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Introduction

In the field of the sensors and actuators, two great principles of detection and excitation

coexist:

+ The electrostatic has the easily integrated and advantage of being in high temperature.
However, it is very limited in term of density of energy and it requires strong supply voltages,

which is not easily compatible with integration on silicon.

+ The piezoelectric offers a strong density of energy and a lower supply voltage. The
piezoelectric materials have appeared and pushed by many developments on SAW (Surface

Acoustic Wave) and BAW (Bulk Acoustic Wave).

Surface acoustic wave (SAW) and bulk acoustic wave (BAW) devices have been widely
used in a variety of applications, both in consumer electronics as well as in industrial,
commercial, medical and military applications or equipment. Although the telecommunication
industry is the largest user of these devices, SAW based devices have many attractive features
to be explored. Due to their small size, high sensitivity to external physical parameters and
from the properties of the film deposited on the SAW substrate, they can react very fast to the
changes in the environmental conditions. As physical or chemical quantities can be measured
from remote locations without the need for a separate power supply, SAW sensors have some

advantages as follows:
+ They can be placed on moving or rotating parts, for instance, in tire pressure.

+ They cand be used in hazardous environments such as high voltage plants,
contaminated areas, strong radioactive areas, high vacuum process chambers, extreme heat,
where the use of conventional sensor with wire connection is impossible, dangerous for

human, complicated or expensive.

+ Besides, because SAW sensors can operate at high frequencies (GHz range), they
can be well protected from the low frequencies electromagnetic interference that occurs in the

vicinity of industrial equipment such as high voltage line.

The more common applications of acoustic wave sensors are Temperature, Pressure,
Torque, Mass, Humidity, Vapor Chemical, and Bio sensors. Among these sensors, pressure
sensor play a key part of many systems, both commercial and industrial.

SAW pressure sensors have been developed by using many different piezoelectric

materials. Conventional piezoelectric materials such as quartz, LiNbO;3 and LiTaOj; suffer
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from a variety of limitations and in particular low SAW/BAW velocity as well as being
incompatible with the CMOS technology. As a low-cost technique, thin-film sputtering of
novel SAW materials like ZnO has gained much interest recently. However, their
manufacturing methods were not, until the beginning of this thesis, compatible with high
temperature process and consequently applications (>500°C). Besides, these piezoelectric
materials exhibit medium to low SAW velocity, making them expensive to use in the
microwave region due to increased lithography resolution requirements. The resonance

frequency of a SAW device is determined by the equation f =V, /4, where f'is the resonance

frequency, Vpn is the phase velocity of SAW and A is the wavelength, which in turn is defined
by the electrode pitch in the interdigital transducer (IDT). Hence, high-resolution lithography
and/or the use of high acoustic velocity materials are the two main approaches for the
fabrication of high-frequency SAW devices. The first one, however, results in an increased
fabrication cost due to poorer reliability and durability,; the second one is the limitation to the

choice of commercially available piezoelectric materials.

For approximately six years, a new material, the aluminum nitride (AIN), has appeared in
the field of micro-electronics, pushed by many developments on BAW RF resonators of the
type. AIN is an attractive material for high-frequency SAW and for many SAW applications
due to its good properties, such as outstanding ultrasonic velocity, thermal and chemical
stability. Beside, its process of deposit compatible with CMOS process offers new prospects
for the realization of sensors and piezoelectric actuators, in particular its behavior at high

temperature (up to 1000°C).

In summary, pressure sensor plays a key role in many applications. Some classical
technologies for pressure sensor are use of pressure gauge, piezoresistance ... Their detection
methods are based on amplitude detection which is sensitive with environment and therefore
not correct. Meanwhile, the new approach is based on frequency, phase shift of detection
method, and it is also compatible with CMOS process. Among new approaches, SAW
technology is a good detection method. When SAW device is used as in wireless sensor, it
can be used in hazardous environment and moving objects. In SAW device, AIN is chosen as
piezoelectric layer because it doesn't suffer from some disadvantages of conventional

materials.

The goal of this thesis is the design and realization of SAW pressure sensor using AIN.

Realization of SAW pressure sensor is done by using surface micromachining.
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This kind of device can be used in high temperature applications. However, in large range
of temperature, properties of materials are affected by temperature variations. Therefore, the
center frequency is sensible to temperature changes. For pressure application, this sensitivity
must be reduced. Usually, temperature compensation can be done by using one port Inter
Digital Transducer (IDT) and at least three reflectors to create several propagation paths of
different lengths and then a signal processing step is performed to reduced effect of
temperature. This technique was used for quartz pressure sensors. To solve this problem, in
SAW pressure sensors, we propose to use a multi-layers structure AIN/SiO,/Si to obtain an
effect of self temperature compensation, by choosing material having opposite temperature

coefficients.
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The organization of the manuscript
This thesis is divided into five chapters.

