: Design space for 1um-thick circular membranes based of model

The design curves for a 1pm thickness and a 50 MPa tensile residual stress are shown in Figure [4.8|
Several membrane sizes have been selected to form the acoustic filter set with resonant frequencies at
interesting values for the examined signals. The membranes sizes were chosen to be as given in Table
M5 and are also indicated in Figure [4.8 as the red dots.

Each of these membrane sizes will be simulated for each of the proposed stacks in the next sections.
The proposed designs are displayed in Figure [£.9] The membranes are fully clamped as in the theo-
retical models.

4.4 COMSOL simulations of simple membranes

This section details the simulations that have been performed using the Comsol Multiphysics software.
This software enables to perform finite elements method (FEM) simulations and link together several
physical aspects of a same project in one simulation.
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Figure 4.8: Design curves for a) square membranes and b) circular membranes extracted from the
design spaces above. The red dots indicate the chosen membrane sizes.

| Form | Diameter or side length [nm] | Expected first mode frequencies [kHz| |

Square 1600 73
Square 1200 97
Square 800 147
Square 400 304
Circle 1850 50
Circle 1350 79
Circle 950 138
Circle 600 312

Table 4.5: Design choices for the membranes sizes related to the expected frequencies

In this project it was first used to understand better the behavior of the multilayered stack of material
and its impact on eigenfrequencies of the future fabricated membranes. This simulation was performed
in vacuum at first to simplify the situation and isolate the effect of the stack.

A multiphysic simulation was also performed to link acoustics and mechanics. The goal here was to
underline the effects of damping that could be expected in air. This simulation is important as the
effective measurement for resonant frequency are done at atmospheric pressure. Actually measuring
the real membranes in vacuum would have required a very complex setup but would have allowed to
determine the exact effect of damping by comparison with atmospheric pressure results.

Other parameters such as temperature were left constant at this stage. Varying these could change
the obtained frequencies as the residual stresses in a membrane are the result of different thermal ex-

Type A Type B Type C

Membrane Membrane Membrane
cavity cavity cavity

[sibstaten|  sisna | sio2

Figure 4.9: Proposed designs for each type of stack, the membrane cavity is fully open on the backside
as the membranes are fully clamped
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pansion coefficients in the different materials composing a stack. The chosen materials in this project
were either thermally oxidised at temperatures as high as 900 to 1100°C or deposited using a PECVD
facility at around 300°C. Given this, it is considered that small temperature variations would have
small impact on the residual stress in the stacks.

4.4.1 Simulating the stack for membranes with multilayer material

Comsol offers a possibility to simulate layered linear elastic materials by creating an equivalent mate-
rial. This material combines the properties of all the materials according to the stack design in terms of
thickness, fiber or cristallographic orientation and order of the materials in the stack and it generates
a set of equivalent mechanical properties.

Using this equivalent material design allows to use a more precise stack behavior for finite element
methods (FEM) simulation of the membranes. This model is more precise than simply working with
the equivalent material proposed in section that relies on weighted averaging of most parameters.

First step to create a multilayer stack is to select

4 (3) Global Definitions

Parameters 1 the materials that will compose it under the
4 5 Materials "Materials" section of the "Global Definitions".
% Si3N4 - Silicon nitride (mat2)
4 5i02 - Silicon oxide (mat3) ane these are gajchered, they can be assembled
Layered Material 1 (imat1) in the same section as a "Layered Material".
“ 'T'CO”E;";”&“” (comp1) This can be seen in the blue frame in Figure
= Definitions . . .
> YA\ Geometry 1 [4.10] presenting the Model Builder window that
4 & Materials structures every Comsol simulation.
Material 1 (mat1)
s Layered Material Link 1 (llmat1) .
b ] Membrane (mbrm) The "Layered Material" can then be defined.
4 @ Shell (shell It consist of a list of every layer in the stack
b "mw Linear Elastic Material 1 d 1 if hei d hick .
g e yp— T and allows to specily their order, thickness,
9 Free 1 material from the selected list and rotation from

S Initial Values 1

: . - a reference orientation. This orientation setting
4 mw Layered Linear Elastic Material 1

= Intal Stress and Stam 1 is especially useful for material that have specific
= Initial Stress and Strain 2 crystallographic structures or that includes
m Initial Stress and Strain 3 . . .
Prescribed Displacement/Rotation 1 fibres. It was left to zero in this project. The
Fixed Constraint 1 resulting stack definition can be seen in Figure
:f'esérg’E'd tD ?pt'zceme”” Rotation 2 and the stack representation in Figure
u IXe onstrain
A Mesh 1 for the Type C ONO stack proposed in this
b "o Study 1 project.
P & Results

Figure 4.10: Model Builder from COMSOL for ~ The interfaces must also be defined. — Their
the implementation of a layered material position must be given as in Figure |4.12

Once the multilayer material is defined, it can be used in a component. The first step is to use a
link in the Material section of the component, as in the orange frame in Figure Next, under the
Shell description, both the "Linear elastic material" and the "Layered Linear Elastic Material" options
under the shell module are necessary to use the multilayer material. They are located in yellow and
green frames of Figure [£.10] respectively. The initial stresses and strain can then be applied layer by
layer under the "Layered Linear Elastic Material 1" of the Shell module. This enables the adaptation
of the residual stress in each layer of the membrane.
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" Layer Material Rotation (deg) Thickness (m) Mesh elements
Box oxide Si02 - Silicon oxide (mat3) | 0.0 thic_box 2
Stack Si3N4 Si3N4 - Silicon nitride (mat2) | 0.0 thic_nit 2
Stack oxide Si02 - Silicon oxide (mat3) | 0.0 thic_ox 2

Figure 4.11: Stack composition in Layered Material
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Figure 4.12: Interface definition and position in Layered
Material Figure 4.13: Stack view of the layered
material

4.4.2 Multilayer membranes in vacuum

This section explains what simulations were put in place using the multilayer material option that was
covered in section [4.4.1] and how they were used to anticipate fabrication results. First, the simulation
building is reviewed and the boundary conditions are examined. Next, the studied parameters and the
computations run are detailed. Last, results are presented and the first resonant modes obtained are
compared to the theoretical design curves from section [4.3]

Geometrically, the membrane is built using a work plane and its form is traced in plane geometry. It
is kept as simple as possible to reduce computation time. The forms used here are either a square
or a circle. This is sufficient since the thickness of the object is set in the shell or membrane module
afterwards. These choices were made based of a Comsol model [38] as the present simulation was firstly
adapted from a tutorial to simulate simple vibrating objects. In this case, the shell module of Comsol
was used to create the objects to study instead of the membrane module due to compatibility issues
with the Layered material option [39].

In the model builder from Figure the first parameters are the thickness. Thickness is set to the
global thickness of the stack. Next come the initial stress and strain that were discussed in section
and are set for each layer to the expected residual stress from fabrication. Last are the boundary
conditions. Since the membrane is considered as fully clamped, it is decided to used a prescribed
displacement of zero along the z-axis and a fixed constraint on each of the borders of the membrane.

The same simulations were repeated for each form and each stack design. The studied parameters were
the six first eigenfrequencies of the membranes and their frequency response. These are computed in
vacuum for this simulation so damping is always zero and the quality factor is hence infinite.

4.4.2.1 Results of the multilayered simulation

The results in terms of eigenfrequencies are represented in Figures [£.16], [£.17] and [£.18] It can be seen
that each of the graphs present only four visible datapoints instead of the six awaited. This is caused
by the fact that some resonance modes occur at very close frequencies. This can also be noted when

examining the data from Tables [1.6] and [4.7]
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Figure 4.14: [llustration of mode shapes for the six computed eigenfrequencies of a square membrane
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Figure 4.15: [llustration of mode shapes for the siz computed eigenfrequencies of a circular membrane

The six modes share the same shapes across all stacks and are illustrated in Figures [£.14] and
When comparing between square and circular shapes, the tendency is to have lower resonant frequen-
cies for every mode if the membrane is circular. This is in line with theoretical models available in the
state of the art [20] and can be linked to the fact that deflection is larger in circular membranes than
in square ones. The obtained mode shapes are however very similar from square to circular form. Last
phenomenon that can be noted is the pairing of two very close resonant frequencies for very similar
modes can be observed in both case. Since the presented mode shapes look so similar, having very
close eigenfrequencies makes sense. However, the question of considering them as the expression of a
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Figure 4.16: Siz first eigenfrequencies for a Type A-stack membrane a) square and b) circular shape
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Figure 4.17: Siz first eigenfrequencies for a Type B-stack membrane a) square and b) circular shape
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same mode shape could be asked. Actually, no difference would be made between these mode shapes in
a theoretical model only accounting for the number of nodes per side or the nodal diameters and circles.

Comparing the stacks, the frequency values obtained for the Type B stack are significantly lower than
the ones obtained with the two other stacks. This tendency can be seen for all sizes, all modes and both
shapes. The ratio between the Type B stack values and the ones of other stacks is between 1/2 and
1/3. Since the tendency is a general behaviour, it could be linked to the Type B stack. It is composed
of thermally annealed PECVD SiOs and PECVD SigNy4. As it is the only stack relying entirely on
thermally treated SiOs for the compressive layer, it could impact the computation of the equivalent
material parameters of the stack. This could be confirmed or not by measures after fabrication.

’ Stack ‘ Size ‘ Mode 1: 11 | Mode 2: 12 | Mode 3: 21 | Mode 4: 22 | Mode 5: 22 bis | Mode 6: 31

Type A | 1600 83.1 131.4 131.6 166.7 186.0 186.4
Type A | 1200 111.2 176.0 176.3 2234 2494 249.9
Type A | 800 168.5 267.0 267.2 339.0 379.2 379.7
Type A | 400 348.2 556.2 556.4 710.7 800.1 800.5
Type B | 1600 31.8 49.9 49.9 63.5 71.1 71.3
Type B | 1200 42.5 67.7 67.8 86.6 97.2 97.4
Type B | 800 65.9 106.2 106.3 136.8 154.8 155.0
Type B | 400 148.5 250.3 250.3 333.8 386.5 387.2
Type C | 1600 73.4 116.2 116.3 147.4 164.3 164.8
Type C | 1200 98.3 155.5 155.7 197.3 220.3 220.7
Type C | 800 148.7 235.6 235.8 299.0 334.3 334.7
Type C | 400 306.1 488.0 488.2 622.4 699.7 700.1

Table 4.6: Figenfrequencies values in kHz from Comsol simulation in vacuum depending on the type
of stack and the side length of a 1um thick square membrane

| Stack | Size | Mode 1: 00 | Mode 2: 01 | Mode 3: 01bis | Mode 4: 02 | Mode 5: 02bis | Mode 6: 20

Type A | 1850 e 123.9 123.9 166.3 166.3 178.7
Type A | 1350 106.9 170.6 170.6 229.1 229.1 246.3
Type A | 950 153.0 244 .4 244.5 328.7 328.7 353.7
Type A | 600 246.1 394.3 394.4 532.6 532.7 574.1
Type B | 1850 29.3 46.8 46.9 63.2 63.2 68.1
Type B | 1350 40.7 65.4 65.4 88.7 88.7 95.6
Type B | 950 99.3 96.0 96.1 131.5 131.6 142.4
Type B | 600 99.2 164.4 164.4 230.7 230.7 251.9
Type C | 1850 67.9 108.2 108.3 145.1 145.2 156.0
Type C | 1350 93.0 148.3 148.5 199.1 199.2 214.2
Type C | 950 132.3 211.1 211.3 283.6 283.9 305.3
Type C | 600 209.8 335.5 336.1 452.5 453.3 487.8

Table 4.7: FEigenfrequencies values in kHz from Comsol simulation in vacuum depending on the type
of stack and the side length of a 1um thick circular membrane
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Figure 4.19: Total kinetic energy frequency response of the

is very large or if frequency of the pe-
riodic movement is very high.

1850um diameter membrane in vacuum

4.4.3 Multiphysic acoustic-shell simulation for damping effect estimation

This section describes the multiphysics acoustic-shell simulation that was put together to investigate
the impacts of damping on the previously obtained results. The main goal is to compare the frequency
response and the eigenfrequencies for a 1850 ym-diameter membrane in air to the vacuum version above.

First step is to build the simulation. It was done using the multiphysics interfaces from Comsol Multi-
physics. The main difference with the simulation from section lies in the geometric construction
and in the used modules to build the studied objects. The same implementation was used for the

layered material of the membrane.