Chapter 1 presents a general view of acoustic wave devices and SAW sensors. It also
gives a comparison between piezoelectric materials and reason why choosing AIN as
piezoelectric layer. Another important point presented in this chapter is micro-machining
process. To model the SAW devices, some models were proposed and developed by many

groups. Among them, the equivalent circuit is chosen to model the SAW device.

From this point of chapter 1, equivalent circuit of SAW device based on Mason model and
Coupling-Of-Mode is presented in chapter 2. This chapter also analyses the SAW parameters
in different structures of SAW devices (AIN/SiO,/Si, AIN/Si, and AIN/Mo/Si).

Chapter 3 gives the development of the model used for SAW pressure sensor and
mechanical analysis of the sensitive membrane under pressure. Besides, the effect of
frequency variation due to temperature changes is derived from materials properties. This

chapter also gives the results of frequency variations due to temperature changes.

Chapter 4 presents the details of fabrication process using surface micro-machining as

well as the characterization results of AIN films which is an important part in SAW devices.

The chapter 5 shows the parametric tests and procedure to check the device fabrication.
These tests and procedures allow a fast process control of the deposited/etched layers during
the fabrication, and also a fast characterization of all dies on the wafer. The major
experimental results, the explanations and analyses of obtained results will be given in this

chapter.

At the end, a general conclusion and perspectives are given.

This work was done at CEA/LETI/DIHS/LCMS and IMEP-LAHC, Grenoble from
10/2005-09/2008.
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Chapter 1
BACKGROUND

1.1 ACOUSTIC WAVE DEVICES

Acoustic wave devices have been in commercial use for more than 60 years. They offer
many applications:

+ In electronics, telecommunications industry, acoustic wave filters used in mobile
cell phones and base stations. These are typically surface acoustic wave (SAW) devices which
act as band pass filters in both the radio frequency and intermediate frequency sections of the
transceiver electronics. They are also used as resonators, delay lines, convolvers or wireless

identification systems (ID tags).
+ In sensor devices:
e automotive applications (torque, tire pressure sensors),
e medical applications (chemical sensors),

e Industrial and commercial applications (vapour, humidity, temperature,
mass sensors).

Acoustic wave sensors are so called because their detection mechanism uses a mechanical,
or acoustic waves. As the acoustic wave propagates through or on the surface of the material,
any changes to the characteristics of the propagation path affect the velocity and/or amplitude
of the wave. Changes in velocity can be monitored by measuring the frequency or phase
characteristics of the sensor and can then be correlated to the corresponding physical or
chemical quantity being measured.

All acoustic waves devices and sensors use a piezoelectric material to generate and detect
acoustic waves. Devices have been constructed in a number of configurations for sensor

applications. Those devices most commonly used in sensor applications include:
o the Thickness Shear Mode (TSM) resonator,
e the Surface Acoustic Wave (SAW) device,
e the Acoustic Plate Mode (APM) device,

e The Flexural Plate Wave (FPW) or Lamb wave device.
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Each of these devices shown in Figure 1.1 uses a unique acoustic mode.
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Figure 1.1 Schematic sketches of the four types acoustic sensors (a) the Thickness Shear
Mode (TSM) resonator, (b) the Surface Acoustic Wave (SAW) device, (c) the Acoustic
Plate Mode (APM) device, (d) the Flexural Plate Wave (FPW) or Lamb wave device

There is a distinction between these devices. They can be divided into two groups: one-
port device (TSM resonator) and two-port device (SAW, APM and FPW devices). In one-port
acoustic devices, a single port serves as both the input and the output port. The input signal
excites an acoustic mode which in turn generates charges on the input electrode. These signals
combine to produce an impedance variation that constitutes the TSM resonator response. In
two-port devices, one port is used as the input port and the other as an output port, these are
typically interchangeable. The input signal generates an acoustic wave that propagates to a

receiving transducer, which generates a signal on the output port.

1.1.1 Thickness Shear Mode (TSM) resonator
The Thickness Shear Mode (TSM) Resonator widely referred to as a quartz crystal
microbalance (QCM), is the best-known, oldest and simplest acoustic wave device. As shown
in Figure 1.2, the TSM typically consists of a thin disk of AT-cut quartz with parallel circular
electrodes patterned on both sides. The application of a voltage between these electrodes

results in a shear deformation of the crystal.
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Electrodes
on 2 sides

AT-cut quarts

Figure 1.2 The thickness shear mode resonator

This device is known as a resonator because the crystal resonates as electromechanical
standing waves are created. The displacement is maximized at the crystal faces, making the
device sensitive to surface interactions. The TSM resonator was originally used to measure
metal deposition rates in vacuum systems where it was commonly used in an oscillator
circuit. The oscillation frequency tracks the crystal resonance and indicates mass
accumulation on the device surface. In the late 1960s, the TSM resonator was shown to

operate as a vapour Ssensor.