Figure 4.20: Geometry for multi-
physics acoustic-shell simulation

The geometry is built to include the impact of air on
the membrane. To do this, the membrane is included
into an simplified die-like environment. First, the mem-
brane and the area around are defined in a workplane
and next a sphere is built around this workplane. The
membrane will be assigned the same layered material as
in the multilayer simulation and the sphere will assigned
air. The illustration of this geometry is visible in Figure
[4:20] The geometry section is framed in blue in Figure [1.21]
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&) Global Definitions
4 [ Component 1 (comp1)

To build the modules of this simulation, two - — g:z;::l‘::i

modules are used : the "Pressure Acoustics, S Work Plane 1 (wp1)
Frequency Domain" one and the "Shell" one. = Work Plane 2 (wp2)

Both are linked by the "Multiphysics" module Sphere 1 (sph1)

where the interface between the two domain = ﬁ;::;:umon i

of application is coordinated. This coupling is & Air (mat1)

adapted from the Comsol tutorial [40]. mil Layered Material Link 1 (Umat1)

- Pressure Acoustics, Frequency Domain (acpr)
. . . W Pressure Acoustics 1
In the acoustic module, framed in orange in % Sound Hard Boundary (Wall) 1

Figure the pressure acoustics is applied to
the two half-spheres. An "Interior Sound Hard

. . Spherical Wave Radiation 1
Boundary (Wall)" is applied around the mem- Pressure 1
brane to figure the die that would not let sound 4 0" Shell (shel)

Initial Values 1
Interior Sound Hard Boundary (Wall) 1

Tl

pass through. To finish this module, a constant S Linear Clastic Makorial 1
. . = Thickness and Offset 1

pressure is applied under the membrane, here set 99 Free 1

at the atmospheric pressure. The same assembly % Initial Values 1

Prescribed Displacement/Rotation 1

was done in the shell module as in section [£.4.2]
The domain selection only covers the membrane. Prescribed Displacement/Rotation 3
This section is framed in green Figure fixed Constraint 2

4 ‘m Layered Linear Elastic Material 1

Fixed Constraint 1

= Initial Stress and Strain 1

Last, the multiphysics coupling is applied to the

= |Initial Stress and Strain 2

membrane using an "Acoustic-Structure Bound- Multiphysics
ary". This coupling is framed in yellow in Figure A Mesh 1

Figure 4.21: Model builder of the acoustic-shell
multiphysics simulation

This simulation was done to understand the damping behavior. To simplify, it was only done for one
case to compare it with the multilayer in vacuum. The chosen case is the 1850um diameter with the
type A stack.

4.4.3.1 Results of the acoustic-shell multiphysics simulation

The same results were extracted as for the multilayer simulation : the frequency response in term of
kinetic energy of the membrane and the eigenfrequencies with the mode shapes. Here the damping and
quality factor were also extracted. These results can be seen in Figure [£.22] and Table [4.8| respectively.
The mode shapes are the same as in section

Comparing the Table with the total kinetic energy frequency response in Figure the six first
modes can be identified as the four first peaks in the graph. This is due to the same phenomenon
of pairing of mode shapes observed in section In this case, the modes all show smaller kinetic
energy as they are higher.
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01 8318 0.4 13.3 g 107
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10 15 289 4.4 1.1 i
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Table 4.8:  FEigenfrequencies of (;)

=

1850um diameter membrane in air freq (Hz)

Figure 4.22: Total kinetic energy frequency response of the
1850um diameter membrane in air

4.5 Comparison of simulation results with analytical models

This section compares the simulation results obtained using Comsol Multphysics with the expected
values from the analytical models used in section [£.3]for design. The main goal is to anticipate on how
the planned fabrication could impact the resonant frequencies.

Figures and compare the frequency of the first resonant mode for each membrane size and
stack for respectively a square and a circular membrane. It can be observed that the Type A and
C stacks expected values are close to the model predictions is both case whereas Type B simulations
present way lower frequencies. This follows the observation from section [4.4.2

Comparing between the square and circular cases, it can be noted that the simulation and model are
closer for the square shape than the circular. The model proposed for the circular membranes seems
to be close enough to simulation yet not perfectly precise. The datapoints from the simulations follow
a flatter curve than the one proposed so the diameter impact is probably overestimated in the model.
The expected resonant frequency of the larger membranes could thus be larger than expected and the
smaller ones would show lower first mode.

Regarding the simulation in air, the values of the eigenfrequencies from Table [{.8] are much lower than
these obtained for the same membrane in vacuum. The effect of damping is not taken in account in the
theoretical models. However the simulation from section [4.4.3] suggests that it could strongly decrease
the resonance frequency even though the residual stress is tensile. This strong decrease is estimated
to be a around factor 7.5 between the values from Table [4.8 and these from Table [4.7 Such a fac-
tor is stronger than what was found in the state of the art where the strongest factor was less than 2 [41].
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Figure 4.23: Comparison of the first eigenfrequency between analytical model@ and the results of
the Comsol simulation of each stack type
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Figure 4.24: Comparison of the first eigenfrequency between analytical model@ and the results of
the Comsol simulation of each stack type



Fabrication process

This section details the fabrication process that have been realised in this work. The main goal of this
process is to create membranes, such as represented in Figure with controlled first mode resonant
frequencies based of the design choice done in the "Models and simulation" Chapter [ in order to test
them. The main parameters of interest are the membrane thickness, its width and the global residual
stress in its stack. This should serve as preliminary process validation towards a full sensor using
membranes of this type.

The mask design based of the design choices that have been made in

the previous section is first presented, followed by the process sheet
Membrane and sectional views of the stacks. Next, the processing is detailed in

e three sections : the stack itself, the backside aluminium mask and the
etching of the membranes. The interests and impacts of grinding the
dies before the etching is then discussed before the presentation of the

Figure 5.1: [llustration of

resulting membranes.
the structures g

5.1 Mask design for test membranes

This process only requires one mask in order to release the membranes from the backside of the sub-
strate. The proposed design includes several sizes and both square and circular membranes. Since
this is a test process in order to validate the membrane design, the membranes have been grouped
by size and by form for the larger ones to ease the process. Six dies designs have been proposed and
incorporated in a mask set for another process. All of these have been designed using the Cadence
software.

Grouping the membranes by size ensures a more
even etching since the decision was made to etch
the dies once diced. Etching dies instead of a
whole wafer at a time enables to test the etching
recipe used and to adapt it to the membrane
sizes and form since etching is a surface-to-etch
and density dependent process. This is linked
to the aspect-ratio dependent etching (ARDE)
phenomenon. In this case, the aspect ratio
between the depth to etch and the side length or
diameter of the membranes varies from 1:1 to 1:6
approximately. The choice to group them ensures
that the finish of the etching can be adapted to
the aspect ratio and that overetching does not
break some membranes.

Figure 5.2: Full mask designed for the process

33
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The diagonal placement of the membranes on the dies aims to make the density of etched surface as
constant as possible over the die. It also improves the mechanical integrity of the die after etching,
resulting in less fragile dies.

Regarding the design, the membranes should be of the same size as the mask and etching is planned
to be done from the backside because they are designed to be fully clamped membranes. RIE will thus
be chosen over TMAH, liquid etchant that presents a varying selectivity across the different crystalline
orientations of the silicon substrate, and XeFs, an isotropic gas etchant, since both circular and square
membranes are on the same die for small designs. A TMAH-release would not preserve the form of
the designs on the mask for the circular membranes and a XeFs-etching would distort the pattern of
square membranes to the point of making it almost totally circular.

In total six dies are designed with four basic configurations that are displayed in Figure [5.3] The
parameters for each design including the size of the membranes in the design, the used configuration
and the values of every mask design parameter indicated in the configuration Figure [5.3] are given in

Table 511

The configurations a is used for the dies with large square membranes, with side-length of 1600 um
for design § and 1200 um for the § one. The die design o with 1850 pum diameter membranes and
the v one with 1350 pm both use configuration b. Each of these dies features two membranes of the
same form and size, placed in diagonal to ensure the surface density to etch is as constant as possible.
These designs are displayed in Figures a and b.

Last two configurations, b and c, feature the smaller membranes. Configuration c is used for die design
€ compiling the membranes with a diameter of 950 um and the ones with a side length of 800 um.
They present the same diagonally organised pattern as the configurations a and b but four membranes,
two square and two circular ones, are placed on each diagonal. This die design is presented in Figure
.3 c. Last configuration is used for design ¢. This design features 600um-diameter membranes and
their 400 pm-side homologous. The diagonal disposition is kept and the die gathers 8 membranes, 4
of each form as shown in Figure d displays it.

Finally, once all the dies were designed, they were assembled all together on the mask dedicated to the
backside release of membranes. These designs share the mask with another process and are indicated
with red frames on the final design of the full mask in Figure The dies used for this process are
located on the sides of the mask, which results often in etching properties being less constant. However
since etching will be done die per die and can thus be replaced at the center, this will not have much
impact.

Die design « 15} ~ 0 € ¢
Membranes sizes [pm| | @ 1850 | 1600 | 1350 | 1200 | 2950 & 800 | 600 & 400

Die design B A B A C D
a - 1600 - 1200 800 400
b - 450 - 650 850 600
c 1850 - 1350 - 950 600
d 375 - 575 - 775 450
e 5000 | 5000 | 5000 | 5000 5000 5000
f 2500 | 2500 | 2500 | 2500 2500 2500
g - - - - - 500
h - - - - - 400

Table 5.1: Parameters used in the mask design for the different dies
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Figure 5.3: Dies configuration a) o : 1600 pm of side length and 6 : 1200 b) o : 1850 pm of diameter
and v: 1850 ¢) € : 800 um of side length and 900 pm of diameter d) ¢ : 400 um of side length and
600 pm of diameter, the value of every parameter indicated in this Figure is given in Tabl

5.2 In-process metrology techniques

To evaluate the on-going process and ensure each step has been done correctly before heading to the
next, several metrology techniques are used. In this process, ellipsometry and profilometry were used
for several purposes. This section reviews quickly the metrology techniques and their use in the process.

5.2.1 Ellipsometry for thickness measurement of transparent layers

The Sentech spectroscopic ellipsometer available in the Winfab facility was used for the measurements
of the thin deposited dielectric films. The main purpose of such measurement in this project is to
determine the thickness of the deposited films to check whether or not they comply with the require-
ments. The obtained thickness value was then used in the computations of the residual stress in the film.

The main principle behind spectroscopic ellipsometry is to measures the change in polarization of a
light beam after it gets reflected on a material stack. To analyse properly the obtained results, they
are compared to a reference and fitted. To this end, a model of the stack of the exposed sample must
be provided to the software of the apparatus. An example of one of the model used is given in Figure[5.4]
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The results do not only include the thickness of the observed
film but its optical characteristics as well. In this project,
the refractive indices were only used as an indication
of the material quality since their values do not impact
directly the resonant frequency of the membranes. However,
they allowed to adapt recipes to have a correct quality of
PECVD-deposited materials. The quality of the material
was assessed by comparing the obtained refractive index to
the reference.

Air

600 nm Silicon nitride

400 nm Silicon dioxide

Figure 5.4: Example of stack provided
to the ellipsometer software

5.2.2 Curvature-based residual stress measurement in wafer using Stoney formula

Controlling the stress in a stack of material requires to take measurement of the global curvature of
the wafer at each step and compare this measurement with the preceding one to determine by how
much the stress evolved in the just-done step. This measurement procedure is explained before going
into the details of each oxidation or deposition technique that is used in the material stack.

In order to control the residual stress, the wafer curvature has been measured before and after each
manipulation with a profilometer. This curvature measurement is then used with the Stoney formula
to determine the residual stress resulting from the manipulation.

The measurement is taken with the Vecoo Dektak 150 profilometer along 5,5cm on 60 seconds gen-
erating 18 000 measuring points. The wafer is always measured along the diameter perpendicular to
the flat to ensure the comparison is approximately made between the same points since there are no
designs on the frontside of the wafer to guide the choice of the measured diameter. To ensure correct
results, the wafer must be placed on three supporting balls on the chuck of the profilometer.

The next step is the measurement processing to retrieve the residual stress. Two methods have been
used: one simply based on the maximum observed height in two consecutive measurements, the other
based on the second derivative of a polynomial interpolating the difference between two consecutive
measurements. The first method was used in laboratory for quick order-of-magnitude indications while
the second required Matlab for processing the data but allowed for higher precision.

The Stoney formula used for the quick order-of-magnitude estimation is the following :

Eyd? 1 1 (5.1)
of = - .
! 6(1 - Vs)df Rpost Rpre

where the notation stands for:
e oy, the average residual stress in the film of interest after the manipulation,
e I, the Young modulus of the substrate,
e dg, the thickness of the substrate,
e dy, the thickness of the film of interest,
e v, the Poisson coefficient of the substrate,
e R,,st, the radius of the wafer after the manipulation,

e RR,.., the radius of the wafer before the manipulation
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For rapid estimation, assuming the hypothesis R > L is
verified, the radius are approximated based on the maximal
height of the curved wafer [36]:

(5.2)

R ST
N

where, as in Figure [5.5]:

e R is the radius,

e [ is the length of the measurement,

) ) ) Figure 5.5: Rapid evaluation of the ra-
® Nyae 18 the maximal deflection of the wafer dius [36)

Using Matlab enables to access function such as polynomial fitting. Stoney formula is based on the
difference in curvature before and after the executed step. Fitting a second order polynomial on the
measurement means adapting its curvature to that of the wafer. With the same reasoning, fitting
on the point-by-point delta between the two reference measurements gives a second order polynomial
whose second order term corresponds to the curvature change. This is illustrated in Figure [5.6] for a
silicon nitride layer.

4000
The version used for Matlab processing

2000 of the data is given here : 2004 Malhaire

Eid?  d*P
6(1 —vs)dy da?

Initial curvature
— With Si3N4 layer
Delta

Fitted polynomial

of = (5.3)

-2000

where, outside of previously given pa-

Deflection [nm]

-4000 |- 1
rameters :
-6000 f 7 : : ~
e P is a polynomial function fitted
-8000 - 1 by Matlab on the delta between
measured points after and before
10000, 10 20 30 40 50 manipulation,

Position along wafer diameter [mm] e 2 is the axis along which the mea-

Figure 5.6: Fitted polynomial process for the silicon nitride surement was taken
layer on sample WF4 from following process

The stress measurements made during the process are given in Table In this table, both values
using the curvature radius estimation and the fitted polynomial method are given for comparison. It
can be seen that these values are very similar in most cases. However, for very large curvature changes,
the curvature radius method seems to be overestimating and the fitted polynomial, underestimating.
The value can be assessed to be in the range between the two given bounds. This can be seen in the
post-thermal treatment results for the nitride layer in wafer 7 and 8.

5.3 Sectional view of the membranes and process sheet

This process is meant to test the fabrication of membranes and the two stacks of material that were
the results of the simulation in section ?7. Process type A relies on using a wet thermal oxidation
whereas process type B uses an SiO2 PECVD deposition. These two process are meant to be compared
regarding the residual stress in stack, their reproductibility and their complexity. The Table [5.2] gives
the full process sheet for both type and Figure gives a cross-sectional view of the device at each
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step of its fabrication.

’ Step ‘ Process step type ‘ Type A ‘ Type B
MO | Palmer X X
M1 | Dektak 5500mm, 60s X X

1 Standard cleaning with HF bath X X

2 Wet Thermal Oxidation in Koyo 1 furnace 400 nm -

3 SiO9 deposition in PECVD Oxford chamber - 700 nm
M2 | Ellipsometer X b

4 Protective blue resist coating 3000rmp, bake at 120°C for 90s X -

5 Backside SiOs stripping in BHF bath X -

6 Protective resist stripping in Barrel (10 min from 200 to 500W) X -
M3 | Dektak 5500mm, 60s X X

7 Stress annealing in Tempress furnace 800°C for 30min, 0.5L/s N2 - X
M4 | Dektak 5500mm, 60s - X

8 SigN,4 deposition in PECVD Oxford chamber 600nm 350nm
M5 | Ellipsometer X X
M6 | Dektak 5500nm, 60s X X

9 Stress increase in the SigNy layer 404°C 2x3min 15min
M7 | Dektak 5500nm, 60s X X
10 | Aluminium metalisation of backsides in VST 500nm 500nm
11 | LPIII and backside AZMIR resist coating 4000rpm, 90°C 90s X X
12 | Lithography with designed membrane mask 200W 2s X X
13 | Lithography development and post-exposure bake 120°C 90s X X
MS8 | Lithography check on microscope X X
14 | Aluminium etching in H3PO4, 2min 30s X X
15 | Backside resist stripping in Barrel (10 min from 200 to 500W) X X
16 | Frontside protective resist coating 3000rpm, bake at 130°C for 120s X X
17 | Dicing X X
18 | Die gluing on wafer X X
19 | Deep RIE of Si layer in Oxford etching chamber Full layer | Full layer
M9 | Dektak measurement of the etched membrane X X
20 | Release of the die in acetone X X

Table 5.2: Process sheet

5.4 Stack layers fabrication process and stress control

This section details the first steps of the process that focus on making the stack of material that
compose the membranes and handling the residual stresses in each layer of material to eventually ob-
tain the 50 MPa residual stress goal. During this process, the stacks have been fabricated using only
PECVD, wet thermal oxidation and thermal treatment because of impossibility to use an LPCVD
equipment. However, a different stack could be done using LPCVD deposited silicon nitride. This
stack and potential process is detailled in Appendix [A]

5.4.1 Wet thermal oxidation

The wet thermal oxidation was performed on wafers from process A, as refered in Table [5.3

It was

done in the Koyo furnace. The aimed thickness was 400nm and the expected stress was 300MPa com-
pressive, corresponding approximately to the nominal stress in such a stack.
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Figure 5.7: Cross-sectional schematic view of the step by step process
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The results of this oxidation are presented in Table [5.3] The 402+ /-2nm thickness corresponds to the
expectations and the measured compressive stress of 300MPa after etching of the backside SiO5 layer
is also fully aligned.

5.4.2 PECVD silicon dioxide layer

Type B process relies on a PECVD silicon dioxide layer. Requirements were a 700nm-thickness and a
stress of 300MPa after deposition in PECVD chamber of the Oxford, followed by an annealing in the
Tempress furnace to reach 70MPa compressive stress. The results are reported in Table

The deposited SiOy was obtained using the Oxford PECVD chamber. The parameters for the gas flows
were 100 SiH4, 700 N20 and 1000 N2 at a pressure of 1 bar and a temperature of 300°C. To do the
annealing, the wafers were placed in the Tempress furnace at 800°C for 30 minutes under a nitrogen
(N2) flow of 0.5 L/s.

The obtained thickness was within a 10% margin, which was considered as acceptable. The measured
stress before annealing is inline with the expectations, however the stress after annealing, measured at
around 150MPa compressive, is twice higher than awaited.

5.4.3 PECVD silicon nitride layer

Both Type A and B processes required a PECVD silicon nitride (SigNy4) layer. The recipe used in the
Oxford PECVD chamber was the following : 600 sccm SiH4, 21 sccm NH3, 700 sccm N2 at a pressure
of 1 bar and a temperature of 300°C.

The results are given in Table The thicknesses are correct to 4/-10% but the measured residual
stresses in the nitride layer are lower than expected, as the nominal residual stress for stochiometric
nitride with this recipe is 300MPa tensile. The obtained 200MPa in average are below the expectations
and does not comply with the requirements of the design. When the equivalent global stress for the
full stack is computed, it falls in compressive range. The goal is to ensure a tensile residual stress and
keep it around 50MPa.

In order to compensate for this difference, a thermal treatment has been used. The tests that were
done to come up with the temperature that was used are detailed in Appendix The Tempress
furnace was used at 404°C, its minimal temperature. The wafers of Type B process were treated for 15
minutes resulting in a high tensile stress estimated around 800MPa tensile in the nitride layer. After
thermal treatment, the equivalent stress in the full stack is around 170MPa. Type A wafers have been
treated for 2 times 2’30". This allowed to increase slowly the stress to the awaited 290MPa and have
a resulting stack global stress arround 40MPa. The exact values are given in Table

5.5 Backside aluminium mask

The choice of a backside aluminium mask was made to ensure good results for the subsequent etching
whatever the chosen technique between RIE, TMAH or XeFs. When using RIE, a conductive layer
is needed on the sample and aluminium can play this role, along with the good selectivity between
aluminium and silicon during a SFg etching. If XeFs is used, the selectivity is good as well with an
aluminium mask. Also, the aluminium mask has less risk to be etched by XeFs than a SiOs mask if
some water was to be present in the chamber.

5.5.1 Aluminium backside layer

The thickness of the mask was fixed at 500nm as a trade-off between a thin mask that has a better
precision of the etched pattern since the liquid aluminium etchant is isotropic, is quicker to deposit
and a thick mask ensures that even with a non-zero selectivity towards aluminium, the mask would
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Type | Wafer Step Exp. Obt. Measured | Meas. Est. Proc.
Thick. | Thick. Defl. Film | Stress | Stress
[nm] [nm] [nm)] [MPa] | [MPa]
A WF4 Initial measurement - 387 [pm)| -1988 - - -
A WEF4 | Wet Thermal Oxidation 400 401 - SiO9 -298 -287
A WF4 PECVD SigNy 600 564.5 7891 SigNy 211 203
A WF4 Backside SiO5 etch - 965.5 -2019 FS -0.3 -0.6
A WEF4 Thermal treatment - 965.5 3848 FS 73 67
A WF5 Initial measurement - 277[pm]| 3399 - - -
A WE5 | Wet Thermal Oxidation 400 404.5 - SiO9 -230 -233
A WEF5 PECVD SizNy 600 562.5 22 338 SigNy 208 212
A WEF5 Backside SiO5 etch - 967 7276 FS 25 26
A WF5 Thermal treatment - 967 15 365 FS 76 73
A WF6 Initial measurement - 387|um]| -1499 - - -
A WEF6 | Wet Thermal Oxidation 400 402 - SiO9 -314 -306
A WF6 PECVD SizNy 600 578 8493 SigNy 208 204
A WF6 Backside SiO5 etch - 980 -1965 FS -5.8 -4.5
A WF6 Thermal treatment - 980 4652 FS 76 72
B WEF7 Initial measurement - 390 [pm)] -700 - - -
B WE7 PECVD SiO, 700 769 - SiOs -286* -294*
B WEF7 Thermal annealing 755 - -8418 SiOq -123 -130
B WE7 PECVD SigNy 300 338.5 -3804 SigNy 167 168
B WET Thermal treatment - 338.5 14 953 SigNy 847 259
B WEF7 Thermal treatment - - 14 953 FS 173 168
B WE8 Initial measurement - 276 [pm]| | -10 300 - - -
B WE8 PECVD SiO, 700 757 - SiOo -286* -294*
B WEFS Thermal annealing - 754 -2400 SiOo -111 -119
B WE8 PECVD SigNy 300 345.79 -14650 SigNy 166 180
B WES8 Thermal treatment - - 20 937 SigNy 798 254
B WES Thermal treatment - - 20 937 FS 174 172
B WEFT Initial measurement - 387 [pm)| -1135 - - -
B WET PECVD SiOq 700 855 21400 SiO9 -286 -294
B WET Thermal annealing - 850 9300 SiOo -115 -121
B WET PECVD SigNy 300 418 4479 SigNy 139 142
B WET Thermal treatment - - Broken - Broken | Broken

Table 5.3: Stack layer thicknesses and residual stress measurements, values with asterix are extrapo-
lated from another wafer of the same process
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not be completely etched but is longer and more difficult to deposit. The mask thickness by itself is
not a critical parameter and it is hence chosen for simple practical considerations.

The backside aluminium layer has been deposited in the VST with a goal thickness of 500nm. The
obtained thickness was 510nm.

5.5.2 Backside lithography with membrane mask

The aluminium mask is patterned by standard lithography. The first step is to coat the wafer with
AZMIR positive resist on the backside. The pre-exposure bake was done at 90°C for 90s. The expo-
sure parameters were 200W for 2s. The post-exposure bake (PEB) was then made for 90s as well at
120°C. The last step is development using AZ 726 MIF developper. The development is done with the
standard procedure.

5.5.3 Aluminium backside mask realisation

Once the development was done, the aluminium layer is etched to transfer the pattern from the resist
mask to the aluminium. This is done using a H3PO4:IPA 5:2 solution bath at a temperature between
55 and 65 °C. Depending on the surface to etch, the etching is stopped 15 seconds after the dispersion
of the bubbles in patterns to etch. This duration is chosen to ensure that all residues in pattern can
be etched and prevent overetching at the same time.

The quality patterns can the be controlled to verify the quality of the etching of the mask, these are
shown in Figure It can be seen that the quality patterns are well defined for thin standing struc-
tures if bigger than 1pm and thin etched gaps larger than 2pm are well defined. Thinner aluminium
lines are lifted off because of overetching. Since the membranes are large compared to these patterns,
the quality is considered good enough to guaranty the edge to be sufficiently straight. On the rough
backside, the 3, 4 and 5pm structures are well defined. The same conclusion is drawn from this.

Figure 5.8: Quality patterns a) resist and aluminium mask, b) results of the etching of the polished
backside, c) results of etching on a rough backside

5.6 Etching of the membranes

In order to allow for testing and ensure a maximal yield in this process, etching is done die per die.
This advantages the yield since the end of the etching can be adapted to each membrane size as their
aspect ratios varies.

5.6.1 Dicing of the wafers

First step before etching is to dice the wafer. To protect the membrane layer, a protective blue resist
coating is applied to the front side of the wafer and the full wafer is covered with a blue tape to keep
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the dies together once diced. Dicing is then done using a diamond tip and water for cooling. Once
diced, the dies are carefully removed from the blue tape and washed in acetone, isopropanol and DI
water before any other step to remove residues and resist.

5.6.2 Dies preparation for etching

To prepare a die for etching, it is first glued on a substrate to ease manipulation. This is done with
the following steps :

e dropping a drop of blue resist on the sub-
strate,

e placing the die on the droplet,

e placing it in a vacuum chamber and cycle
three times from atmospheric pressure to re-
move air bubbles,

e baking at 130°C for 120 seconds twice ' -
Figure 5.9: Dies ready for etching, glued with
resist on an aluminium-coated substrate
The result is presented is Figure [5.9, The substrate used is a standard silicon wafer coated with at
least 500nm of aluminium. Using an aluminium covered wafer limits the etching of the substrate itself.

5.6.3 Deep RIE of membranes

The used wafers are around 280pm or 380pm in thickness. The release of the membranes structures
is performed using deep RIE in order to maintain the form of the membrane since TMAH does not
preserve the form of the circular membranes and XeFs rounds out the square membranes. The machine
used is the etching chamber of the Oxford Plasmalab System 100.

In order to control the etching speed, the formation of grass and the end of the etching, the etching
is done 100 cycles per 100 cycles. For the last two rounds the number of cycles is adapted to limit
overetching and avoid damaging the stop layer of SiOs.

The formation of grass is very dependent of the surface condition of the backside of the wafer : double
polished wafer develop less grass than standard wafers. This grass development can be attenuated by
an additional isotropic etch step that is adapted to the wafer type : 1 second for the double polished
wafers and 14 second, the equivalent of an additional etch step, for the standard wafers. This step is
kept as short as possible to limit the loss of precision linked to isotropic etching.

The recipe used for RIE is given in Table This recipe etches 1 to 1.2 pm per cycle. The temper-
ature was fixed to -10°C on the chiller of the machine, pressure is 10 mTorr and the power used for
the plasma is 1000W for the ICP plasma and 30W for the RF one. These parameters ensures that the
chamber does not heat too much.

The results of the RIE etching gives wall slopes of about 2.86 degrees which results in the membranes
to be larger by 10pm for 100pm thickness of the die : around 30pm for the double polished 280pm-
thick one and around 40pm for 380um-thick standard wafers. The isotropic etches cause around lpm
enlargement of the membranes per use of a 14 second one, so 1pm per round. This isotropic etch is
clearly visible in Figure [5.10] taken using the SEM.
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| Step | Time [s] | SFg [scem| | C4Fg [scem] | Utility |
Isotropic etch lor 14 120 0 Reducing the grass
(double polished or standard wafer)
Deposition step 10 0 140 RIE loop passivation
Etch step 14 120 0 RIE loop etching

Table 5.4: Bosh process recipe

EHT= 2004V ‘Signal A= SESI Date 11 Aug 2021
wo= 57 mm Mag= 1.35KX Time :10:56:54.

e 20000 Signal A= SESI Date 11 Aug 2021 w o e 2008V Sonat A= ntens  Date 11 Aug 2021 ﬁ

Figure 5.10: Pictures taken in SEM showing a) the trench caused by an isotropic etch step, b) results
on double polished wafer with 1" isotropic etch steps and ¢) results on standard wafers with 14" isotropic
etch steps

The variation in thickness from one wafer to another and in surface to etch as well as in aspect ratio
causes variation in the number of cycles. The Table [5.7] gives the number of cycles for each set of dies
that was etched.

5.6.4 Die release from support wafer

The die releases are done using acetone and avoiding ultrasounds to accelerate the release to avoid
damaging the membranes. A light manual shake or a 50°C heating have been used in some case to
shorten the release time.

Once the dies are released, they are simply taken out of acetone carefully and left to dry on absorbing
layer with the membrane facing upwards. This choice was made to avoid any possible damage to
the membrane that could occur during the rinsing. The bigger membranes are particularly at risk of
breaking during release and even more during a rinse off. The main consequence of this is that it can
leave some residues of resist on the membrane. However, since it is the last step of processing and has
no real impact on the nature of the stack, it is preferred to a very high risk of breaking the membranes.

5.7 Grinding dies to reduce the impacts of etching non-idealities

Dies are grinded in this process to determine the impact of different parameters : the loss of precision
between mask and membrane due to the angle of the slopes of the etching, the thickness of the sub-
strate, the impact of several surface quality of the backside on the precision of the mask and the etching.

The process sheet for grinded dies begin at step 18 since the dies need to be diced already to avoid
using a full wafer. This choice was made to be able to have grinded equivalent membranes for each
stack since the residual stresses vary from one stack to another even in a same batch. The adaptation
of the process sheet to this alternative process is given in Table Having two process types enabled
testing two alternatives for the coating and lithography steps on these grinded dies.

The grinding step is done using the GN MPS 2R 300S Grinder. To prepare the dies, they must be
glued on support wafers so that these can be secured on the chucks of the grinder. This is done with
blue resist and two bakes at 130°C for 120s. They are glued on backside of standard wafers to increase
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adhesion and once in place, the frontside of the support wafer is covered with protective yellow tape.
This tape helps evening out the grinding since it is softer than silicon and can thus absorb part of
the vibrations. The wafers are then placed in the grinder, secured on the chuck with vacuum and the
grinder is programmed to etch them down to 150pum thick at 10um/min. After hitting the 150um
mark, it slows down to 1pm per minute and completes the etching down to 100um. The results are

presented in Table

] Batch ‘ Wafer ‘ Initial number of dies | Final number of dies Destination

1 WEFE7 7 6 2 used in process
WEFS 7 5 2 used in process
2 WF4 7 2 unusable
WEF5 7 2 unusable
WF6 4 3 unusable
3 WF4 5 4 3 used, 1 broken in coating
WF5 5 5 1 used in process
WF6 5 5 1 used in process, 2 broken in coating

Table 5.5: Grinded dies

After the grinding comes the metalisation of the backsides of the dies. This is done directly on the
same support wafer as for grinding for the process type A whereas the dies from process type B are
placed on the wafer that will be the support for lithography and etching afterwards. Every manip-
ulation of the dies alone is risky since they are very thin so their number is reduced as much as possible.

’ Step ‘ Process step type ‘ Type A ‘ Type B
18b Die gluing on wafer X X
19b Grinding 10pm/min and last 50pm at 1pm/min 100pm 100pm
20b Release of the dies in acetone - X
21b Die gluing on wafer - X
22b VST aluminium deposition 500nm 500nm
23b Release of the dies in acetone X -
24b Kapton tape covering of the die - X
25b Protective resist coating, spin coat 3000rpm X X
26b Kapton tape removing - X
27h Die gluing on wafer X -
28b Positive resist coating of the die, spinning 300 rpm X b
29b Lithography with membrane mask X X
30b | Lithography development and post-exposure bake 120°C 90s X X
M9b Lithography check on microscope X b
31b Aluminium etching in H3PO4 X X
32b Deep RIE of Si layer in Oxford etching chamber Full layer | Full layer

M10b Dektak measurement of the etched membrane X X
33b Release of the dies in acetone X b

Table 5.6: Adaptation of the process sheet for grinded dies

Process type A involves grinding the dies and then directly metalise these on the same substrate that
was used for grinding. Once done, the dies are released from the substrate. This requires to cut
the aluminium layer around the die to expose the resist manually with an exacter knive. Next, they
are simply released in a standard acetone bath, avoiding the ultrasound treatment since the grinded
dies are much more fragile than standard dies. Once released, they are placed on a Si substrate with
an 500nm Al-layer covered with blue resist using a classical spin coating before a hard bake of the
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assemblage. Once the bake is done, AZMIR positive resist can be spread manually on the die only
before being spincoated to remove any excess. This process allows to only do the lithography on the die.

For process type B, the dies are glued on the substrate with blue resist and then metalised in the VST
with a 500nm thick layer of aluminium. The die is then protected using a piece of Kapton tape for the
blue resist protective coating of the substrate. In this case, blue resist is also spin coated on the full
wafer and bake afterwards. Once this is done, the Kapton tape is removed and some positive AZMIR
resist can be applied on the die manually and spun to remove the excess.

In order to perform a lithography on a grinded die glued on a substrate with resin, the lithography
technique was adapted. To allow for a good placement of the wafer and pre-alignment with the mask,
3inch wafers are placed on a 4inch support plate. The vacuum is also better to keep the substrate
clamped to its support in these conditions. Once the wafer is approximately aligned with the mask,
it can be placed in the machine. Next, the first alignment in machine is done visually again and a
check and some correction are then applied using the camera and the microscope. The parameters of
the alignment and exposure are adapted with a gap (alignment gap and exposure gap respectively)
corresponding to approximately the thickness of the die. In this case, 100um is estimated to be close
enough to minimise the impact of such a gap on the quality of the exposure while avoiding to get the
die stuck on the mask by the positive photoresist.

The development is performed manually using a AZ 726 MIF developer bath for 90 s followed by a 5
min rinse off in DI water. The wafers are then left to dry before etching steps. The results are shown
in Figure It can be seen that, due to the exposure gap, the exposure is less clean than with a
classical lithography on a wafer. The pattern is larger, as measured in Figure [5.12] a, and the cor-
ners are rounded due to the diffraction of light through the mask. Diffraction causes variations in the
exposure doses of the borders of the pattern resulting in imperfect development as seen in Figure[5.12]b.

Next step is the etching of the aluminium maks, which is the same as presented in section The
resulting mask is here dependent on the quality of the resist pattern. Results of the irregularities in
this pattern are showed in Figure [5.13] which compares before and after aluminium etching and shows
the results seen in SEM imaging after RIE. The irregular borders of the resist pattern are transfered
on the aluminium mask causing irregular borders in the RIE process.

The etching process is slightly adapted to the grinded dies. The recipe used is the same as for the dies
from standard wafers : an isotropic etch of 14 seconds before the RIE cycles as stated in Table [5.4]
The number of cycles per round is changed according to the thickness of the grinded dies. First round
is 50 cycles. The next round of cycles is adapted based on a Dektak measurement of the results after
the first round to avoid overetching.

5.8 Results of the fabrication process

The samples resulting from the process are listed in Table for the type A process and Table for
the type B process. It can be observed that some membranes were lost due to various causes among
which the residual stresses being to high, overetching and die handling during the release in acetone.
However, most the membranes of the type A process made it through whereas none of the process type
B were usable in the end.

The type B process presents higher residual stress in the silicon nitride layer due to the longer thermal
treatment it underwent to increase the stress in this layer. This thermal treatment was then corrected
for the type A process. It turns out that such a high average stress value results in the layer being very
fragile because the stress value is an average. This means some higher local stresses can emerge and
cause its breaking once it is released from the silicon substrate. Such broken membranes are shown in
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Figure 5.11: Coating process for a) type A process and b) type B process

32b

Figure Both normal and grinded dies were etched but the impossibility to get any membrane out
of this process. After several tries, it was decided to stop using these dies and focus on type A stack
for the etching of the membranes. Further investigation and a better knowledge of the stress in the
film could help to solve the issue.

Regarding the grinded dies, the results are not as ideal as expected. The non-idealities due to etching :
the impact of the slope of the walls, the loss of precision in form during etching, the height of residual
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Figure 5.12: /00 pm membrane pattern on a grinded die a) general result and diffraction effects and
b) imperfections : rounded corners and irregular borders

e e

Signal 4= SES/ Date 27 ul 2021
Mag= 706X Time :16:25:06.

Figure 5.13: Comparison between a) before and b) after etching of the aluminium mask in a 950 pm
ciruclar pattern on grinded die, ¢) SEM imaging after RIE etching of a 400um pattern on grinded die,
the imperfections of the aluminum mask are visible in the top layer

100 pim* EHT = 2.00kV Signal A = SESI Date :27 Jul 2021
|_| WD= 9.3mm Mag= 64X Time :16:26:38

Figure 5.14: Broken membrane from wafer 7 a) crack in the film and b) rolling up of the film under
the residual stresses in it

7
20 pm* EHT= 2.00 kV Signal A= SESI Date :27 Juf 2021
|—| wD= 9.3 mm Mag= 600X Time :16:25:31
——

V 4

grass, the need for isotropic etch steps etc. are reduced. However, other non-idealities arise due to the
lithography process that requires an exposure gap and a manual development. These non-linearities
limit the benefits of grinding the dies when it comes to improving the shape of the membranes. More-
over, grinding the dies makes the dies potentially difficult to manipulate and adds numerous steps to
the process. Steps such as the gluing on support wafers with spin coated protective blue resist and
the coating with AZMIR positive resist are highly failure-prone. The solvent present in the AZMIR
resist can dissolve the blue resist used to glue the die and cause it to come off the support wafer during
spinning or baking.
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Wafer Die set Number of | Number of Usable membranes
RIE cycles rounds after release
WF4 1600 x1 - 1850 x1 380 5 0 (overetching)
WEF4 1600 x1 - 1850 x1 bis | 400+ (grass) 4 0 (shattered in Barrel)
WF4 1200 x1 - 1350 x1 370 6 1200 x1, 1350 x1
(others lost in acetone)
WF4 800 - 950 x2 362 6 800 x3, 950 x3
(others lost in acetone)
WF4 400 - 600 x2 360 5 400 x7, 600x7
(others lost in acetone)
WF4 Grinded 1600 x1 90 2 1600 x1
WF4 Grinded 1200 x1 - - die lost during lithography steps
WF4 Grinded 800 - 950 x1 100 3 800x1, 950x1
WF4 Grinded 400 - 600 x1
WF5H 1600 x1 - 1850 x1 253 4 1600 x1
WF5H 1600 x1 - 1850 x1 bis 280 4 1600 x1, 1850 x1
WF5H 1200 x1 - 1350 x1 253 4 1350 x1
(others lost in acetone)
WF5H 1200 x1 - 1350 x1 bis 293 5 1350 x2
(others lost in acetone)
WF5H 800 - 950 x2 245 5 800x3, 950 x3
(others lost in acetone)
WF5H 400 - 600 x2 265 4 400 x8, 600x8
WF5 Grinded 800-950 x1 0
WF6 1600 x1 - 1850 x1 360 4 1600 1850
WF6 1200 x1 - 1350 x1 390 5 0
(all lost to overetching)
WF6 1200 x1 - 1350 x1 bis 1200 x2, 1350 x2
WF6 800 - 950 x2 353 5 800x3, 950x3
WF6 400 - 600 x2 400 5 400x8, 950x8
WF6 Grinded 800 - 950 x1 110 3 800 x2, 950 x1

Table 5.7: Results of the type A process

All these reasons make the process substantially more complicated, time-consuming and costly for a
limited benefit in the precision of the large patterns this process uses. Since the etching non-idealities
can be reduced, it could help with more intricate patterns such as islands but solutions need to be

found regarding the lithography process.

Wafer Die set Number of | Number of | Usable membranes
RIE cycles rounds after release
WEF8 1200 - 1350 240 3 0 (residual stress)
WEF7 Grinded 1200 x1 0 (residual stress)
WE7 Grinded | 400 - 600 x1 90 2 0 (overetching)
WE7 Grinded | 800 - 950 x1 90 2 0 (residual stress)

Table 5.8: Results of the type B process




Measurements methods

This section covers the methodology used to characterize the membranes produced as in previous chap-
ter. First part covers the types of measurements that were taken. Next sections respectively describe
the sample preparation and the setups that are put in place. After the installation of the setup, the
procedures and chosen settings are explained.

6.1 Taken measurements

In order to characterize the membranes for their resonant aspect, several measurements were taken :
width of the membranes at the end of fabrication, topography and finally vibrometric measurement.

The width of the final membranes was measured to examine the deviation of this parameter regarding
the initial expected width. It will enable comparison to a more accurate model of the membrane to
discuss the results. These measurement are taken using the Zeiss Axio Imager .A2 Vario microscope
in Winfab.

The topography of the membranes is realized using the Polytec MSA-500 Micro System Analyzer probe
station. It uses the interferometric topography. This measurement enables to evaluate the curvature of
the membranes and then assess if the residual stress in the film is tensile or if its compressive. Tensile
films give flat membranes whereas compressive ones provoke buckling.

Last but not least, laser vibrometry is performed in order to evaluate the eigenfrequencies of the pro-
duced membranes and their full frequency response. The Polytec MSA-500 Micro System Analyzer
also allows to take these measurements.

6.1.1 Principles behind white light interferometry for topology scanning

White light interferometry is a technique used for determining the height and surface of an element.
It is based on the Michelson interferometer.

A Michelson white light interferometer works as follows : a white light source produces a beam that
is directed towards a semi-transparent mirror called "beam splitter". The main beam is separated in
one reflected beam toward mirror M1 and one transmitted beam towards mirror M2. The difference
between the path to M1 and the path to M2 can then be seen in the interference between the two
beams reflected on these mirors and going back to the observation point. These interferences produce
fringes and their distance from one another is an image of the difference in distance of the two mirrors
to the beam splitter. [42] This principle is illustrated in Figure a.

50
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Figure 6.1: Michelson interferometers a) general case [{2] and b) Polytec configuration [/3|]

The Polytec White-light interferometer is a specific case of a Michelson interferometer. The topology
measurement of the surface is done placing a camera at the watcher place and an object that is reflec-
tive enough at the place of the M1 mirror. The surface of the sample is then scanned by moving the
M2 mirror which is here called the reference plane. The fringes will form where the distance between
the sample and the beam-splitter is the same as the one between M2 and the beam-splitter. This is
then monitored by the camera and post-processed to give the topology of the surface of the examined
object. [43] This configuration is represented in Figure b.

6.1.2 Basics of the laser-Doppler vibrometry

The base principle of the laser-Doppler vibrometery is to read the movement of the sample from the
variation is causes in the reflection of a laser beam pointed on it.

This is performed using an interferometer to compare a
reference beam to its reflection on the sample. The sample
reflects the incident reference beam back to the mirror
that sent it. However, as the sample moves, the phase
and frequency of the back scattered beam change along
which is due to the Doppler effect. This modified beam is

BEAMSPLITTER |

superposed to the reference one inside the interferometer
and modulates the signal. This signal is then read by a
photodetector and post-processed to display the movement
of the sample. To discriminate between a positive and
a negative displacement, a pre-shift, here applied by the
Bragg cell, can be added to the reference beam hitting the
sample. The information contained in the back scaterred
beam is now read relatively to an expected frequency shift
and provides thus information on the movement direction.
|44, [45] The principle is illustrated in Figure [6.2]
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Figure 6.2: [llustration of the princi-
ple of laser-Doppler vibrometry [45]

In the Polytec, this measure is performed on each point of a defined mesh for a given signal of actua-
tion of the test object. The combination of all these points allow to reconstruct the displacement and
velocity of the whole sample visible structure.

6.2 Sample preparation

The membranes are actuated by a piezoelectric disc that vibrates under the signal sent by the Polytec.
This piezoelectric disc is wired to the machine by soldered wire to either faces of the disc. This disc is
glued on a plate that gets secured to the adjustable support of the Polytec set up.
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The disc is prepared first. It is glued on a plate and wires are added on its conductive surfaces for
actuation. The same Epotec conductive glue is used for all of these operations. Next, the assembly is
placed in an stove at 120°C for at least 10 hours for the Epotec to cure.

Once the disc is ready, the membranes can be fastened to the disc with different glues. This choice
was a trade-off between some advantages and inconveniences of each possibility :

e Epotec glue : This conductive glue is normally used for soldering and gluing together elements.

The Epotec glue requires curing at 120°C for several hours before use. It can be removed using
simmering water.
In this case it is used for the soldering of the wires to the disc and was also tried for gluing the
dies with the membranes. However, the later usage levered some inconvenience for the sample
measurements of this project : it was difficult to ensure the full die had enough adhesion to the
piezoelectric disc and that the glue would not damage the membrane at the same time since it is
thick and requires to apply some pressure on the die to create adhesion. The choice of this glue
was discarded after some testing on dies from other projects.

e Pattex Mini Trio : This glue is more liquid than the Epotec, so that less pressure is needed to
be applied on the die, it allows to ensure good fastening of the dies to the disc and there is no
need for curing. Main inconveniences of this glue are that it can be stripped with acetone but it
is a slow process and its low viscosity generates more capillarity. This means that if too much
glue is applied it can end up touching the membrane.

This was used for gluing the dies of most samples.

e Resist : Replacing the glue with some resist allows to ensure good fastening, fast curing of 2
minutes at 130°C and easy stripping in acetone. This was used in order to allow to strip the
gluing layer to allow for reprocessing of the membranes. Main problem of this technique is the
uncertain behaviour of the resist during and shortly after the curing. First hypothesis is that
the resist can degas and cause pressure on the membrane. Second is that the curing can be
incomplete and cause stresses or deformation that could slowly release themselves as the resist
can still move.

This was used for the samples of wafers 4 in set B.

Different plates were also used : a metal one and glass ones. These were selected to support the curing
of the glue to fasten the disc on the plate and the wire to the disc with Epotec.

The Table gives the exact sample preparation for each membrane set. The sample are illustrated
in Figure

] Sample serie ‘ Set composition ‘ Plate ‘ Glue ‘ Curing ‘
A WF5 1600 x1, (1350 x1), metal Pattex -
800 x2, 950 x2, 400 x, 600 x
B: WF4 1200 x1, 1350 x1, glass | Blue resist 120°C
800 x, 950 x, 400 x, 600 x for 3min

C: WF6 1850x1, 1350x1 glass Pattex -
D: WFb 1850x1, 1350x2 glass Pattex -
& WF6 1600x1, 1200x2

E: WF4G 1600x1, 950x1, 600x2, 400x2 | glass Pattex -
& WF6G 800x1, 950x1

Table 6.1: Sets of samples
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Figure 6.3: Samples on a) metal and b) glass plates

6.3 Measurement setups

This section describes the set-ups that were put in place for the measurements in the Welcome labo-
ratory facilities. Both use the Polytec MSA-500 Micro System Analyzer measurement set up.

6.3.1 Set-up for topography determination

To make a topographic measurement, an interferometric
set up is used. It is put in place using the Poly-
tec MSA-500 Micro System Analyzer microscope with
its laser, an interferometric lens and a goniometer. The
full set up ready for measurement is displayed in Figure [6.4]

The chosen interferometric lens has a x2.5 zoom. This lens
is fixed on the microscope and set on the interferometric
mode.

Under the microscope, the samples are placed on the
goniometer. This helps to orient the samples in order for
the dies to be as flat as possible. Each die can have a
different inclination since the glue layer can vary from die
to die so this part of the setup must be adapted before
each measurement. The die is considered flat enough when
the fringes of the diffracted beam can be seen distinctively.
The difference between fringes that are too close versus
fringes that are correctly placed is displayed in Figure [6.5

Figure 6.4: Set up for topology mea-
surements of the membranes

6.3.2 Polytec setup for a vibrometric measurement

Once ready the samples are placed and secured on the Polytec set up. Tape is used to fasten the
samples on the chuck. This prevents the vibrations induced in the piezoelectric disc from making the

sample move out of camera sight or focus.
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Figure 6.5: Adjustment of the angle of the goniometer a) before : fringes can not be distinguished, b)
after : fringes are well spread

The right objective is chosen for laser-Doppler vibrometry and placed on the microscope. The zoom
can be chosen to be adapted to the membrane size. The larger one can be handeled with a x5 zoom
and the smaller ones with a x10 zoom.

The wires of the piezoelectric disc are wired to the Polytec vibrator auxiliary using cables with probe
or crocodile ends. Securing the cable to the platform around the measuring area is needed to avoid
pulling on the wires and damaging these or the soldering to the piezoelectric disc. Additional length
of flexible cable can be soldered to the small wires to reduce the stress put on the soldering even
more. The generator and the velocity analyser must then be switched on as well as the laser and the
microscope. This set up is visible in Figure

Last comes the positioning of the membrane to measure and the laser : the membrane is placed
so that it is centred on the display of the microscope, the focus is set on the membrane and the
reference laser beam can then be moved to reach a point near the edge of the membrane but clearly
on the die. The goal of this reference beam is to offset the movement of the die and the supporting disc.

6.4 Topology of membranes

Topology measurement of the membranes is used to determine the curvature of the membranes. These
measurement are taken with the Polytec white light interferometry system and associated program.
This section describes the procedure for taking a topographic image of the samble once the setup is in
place and the post-processing that is done to extract the final image.

6.4.1 Procedure for topology scanning

Once the goniometer is well adjusted, the Polytec’s topography measurement system (TMS) software
can be set up. In the measurement settings window, the right zoom must be indicated. The precision
is also chosen here. The more precise the measurement, the longer the scanning.

The region of interest is defined arround the membrane to measure. A sufficient amount of die space
must be included in the measured region. This is used in post-processing to level out the measurement.
To visualise better the region, contrast enhancement can be used.

Next, the start and end points of the scan can be determined. To do this, the measurement position
is set to zero and focus is changed to have the fringes centered in the region of interest. The fringes
are then moved using the software to actuate the mirror in the interferometer. Once the fringes are
just out of the region of interest, the displacement of the mirror can be stopped and the setting can
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Figure 6.6: Polytec Set up for vibrometric measurement: here the cable has crocodile ends and is
fastened to the edge of the chuck, the metal plate secured to the platform, the piezoelectric disc glued
on the plate, the zoom and the laser are adjusted above the sample.

be saved as either start or end point. At this moment, configurations can be added for redundancy in
the measurement.

Lasts settings determine the exposures and threshold for the measurement. The highlight pixel let the
user to visualise the pixels that can be measured or are over ranged. The exposure and threshold can
be defined individually for each of the configurations. To chose these settings, the intensity of reflection
display is used. In order for the object to be measurable, the reflection intensity must range between
the 100 and 200 limits indicated on the graph. This can be changed by varying the exposure time and
the threshold. Last step is simply to start the scan.

6.4.2 Post-processing and artefacts

Once the measurement is taken, the data must be post-processed to obtain the final image. The first
step is to level out the measurement. To reach this goal, a linear regression filter is applied on regions
that are on the die, outside the membrane. This is based on the hypothesis that the die is sufficiently
flat.

First, some masks boundaries are placed on the die surface in the scanned region. Next, the region
outside the delimited spaces is masked and the linear regression filter is applied. The masked region
is then unmasked. This levels the die surface out. Last, the automatic range box is unticked and the
boundaries are adapted to the new levelled measurement to have a clear measurement of the mem-
brane. Some defects can be left out of range for more readability.

Last, a filter can be applied to reduce the impact of artefacts and interferences. In this project, either an
averaging filter on 5 to 10 points was used or a Gaussian low-pass filter are applied to the measurement.

To analyse the measurement, the obtained profile is compared with the reflexion intensity chart. Since
this measurement technique depends partially on the reflectivity of the structure that is examined, a
brutal change in it can generate artefacts.
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6.5 Vibrometric measurement

The vibrometric measurement was done using the Polytec and more specifically the Polytec Scanning
Vibrometer (PSV) software. This program is named PSV measurement. The next sections describes
how measurements are taken and how the parameters are chosen.

6.5.1 Procedure for measurement taking

Once the setup is in place, the measurement is taken using the laser and the vibrometer of the Polytec
and comparing the data coming from the scanning beam to the ones from the reference beam to extract
the movement of the membrane.

First step to a scan of a membrane is to verify the alignment of the reference beam. To ensure correct
processing of the data, the 2D alignment feature enables to position reference points. Here it was chosen
to work with five points, one at each corner of the membrane if square or the inscribed square if circu-
lar and one at the centre. The 3D alignment is ignored in this case as displacement are extremely small.

Upon taking the actual measurement, a virtual mesh needs to be fitted on the membrane to determine
the points that will be measured during the take. The mesh should be fitted on the membrane and can
be sized and oriented to ensure full coverage. This is, however, easier done for a square membrane if
it is aligned with the microscope camera. The size of each step in the mesh can also be adjusted with
a trade-off between precision and number of points on one side and duration of the scan on the other.

Next step is to determine the A/D characteristics of the measurement and the generated signal that
will actuate the piezoelectric disc: the bandwidth, the number of FFT lines for precision, measurement
type for velocity and displacement, waveform, waiting time between signals, amplitude, offset, limits
of the output voltage and enabling or not of amplification.

Last, the generator is set to active and the scan can occur.

6.5.2 Settings choices

This section explains the choice of parameters for the A/D characteristics of the scans in this project.
It covers the bandwidth of the measurement and filtering of the received signal but also the type of
signal that is sent to the piezoelectric disc for actuation.

The frequency bandwidth and the fft lines define together how many frequencies will be measured. In
this work, the frequency bandwidth was taken as 1kHz up to 1MHz in order to cover the region of the
expected first mode frequencies. The number of fft lines was pushed to the maximum for precision:
12800.

The actuation signal is chosen to be a periodic chirp to explore a wide range of frequencies. Its ampli-
tude is set to 20 V peak to peak, between -10 and 10 V. This requires to check the box for amplification.

Table of the taken measurements and parameters in appendix.

6.6 Set of scans and choice of parameters to analyse

This section summarises the measurement strategy that was applied in this master thesis to guaranty
for quickly exploitable results. The composition of the measured sample is first reviewed before moving
on the type of measurements taken and the strategy behind those.
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Regarding sample set choices, the measurement that drives the decisions is the vibrometric measure-
ment, as resonant frequency is the main parameter of interest in this project. The samples membrane
sets are composed to present at least one die of each available design for each of the wafers. First,
for non-grinded dies, most of the membranes sizes were available for each wafer. Some are present
in several exemplars but the chosen strategy here is to measure as much different sizes as possible.
The goal here is to enable comparison with the models and simulations. The membrane sets for each
sample are detailed in Table

Concerning grinded dies, there were only four available dies. All of them have been measured. The
initial goal was to measure a full square membrane set from 400 to 1600 pm side length from one of
the wafer i.e. WF4. To allow for a comparison across all wafers, one die with 800 pm membrane was
fabricated for WF5 and WF6. The comparison here will be indicative and done between only two
wafers due to failure during the etching of the WFb5 die.

Before the vibrometric measurement, the membranes are scanned for their topography to determine
their curvature. This measurement’s purpose is to check for any curvature or other problems that
could arise during the sample preparation such a glue on the membrane. This gluing done can occur
because the capillarity inside the membrane allows it to climb up to the membrane. If the membrane
is fastened down to the sample PZT support, it can be easily detected with a topographic measurement.

The vibrometric measurement is done next. This order is chosen because the set-up for vibrometry re-
quires more time for its proper installation and check for correct membranes to measure before actually
measuring them can avoid measuring membranes that are not comparable to the models. However,
modifying the order between topography and vibrometry does not impact the measurement quality.

Some gluing techniques can have impact on the dies because they require a curing in a oven. This curing
modifies the gluing material and can provoke several phenomenons. In case of unexpected measure-
ment looks, the full measurement procedure can be repeated to determine if these effects are temporary.



Results and discussion

This chapter presents the results of the full fabrication process. It compiles the results of fabrication
and post-fabrication basic characterisation to the topologic and vibrometric measurements. The tech-
niques used for the post-fabrication characterisation, the topology determination and the vibrometry
are described in Chapter [6]

First, the results are reviewed directly in sections[7.1]for topology and section [7.2] for vibrometry. They
are discussed regarding their relevance and the analysis that was made to extract the parameters of
interest is explained. The main axes are the comparison between results themselves and the potential
hypotheses for some out-of-range measurements that were taken. After this first hand discussion, sec-
tion [7.4] proposes a comparison with theoretical models, simulations and state of the art. This section
discusses the results relatively to what was expected. Last section examines opportunities for further
improvement of this work regarding the previous discussion. It also makes a link back to the applicative
context of this project.

7.1 Topographic results analysis

Before reviewing the obtained frequencies, the membrane topography is analysed. The first thing is
checking the consistency of the measurements and locating optical artefacts to identify them. Next,
each of the measurements could be reviewed. The analysis is performed as follows: first step is to
take the measurement axis along the direction of the residual fringes to avoid these artefacts in the
measurement. The second is to locate the artefacts due to the change in reflectivity of the surfaces.
Last step is the extraction of the potential curvature of the membrane to determine whether it is in
tension or if it shows buckling due to compressive residual stress or any other pressure that could be
different under the membrane than the atmospheric pressure.

The check for optical artefacts begins before the scanning
occurs when verifying the reflective intensity. An abrupt
change in intensity can systematically be noticed at the
membrane borders. This is illustrated in Figure and
that show respectively the measured membrane and
the intensity of the reflection. In Figure[7.2] the membrane
can be identified as the less reflective region with the fringe
crossing it. The edge of the die can also be seen, with a
close to zero intensity.

Figure 7.1: Membrane during topol-
09y measurement

o8
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Figure 7.2: Intensity of the reflection corresponding to the membrane from Figure|7.1

In the measurements, the artefact
caused by reflective change can be
seen in the scan display as the darker
border around the membranes as in
Figure The full membrane is
also shown as being globally higher
than the other parts of the die due
to the reflectivity of the film on
substrate being different than that
of the film in air. Other artefacts
are also present in the form of visible
fringes. A more correct measurement
is simply obtained by taking the pro-
file along a line parallel to these fringes. Figure 7.3: Topology results of a 600 uym diameter mem-
brane

Next, the height is extracted using the step measurement included in the Polytec TMS software. The
height measured between the global membrane and the rest of the dice was consistant at around 700
nm and the height of the borders of the membranes are systematically close to 1 pm. This corresponds
to the thickness of the film and the same type of reflection loss region at the membrane edge that can
be seen in Figure [7.2]

Membrane | Step | Max. Deflection

[n] [nm)] Regarding the curvature of the membranes, every
WF4 measurement for wafer 4 samples can be found in
400 742 40 Table Most of them present curvatures too
600 631 <10 small to be discriminated from the present noise.
800 621 <10 They are indicated with maximum values in the
950 601 <10 table. Only the 400 and 1350 membranes showed
1200 693 <10 higher values and the most alarming was that of
1350 1327 165 the 1350pm membrane as it exceeds 1% of its side

length.

Table 7.1: Topology measurements of mem-
branes from wafer 4

These measurements were taken to allow for a better knowledge of the membranes, especially in specific
cases such as that of the membranes glued with blue resist on the B sample. It also allowed to confirm
that some membranes got partially glued to their edges. This is the case of the 1350pm membrane of
wafer 5. This membrane was kept in the sample because its gluing remained small enough to still have
an interesting measurement. This is shown in Figure [7.7]
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Figure 7.4: Profile line of the curvature measurement of the 400um square membrane from wafer 4
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Figure 7.5: Profile line of the curvature measurement of the 1350um circular membrane from wafer
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7.2 Laser vibrometry results for standard thickness dies

This section presents the results that were obtained using the Polytec laser vibrometry and how they
were analysed to extract the resonant modes. Before moving to the die per die analysis, some general
observations can be made regarding the global look of the spectrums from Figure [7.10] [7.11] and [7.12]
On the curves, the red round markers indicate each new detected mode shape. The exact values for
mode 1 frequency are given in Table along with the measured values of the design parameters :
stack thickness, width of the pattern and residual stress.

First of all is that all of these spectrum present strong response around 100kHz. This is identified as
a resonance of the die-PZT-plate system rather than the membranes in most cases. It can be an issue
for membranes with expected resonance frequencies close to these frequencies. Most of the time, it
could still be discriminated thanks to the camera view available on the Polytec setup and the display
of the modes on the PSV software.

Second is that the most clean form of the mode do not always show the highest amplitude. This can be
due to the measurement type : the periodic chirp is composed of a discrete set of frequencies. Hence,
it happens sometimes that the measurement is taken right next to the best expression of the mode,
resulting in a lower amplitude.

The last general observation that can be made is that these measurements are analysed and displayed
with an amplitude chosen to be the speed of the membrane. This also reflects the kinetic energy of
the membrane. It it easier to locate the modes as they have much higher amplitude than the noise
around them. Using a distance based measurement is another possibility but at large frequencies,
the displacement tends to be very small even though the kinetic energy is high. This makes modes
difficult to locate in a displacement-based plot. Such a displacement plot is displayed in Figure
for illustration. It can be seen that the distances are measured in nanometers and that the strongest
resonant mode merely reaches a third of the maximal deflection at the lowest frequency, here 1kHz.
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Figure 7.6: Displacement plot of the vibrometric measurement of the 1600um membrane from wafer

5

7.2.1 Double side polished wafer - Wafer 5

The analysis of the measurements starts with the wafer 5 as it is the simplest to analyse. Measure-
ments, except for the 1850pm membrane, show a readable amplitude. Regarding the largest circular
membrane, the degradation of the scan quality could be due to residues of organic material that got
stuck on the die during a manipulation to retrieve it from the broken piezoelectric disc.

Membrane by membrane, the 1600pm spectrum shows a first high spike that corresponds to the first
mode at 70.3kHz. The second is the mode 12 or 21 in a diagonal fashion on the second peak at
89.8kHz. This mode shows higher speed and higher displacement if the spectrum is compared with
Figure This is in contradiction with the classical assumption that first mode is the strongest.
Around 100kHz, the numerous spikes are not pure modes as the die itself moves a lot. The three
other indicated modes correspond to the 13 (or 31), 23 (or 32) and 33 mode shapes. The highest spike
is the 14 (or 41) mode. The comparison with the displacement chart in Figure helps here to un-
derstand that even though this mode has high energy, its displacement is smaller than the lower modes.

Other spectrums can be analysed the same way. The larger membranes all show the same tendency to
have lower energy in mode 1 than in mode 12 or 21. This is less true for smaller membranes. It can
be seen that 400 and 600pm membranes have much larger mode 1 than the rest of their modes.

Regarding the first mode resonant frequencies, they follow the model and simulation results within a
5% margin for the square membranes. The circular ones are also close to the expected values within
a larger 10% with an exception for the large 1850pm membrane that is 20% below the awaited first
mode resonant frequency. The measured first mode frequencies are in general slightly lower than the
theoretical previsions for the large membranes. This can be linked to the damping that is not taken
in account in these models and simulations. It can be observed that this effect is not as strong as the
multiphysics simulation predicted it. This indicates that there could be an issue with the simulation.
It can also be observed that the larger stress, the broader patterns and the slightly thinner stack seem
to compensate for each other and balance out the effects that one of these change alone could provoke.

As explained in section the 1350pm mem-
brane is a special case : the accidental gluing of
the membrane to the edge from the backside nar-
rowed the surface but did no stop it from resonat-
ing. This explains why this membrane is showing
a higher mode 1 frequency than what the model
predicted. The glue can clearly be seen, in the
bottom right corner, as the stripe in Figure [7.7]
showing the first mode of this membrane.

Figure 7.7: 1350um membrane from wafer 5,
partially glued
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7.2.2 Dies from standard wafers 4 and 6

Spectrums of wafer 4 and 6 show the same tendency regarding the lower first mode energy for large
membranes and higher for smaller ones. However, some differences must be noticed.

The spectrums of wafer 4 in Figure show way lower speed than those of wafer 5 in Figure [7.11]
Yet the spectrums present clear spikes at the modes. The disturbance around 100kHz can also be seen
in these curves.

The spectrums of wafer 6 also show very low speeds over all frequencies. This means the displacements
are very small at all modes. The die displacement and the noise appear thus stronger and can create
confusion or even supersede the modes of the membranes. It is the case in the 1200pm membrane where
Figure [7.12] shows only one mode. The other ones could not be identified. Since these membranes are
glued using the same Pattex glue as those of the membranes of wafer 5 that present modes closer to
the models, several hypotheses are proposed but none could be verified as it would require to fabricate
more membranes :

e stresses induced by the curing of the glues when preparing the samples could impact the stress
in the membranes

e large amounts of grass residues are visible on wafer 6 membranes, these could impact the vibro-
metric measurement as they change the reflection of the surface

e the grass piles could directly influence the deflection and the resonance frequency as these change
locally the rigidity of the membrane

e because the membranes are very fragile once released, they were not rinced in isopropanol and
water after release, this makes it possible for more organic residues of the resist to stay on the
dies, this could further impact the quality of the measurement

The values from wafer 4 follow the same tendency as wafer 5 for the small membranes : they are
close to the analytical expectations. However, the larger ones, here 1200pm side and 1350pm diameter
respectively, show much lower resonant frequencies than what they were designed for. The dies here
are thicker, which causes the membranes to be a little larger than those of wafer 5, by approximately
10pm. The measured stress is also lower by 6MPa. However, since the small membranes remain very
close to the theoretical previsions, these small effects can not explain by themselves the gap between
expectations and reality for these two membranes. The topology measurement showed a curvature
that was higher for the 1350pm membrane so an effect that is linked to external stress impacting the
membrane could be present. This could be anything such as a gas from the resist used to glue these
dies that remains trapped underneath or stress caused during the curing and the following cool down.

The change of density inside the resist during the curing time and the residual stresses inside that resist
could induce such stresses. A complementary experiment reproducing this gluing technique should be
done to check on this hypothesis.

In the case of wafer 6, most membranes show resonant frequencies ways lower than expected, except
for the smaller ones. Here, the curing of the glue used should have no thermal residual stress impact as
Pattex glue cures in seconds at ambiant temperature. This should thus have another origin. It could
still be linked to the curing changing the density of the glue but this glue was used the exact same way
for dies of wafer 5 and no frequency change was observed. Another observation can also be linked to
lower frequencies in this project : the presence of grass piles on the membrane.

The residual grass piles are more present on the dies of the wafer 6 than on those of the wafer 4
because the numerous RIE etching steps that were performed in the Oxford Plasmalab gradually made
the etching chamber dirty. This is caused by accumulation of teflon layers inside the chamber. During
fabrication, it was noted that the backside of the support wafers was more and more dirty after the
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etchings. Some teflon that deposit on a small area in a layer that is too thick can provoke micromasking
inside the etched pattern. This tends to happen more in dirty chambers and on rough backsides. Since
the overetching is minimised to preserve the membrane and the slopes are very straight, these can not
be underetched and removed easily. This results in large grass piles such as shown in Figure [7.8 The
membranes presented there are 400pm and 600pm large but more of such piles can be found in larger
membranes as it tends to be localised at the centre of the membrane.

L0 EHT= 20067 Signat A= intens Date 111 Aug 2021 100um° EHT= 200KV Signal A= intens Date 111 Aug 2021 Signs1 4= intens Date 11 Aug 2021
[ Mag= 155X Time 11:35:23 — WD= 37 mm Mag= 107 Time 11:5823 - Mag= 543X Time :11:40:15

Figure 7.8: SEM images of the grass piles in membranes of wafer 6 a) 400um square membrane b)
600um circular membrane and c) close up

The frequency values that can be seen in all measurements that are off the expected value by a large
margin can all be linked to membranes showing more grass piles as indicated in Table[7.2] The Figure
here below illustrates this for the wafer 4 : the 400 and 800pm membranes show no piles or only very
sparse ones whereas the 1200pm one shows lots of these.

The exact way these grass piles impact the resonant frequencies of the membrane remains to be
determined and would require more experiments and reprocessing of some of the samples to remove
these grass piles. However, several hypotheses can be made, based on the fact that the mode 1 frequency
is lowered. They are proposed here for further investigations :

e Etching is stronger around the grass piles and causes the membrane to be thinner. However, this
would mean the residual stresses are higher as the stop layer is the compressive silicon dioxide
layer.

e The localised position of these piles has sufficiently low density to have a very small impact on
the membrane properties but the additional weight of these long piles that can reach more than
100pm could be sufficient to change the resonant frequencies and the maximal deflections.

e Stress concentrations around the grass piles could also change the visible modes.

Figure 7.9: Comparison of the membrane state for grass piles for square membranes of the wafer 4
a) 400um b) 800um c)1200um and d) grass from the backside of a membrane
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Membrane | Membrane | Measured | Total residual Expected Measured Grass
thickness | side/diam. stress Mode 1 Freq. | Mode 1 Freq. Piles
[nm] [nm] [MPa [kHz| [kHz| -
WF4
1200 965.5 1252 67 97 40.6 Dense
800 965.5 860 67 147 148.4 Very sparse
400 965.5 428.5 67 304 310.9 No piles
1350 965.5 1402 67 78 46.9 Dense
950 965.5 1001 67 138 137.5 Very sparse
600 965.5 628.92* 67 312 218 Dense
WF5
1600 967 1625* 73 73 70.3 No piles
800 967 825.93 73 147 152.3 No piles
400 967 435.42 73 304 288.3 No piles
1850 967 1844.701%* 73 50 40.47 Sparse
1350 967 1386.9 73 78 89.11 ** No piles
950 967 972.659* 73 138 139.8 No piles
600 967 637.26%* 73 312 288 No piles
WEF6
1600 980 1640.38 72 73 22.19 Very dense
1200 980 1253.05 72 97 28.0 Very dense
800 980 841.81 72 147 104 Dense
400 980 447.199* 72 304 300.62 Very sparse
1850 980 - 72 50 28.1 Very dense
1350 980 1383.5%* 72 78 45.3 Very dense
950 980 990.15 72 138 67.19 Very dense
600 980 648.44* 72 312 296.88 Very sparse
Grinded

WEF4
1600 965.5 1620.98 67 73 58.05 No piles
800 965.5 831.78 67 147 40.47 No piles
400 965.5 428.49 67 304 312.5 No piles
950 965.5 975.66 67 138 75 No piles
600 965.5 626.08* 67 312 232.89 No piles
WF6
800 980 817.04 72 147 138.98 Very sparse
950 980 970.83 72 138 113.44 No piles

Table 7.2: General results for first mode resonant frequency, width measurements marked with * are
taken using the Polytec and are thus approrimations, the frequency marked ** was measured on a
partially glued membrane
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7.3 Vibrometric exploratory measurement of resonant frequency for
membranes on grinded dies

This section presents the spectrums obtained for the membranes etched in grinded dies. They can be
found in Figures for wafer 4 and for dies from wafer 6. These measurements are exploratory
as no comparison can be made across more than two membrane sizes for the circular design or across
all wafers for any membrane size. The measured membranes are 1600pm, 800pm and 400pm square
membranes from wafer 4, 950pm and 600pm circular ones from wafer 4 and 800pm square and 950pm
circular designs from wafer 6. This section begins with some preliminary general remarks on these dies
and the measured parameters available in Table [7.2]

These dies are approximately 100pm thick. This makes them difficult to handle and to glue on the
piezoelectric discs. Some of the membrane could thus touch the glue or dies could be badly glued. Two
of those from the 800um and 950um die of wafer 4 even broke during manipulation.

The same die disturbances around a little more than 100kHz can be seen in the spectrum. These tend
to be relatively larger on grinded dies compared to standard dies. This could be directly linked to the
more difficult manipulation of the dies during sample preparation, leading to the dies being poorly
fastened to the piezoelectric disc compared to the full thickness ones.

Comparing the first mode frequencies, it can be seen that even though some show very low frequencies,
others are very close to the expectations. The amplitudes are quite small but most of the modes can
correctly be identified.

7.3.1 Grinded dies from wafer 4

The 1600nm square design shows some glue touching the membrane and fastening it to the edges. It is
illustrated in Figure[7.13|a. This reduces the amplitude that can be attained in terms of displacement
even if the membrane is fastened and thus the amplitude of the measured speed signal is lowered. This
still does not totally explain totally the low frequency that is measured. Another thing to note is that
the measurement is very irregular even if the membrane shows no grass piles as illustrated in Figure
b. This could be linked to the teflon residues covering the die as can be observed in Figure
a. This is not confirmed yet and would require further experiment for confirmation.

It can be seen in the Grass piles column that these die are almost totally spared from this phenomenon.
However, the frequencies are lower than expected. Only the 400pm shows a frequency within a 10%
margin. The membranes are larger than what is designed due to the lithography imperfections. How-
ever this is not sufficient to explain the largest differences.

The two membranes showing the lowest frequencies are
the 800pm and 950pm ones also show an irregular film.
This film is depicted in Figure Such irregularities are
linked to local stress concentrations inside the film or to
buckling. This would explain why the frequencies are so
much lower than what was awaited. Still, the modes from
the 950pm membrane are very clear on the measurements,
even with higher ones such as the 41 mode with 4 nodal
circles and one nodal diameter.

Figure 7.14: Irreqular membrane film
from 800um square membrane from

wafer 4
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Figure 7.10: Spectrums obtained from membranes of the wafer 4 with the identifiable modes indicated
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Figure 7.11: Spectrums obtained from membranes of the wafer 5 with the
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Figure 7.13: a) Glued corner of 1600um membrane from wafer 4 grinded die and b) irreqular look of
the measurement

Regarding the smallest membranes, the 400pm membrane is totally
in line with the expectation. The 600pm circular shows lower first
mode. This is closer to what the Comsol simulations show but in
contradiction with what could be observed on the other dies. To find
the cause of this lower frequencies, further experiments would also be
needed.

Figure 7.15: 41 mode of
the 950um membrane

7.3.2 Grinded dies from wafer 6

The two dies from wafer 6 show low amplitude in their spectrum but this could be because these mem-
branes are relatively small. They also show very little grass piles. Their first mode resonant frequency
are relatively close to the predicted one. The error margin is still higher than for the non-grinded dies.

Observing the 800pm membrane measurement, it can be noted that only two modes could be identi-
fied. This is due to large die disturbance that make it difficult to distinguish correctly between a real
membrane mode and a vibration affecting the whole die.

The spectrum of the 950pm membrane is quite busy and shows a lot of pseudo-modes linked to the
membrane moving along with the die. However, the spotted modes are well defined, even the higher
ones, the same way as the ones from the other 950um circular membrane from grinded dies.

7.4 Results comparison with analytical models, design parameters
and simulation outcomes

The following paragraphs propose a comparison of the results from the measured membranes to the
models and simulations that are used in Chapter [4] for the theoretical approach. The main objective is
to determine whether the chosen or proposed models are relevant enough and how alignment between
fabricated devices and theoretical models could be improved.

The first comparison is done regarding the used parameters for design : thickness, width, internal
residual stresses in the stack and first mode frequency. The second is based on the modes that can be
observed in reality versus in simulation. An important point to note is that all these comparison are
done with the mutlilayer in vacuum Comsol simulation. The simulation including the damping gives
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much lower expected frequencies and no membrane was found to be in line with these expectations.

7.4.1 First mode comparison between analytical models, Comsol simulation and
real measurements

Figures and show the design curves that were used and the frequencies obtained with the
Comsol simulation as in Figures [£.23] and [£.23] compared with the frequencies obtained with the fab-
ricated membranes. The experimental datapoints only reflects the full-thickness dies in these graphs.
Generally, it can be seen that the membranes that do not suffer from grass piles effects follow the
awaited tendencies. It is less clear for the circular model than for the square one because no grass-pile-
free membrane of 1850pm could be measured. Yet, based of the other points, the general look is close
to the prediction.

The square grass-piles-free membranes follow the models almost perfectly. Their mode 1 frequency
tends to be slightly higher than the expectation for the smaller ones. This behavior is closer to the
Comsol FEM simulation than to the model. The error margin still remains very small. Regarding those
with grass piles, it can be seen, by comparing the three 1200pm membranes, that their impact on the
first resonant frequency seems to be correlated with their observed density. This could correspond
to the same behavior as the membranes with islands used for sound wave absorption whose mode 1
resonant frequency is modified by the distance between the islands and tends to be lower for closer
islands [46].

The circular membranes show less clear behavior. The mode 1 frequencies for the membranes that
present no grass piles seem to be closer to the proposed model for the smaller membranes but closer
to the Comsol simulation for the larger ones. The proposed model, even if it gives a good idea of
the order of magnitude, is confirmed to overestimate the impact of the diameter of the membrane. It
should be revised before being used further for design.

The membranes impacted by grass pile at a high density tend to follow a curve with the same general
look but simply shifted downwards. The same considerations regarding the density of the grass piles
can be made as with the square membranes. Modelling these could be attempted by changing the
density of the material to simulate the presence of the weight of the grass piles. As a higher density
lowers the resonant frequency, charging the membrane with additionnal mass without modifying its
properties otherwise would produce approximately the same effect. This could be compared to the
effect of seismic mass in membrane-based accelerometers.

7.4.2 Higher modes comparison with Comsol simulation

Regarding the higher modes, the values have not been thoroughly extracted from the theoretical mod-
els but a comparison with Comsol can be made. It is done here for two membranes that are in line
with expectations for their first mode resonant frequency : 800pm square and 950um circular from
wafer 5.

Comparing the mode shapes that appear in the Comsol simulation and those that can be found during
the measurements of the real membranes is done in Tables [7.3] for the square design and [7.4] for the
circular one. The Comsol simulation always gives the same sequence of mode shapes as it can be seen
in Tables [4.6] and [£.7] These can be found in Figures and for illustration. In the case of the
fabricated membranes, the modes that could be located do not always follow the same sequence as
some of them are covered by the die disturbances or simply inhibited by the grass piles or any other
external residue. The frequencies obtained for these higher modes are in agreement with the simulated
ones with a slightly growing error margin as the modes gets higher.
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Figure 7.18: Comparison between the model used for design, the FEM simulation results in Comsol
and the fabricated membranes for the square designs
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Another phenomenon that must be noted is the superposition of square and circular modes for the
lowest ones in square membranes with rounded corners. It is the case with the 800pm membrane from
wafer 5 that presents a circular 10 mode, with one nodal circle and zero nodal diameters and this
phenomenon could also participate in the lowering of the first mode of the membrane.

Mode shape | Comsol | Real
[kHz| [kHz|
11 168.5 | 152.3
Circ.10 - 172.7
12 267.0 | 265.6

21 267.2 -

22 339.0 -

22 bis 379.2 -
31 379.7 | 356.3

Table 7.3: Comparison of

the higher modes frequen-

cies with Comsol prediction

for 800um square membrane
from wafer 5

Figure 7.20: Mode shapes of the 800um square membrane from wafer
5a)11b) Circ. 10 ¢) 12 and d) 31

Mode shape | Comsol | Real
ij [kHz| | [kHz]
00 153.0 | 139.8
01 244 .4 196.1
01 bis 244.5 | 266.4
02 328.7 -
02 bis 328.7 -
20 bis 353.7 | 357.0
21 - 476.6

Table 7.4: Comparison of
the higher modes frequen-
cies with Comsol prediction — Figure 7.21: Mode shapes of the 800um square membrane from wafer
for 950um  circular mem- 5a)000b) 01 c) 20 and d) 21
brane from wafer 5, © : nodal

circles j: nodal diameters

The lower eigenfrequencies could be interesting to work at, especially mode 12 or 21 square that can
possibly be found to be stronger in displacement than the first mode as in membrane 1600pm square
from wafer 5 and other square ones. No experiment was done to determine why this happened and
it should be investigated. However, if one wanted to use such larger mode 12, the question of the ap-
plication of the membrane must be taken in account : the interesting signal should not be diminished
if the membrane is used at this resonant mode. Most of the applications rely on the deflection of the
membrane but not all in the same way. Piezoresistive and piezoelectric application could benefit from
it as deflection is larger and stress goes along. On the other side, for capacitive or interferometric
applications, such higher modes would make the sensor totally inefficient as mean displacement is zero
for capacitive applications and the center of the membrane is not moving anymore.
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7.5 Interesting pathways for further improvements on the present
results

This section covers the different aspect of this work : theory, fabrication, in process and final metrology
and reviews interesting pathways that could be followed to improve the obtained results.

7.5.1 Model for circular designs

Regarding the theoretical aspects, this master thesis proposes a model for eigenfrequency computations
of circular membranes that includes the impact of both the thickness and the stress. This model is
not precise enough and should be corrected. It should also be tested to see if it predicts correctly the
higher modes. To improve this model, a pathway that could be explored is to adapt a model for plates.
Such models include all needed parameters, thickness, width, stress and material parameters.

The following model is proposed by [15]. This expression is given for fully clamped circular plate with
a tensile stress :

(7.1)

A2 Eh3
fij,plates = H :|

2ma? [127(1 —v?)

12(1-v?)Na?

omns — with IV the tensile load on the plate.

where the \;; coefficient is function mode shape and
Still, membranes and plates are not exactly the same : while membranes sustain only tensile loading
through in-plane stresses as they have negligible rigidity, like a cable would do for a 1D equivalence,
plates will rather reply with bending behavior, like a beam in 1D. [I5] Both behaviours are always
present but one is most of the time taking over on the other. The change in dominance from plate
to membrane behaviour can be estimated to occur approximately when the maximal deflection gets
larger than thickness or when internal stresses are high enough. In this project, as seen in Figure [7.6]
the thickness and displacement are of the same order of magnitude and stresses are clearly tensile but
relatively low. The plate inspired model could thus offer better results.

7.5.2 Simulation of damped eigenfrequencies

The multiphysic simulation that is proposed should be thorougly checked and corrected as its results
are absolutely not in line with reality. The boundary conditions seem to be okay but the waves and
pressures that are applied should probably be corrected to be more in line with reality.

Adding other non idealities in this simulation could also give a better insight of the real behavior of
these membranes. Among the eometric non-idealities that could be interesting, rounded corners and
curved edges for square membranes or irregular edges could be tested. Other heavy non-idealities like
the impact of grass piles could also be investigated.

7.5.3 Fabrication

Some complementary samples, either new or reprocessed, could give a much better understanding of
the taken measurements. The propositions here are not exhaustive but give an idea of what could be
realised to pursue the experiments that are done in this master thesis.

The impact of gluing and curing of the dies on the piezoelectric disc could be easily investigated by
reproducing the gluing and measuring the frequency right after gluing and some days or weeks later.
This would enable the detection of an effect of incomplete curing in the blue resist that was used for
sample B with the dies from wafer 4. Other gluing methods using tapes or new glue types could also
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be experimented.

The grass piles would also be of great interest for further easy to produce complementary results : some
dies could be reprocessed with a isotropic etching to remove them. As the effect of size is correctly
modelled and simulated, changing it, even heavily because of underetching, would allow the experiment
to show if grass piles are really the reason behind this eigenfrequencies lowering.

Last but not least, process adaptation for thinner dies could be tried. This could include trying the
process on grinded wafers, using several sacrificial dies on the same wafer for better results during
lithography etc. This process type could also be tried on membranes with islands as these are difficult
to process correctly with full-thickness dies and could benefit more of the grinded process than the
large patterns used in this master thesis.

7.5.4 In process stress metrology

The main concern about the metrology in process is that stress measurements are very different be-
tween the two methods for processing of the data using the Stoney formula if the curvature difference
for a step is very large. Whatever the used method, it is clear that using the Stoney formula is making
an approximation even though it is widely used.

This could be solved by using a more accurate model specifically for stresses in multilayer thin films.
Several possibilities can be found in the state of the art nowadays and could be applied here with or
without adaptation of the model [47], 48] 49, [50].

7.5.5 Complementary measurements propositions

To complement the measurements that are analysed in section [7.1] and [7.2] of this chapter, some other
set ups could be used to determine the impact of several parameters that are not taken in account
in this master thesis. These parameters impact either material properties or the membrane itself and
could be of great interest for any application of the proposed designs. This section goes from the easiest
set up to build to the most complicated.

The easiest setup would be adding a temperature sensor on the piezoelectric disc and a heating plate
to the Polytec laser vibrometry set up to allow measurements at controlled temperature. Even though
very small temperature variations should not impact the membrane, largers ones of even a few dozen
of degrees could already make a difference in stress inside the film. This would directly impact the
resonant frequency.

Testing the sensitivity of the membrane to an accoustic signal could also be implemented. This would
imply to use a loudspeaker to produce the wave that hits the membrane. Quantifying the amplitude
of the signal could then be a bit of a challenge but similar set ups can be found on a regular basis in
literature and even in works done at EPL [21].

Another measurement setup of interest would be to add a vacuum chamber to place the membranes
inside. It would allow to detect the imapct of damping on the membrane eigenfrequencies. This is
much more complicated to put in place as the piezo electric disc requires electrical wires and the laser
vibrometry must have the membrane in sight and focus.

The membranes developped in this master thesis are originally designed for the detection of PD through
AE sensing. The current state of development of the project did not allow to test them in a setup
reproducing the real conditions of occurence of PD. Such setup is not available in UCLouvain and
putting one in place requires a lot of work and competencies that are not related to MEMS or sensor
design. This was thus not implemented for this master thesis.
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7.6 In context application

This section gives a short insight on the use of the present results in the initial applicative context. It
suggests some uses that could be made of the present designs.

These membranes offer a possibility for CMOS integrable ultrasound microphones that would work in
resonance in the common AE range for PD. Using several of them in a filter bank or a matrix would
allow to have larger bandwidth than a sensor relying on a single resonant membrane.

The obtained results show the proof of concept of adjusting resonant frequency in membranes through
residual stress control in the thin film stack be the form square or circular. This allows to implement
any conventional transduction. In their current state, the easiest transduction to apply would probably
be the piezoresistive or the piezelectric ones on the square membranes. Their main advantage is that
these do not require to add a metal layer to the full surface of the membrane like the capacitive of
the FP interferometric sensing technique would. However, the design process can be adapted to such
a change very quickly.



Conclusion

The present research work takes place in the broader context of monitoring of high-voltage equipments
for Partial discharges and the increase of the use of sensors in industrial processes. Starting from the
interest for non-invasive sensing techniques based on ultrasounds, it quickly narrows down the subject
to membrane-based MEMS devices and the quest for improvement in sensitivity. The choice is made
to focus on mechanical sensitivity enhancement, through the use of membranes around their resonant
frequencies, and the interest to use residual stress control to adjust these eigenfrequencies to the re-
quirements of the application.

The work here goes back to the theory of vibrating membrane structures and uses theoretical models
and numeric simulation to predict resonant frequencies. The experimental part of the work focuses on
ultrathin membranes made of CMOS-compatible material stack. The membranes that are produced
are composed of simplified stacks of stress-controlled silicon dioxide and silicon nitride. These are
deposited one on top of another in order to balance out the global equivalent residual stress to the
wanted value.

The simple design process that is developed could still be made more accurate : the used analytical
model for the circular membranes is not precise enough and should be corrected. Yet, the simplicity
of the models makes them perfect to perform quick checks for on-the-go adaptation of the process.
The simulation using Comsol Multiphysics multilayered material module enables precise prediction
of the behaviour of the membranes in terms of eigenfrequencies. It can also be adapted quickly to
the in-process fabrication results in terms of measured stress, thickness and other key parameters to
account for possible deviations from the goal of a fabrication step and enable prediction of the effect
of process adaptations. However, damping effects remain to be more accurately represented.

The fabrication process puts several key steps and parameters in evidence to ensure good results. The
first crucial step is the adaptation of thermal treatments needed in terms of both temperature and
timing to control stress in the deposited layers. Improvements on the precision of the data process-
ing technique used to retrieve the value of the stress in the manipulated layer could help to achieve
better accuracy in these steps. The second critical step is the etching process and every parameter
that favours or inhibits the occurence of grass piles, as their density conditions the accuracy of the
frequency control through stress. Several parameters play in the management of this phenomenon but
a few simple guidelines can be followed to limit it : using double polished wafers and controlling their
development with appropriate periodic isotropic etch steps during the RIE process.

Regarding the fabrication process alternative using thin grinded dies, it is considered functional but
its complexity seems unjustified for such simple and large design patterns. It could be interesting to
use this type of process for more intricate designs if the lithography steps can be improved.

7
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The fabrication process produces results that are in close adequation with design and simulation ex-
pectations. The membranes that do not present dense grass piles not only comply to the design
requirements for the first mode resonant frequency within a small (5%) error margin but also show
predictible higher modes at frequencies that are close to the predictions from the Comsol simulations.

Event though PD detection applications are at the origin of the frequency range choice, the developed
membranes designs and fabrication processes are currently very versatile. It would be easy to use them
in designs that comply to the requirements of another pressure sensor.

This master thesis contributes to the foundation for future sensors designs using ultrathin CMOS-
compatible membranes in resonance modes. Several aspects were covered : a simple and fast design
method relying on Matlab implementation and simple Comsol Multiphysics simulation checks, fabri-
cation techniques exploration to underline some key parameters and a characterization of the obtained
samples using laser vibrometry to observe the frequency response of the samples and their mode shapes.
These methods can be integrated in full pressure sensor design and fabrication process for any type of
transduction. The final words of this text can be : stress should always be under control.



Appendix A : Alternative process using LPCVD

This Appendix describes the alternative process that could have been done to compare PECVD with
LPCVD in the process of controlling the residual stresses in a stack.

This stack is similar to the one in proposed in [3I), 37] but has been modified to ensure the global
equivalent residual stress in the stack is 50MPa.

The chosen stack in this case is an ONO stack, such as represented in Figure [£.5] with :

e bulk SiO2 : 400 nm thick layer of wet thermally oxidised silicon dioxide with a compressive
residual stress of 300MPa

e Si3N4 : 200 nm thick layer of LPCVD deposited silicon nitride with a tensile residual stress of
1GPa

e Si02 : 400 nm thick layer of PECVD silicon dioxide, with a compressive stress of 70MPa

The process for this stack is given in Table [A1] The illustrated process is very similar to type A that
is presented in Figurdp.7] with an additionnal layer of silicon dioxide on top of the stack. The final
fabricated die is displayed in Figure [AT]

400 nm Silicon dioxide

200 nm Silicon nitride
400 nm Silicon dioxide

Membrane
cavity

| Aluminium Aluminium

Figure A.1: Final membrane structure for Type C process
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’ Step ‘ Process step type Type C ‘
MO | Palmer X
M1 | Dektak 5500mm, 60s X

1 Standard cleaning with HF bath X

2 Wet Thermal Oxidation in Koyo 1 furnace 400 nm
M2 | Ellipsometer b

4 Protective blue resist coating 3000rmp, bake at 120°C for 90s X

5 Backside SiO2 stripping in BHF bath X

6 Protective resist stripping in Barrel (10 min from 200 to 500W) X
M3 | Dektak 5500mm, 60s X

7 Si3N4 deposition in LPCVD Koyo furnace 200nm
M4 | Ellipsometer X
M5 | Dektak 5500nm, 60s X

8 Stress increase in the Si3N4 layer b
M6 | Dektak 5500nm, 60s X

9 Si02 deposition in PECVD Oxford chamber 400nm
10 | Stress annealing in Tempress furnace 800°C for 30min, 0.5L/s N2 X
M7 | Dektak 5500mm, 60s X
11 | Aluminium metalisation of backsides in VST 500nm
12 | LPIII and backside AZMIR resist coating 4000rpm, 90°C 90s b
13 | Lithography with designed membrane mask 200W 2s b
14 | Lithography development and post-exposure bake 120°C 90s X
M8 | Lithography check on microscope X
15 | Aluminium etching in H3PO4, 2min 30s X
16 | Backside resist stripping in Barrel (10 min from 200 to 500W) X
17 | Frontside protective resist coating 3000rpm, bake at 130°C for 120s X
18 | Dicing b
19 | Die gluing on wafer X
20 | Deep RIE of Si layer in Oxford etching chamber Full layer
M9 | Dektak measurement of the etched membrane X
20 | Release of the die in acetone X

Table A.1: Process sheet for Type C stack
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