The TSM features simplicity of manufacture, ability to withstand harsh environments,
temperature stability and good sensitivity to additional mass deposited on the crystal surface.
Because of its shear wave propagation component, the TSM resonator is also capable of
detecting and measuring liquids, making it a good candidate for a biosensor. Unfortunately,
these devices have the lowest mass sensitivity of the sensors examined here. Typical TSM
resonators operate between 5 and 30 MHz. Making very thin devices that operate at higher
frequencies can increase the mass sensitivity, but thinning the sensors beyond the normal
range results in fragile devices that are difficult to manufacture and handle. Recent work has
been done to form high-frequency TSM resonators using piezoelectric films and bulk silicon

micromachining techniques.

1.1.2 Surface Acoustic Wave Device
The stress-free boundary imposed by the surface of a crystal gives rise to a unique acoustic
mode whose propagation is confined to the surface and therefore is known as a surface
acoustic wave (SAW). In 1887, Lord Rayleigh discovered the surface acoustic wave mode of
propagation and in his classic paper predicted the properties of these waves [1]. The
theoretical aspect of acoustic wave was written by Viktorov [1]. Named for their discoverer,

Rayleigh waves have a longitudinal and a vertical shear component that can couple with a
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medium in contact with the device’s surface (see Figure 1.3). The surface deformation is thus
elliptic. Such coupling strongly affects the amplitude and velocity of the wave. This feature
enables SAW sensors to directly sense mass and mechanical properties. The surface motion
also allows the devices to be used as microactuators. The wave has a velocity that can be ~5
orders of magnitude less than the corresponding electromagnetic wave, making Rayleigh
surface waves among the slowest to propagate in solids. The wave amplitudes are typically

~10 A and the wavelengths range from 1 to 100 microns in sensors applications.

Figure 1.3 Rayleigh waves move vertically in a direction normal to the surface plane of a
surface acoustic wave (SAW) sensor. SAW waves are very sensitive to surface changes,
but do not work well for most liquid sensing applications

Figure 1.4 details the deformation field caused by a SAW propagating along the Z-axis and
the associated distribution of potential energy. Because Rayleigh waves have virtually all their
acoustic energy confined within one wavelength under the surface, SAW sensors have the

highest sensitivity of the acoustic sensors reviewed.

Probed Film

STRAIN ENERGY

Y AN

yaVi

DEPTH

Figure 1.4 The wave energy is confined to within one wavelength from the surface
of a SAW sensor. This characteristic yields a sensor that is very sensitive to
interactions with the surface
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One disadvantage of these devices is that Rayleigh waves are surface-normal waves,
making them poorly suited for liquid sensing. When a SAW sensor is contacted by a liquid,
the resulting compressional waves cause an excessive attenuation of the surface wave.

1.1.2.1 SAW excitation and detection

Viktorov presented some methods for the acoustic wave excitation [1]. And, useful method
was discovered by R.M.White of the University of California at Berkeley [3] in which surface
acoustic wave could be excited and detected by lithographically pattern interdigital electrodes
(or InterDigital Transducer IDT) on the surface of piezoelectric crystals (see Figure 1.5). This
discovery has led to widespread use of SAW devices in a number of applications such as

frequency filters, delay lines, resonators, convolvers, correlators.

Piezoelectric
substrate

Surface
wave

DT

|7 fingers ‘
ne DT | )
Rayleigh SAW
side side

Figure 1.5 SAW with IDT excitation and detection

1.1.2.2 SAW perturbation mechanisms
When SAW devices are used for sensors or thin-film characterization, the measured

responses arise from perturbation in wave propagation characteristics, specifically wave
velocity and attenuation, resulting from interactions between the SAW and a surface layer.
Because a SAW propagating in a piezoelectric medium generates both mechanical
deformation and an electrical potential, both mechanical and electrical coupling between the
SAW and surface film are possible. Therefore, a number of interactions between surface

waves and a surface film have been found that give rise to velocity and attenuation responses.

SAW-film interactions that arise from mechanical coupling between the wave and film
include mass loading caused by the translation of the surface mass by SAW surface
displacement, elastic and viscoeleastic effects caused by SAW-induced deformation of a

surface film.




Chapter 1: Background

SAW-film interactions that arise from electrical coupling between the wave and film
include acoustoelectric interactions between electric fields generated by the SAW and charge

carriers in a conductive film. Some new interactions are being discovered all the time.

1.1.3 Acoustic Plate Mode (APM) devices
These devices utilize a shear-horizontal (SH) acoustic plate mode (APM), which has been
developed for sensing in liquids. SH modes have particle displacement predominantly parallel
to the device surface and normal to the direction of the propagation. The absence of a surface-
normal component of displacement allows each SH plate mode to propagate in contact with a
liquid without coupling excessive amounts of acoustic energy into the liquid. By comparison,
when surface acoustic waves are propagated at a solid-liquid interface, the surface-normal

displacement radiates compressional waves into the liquid and severely attenuates the wave.

These devices use a thin piezoelectric substrate, or plate, functioning as an acoustic
waveguide that confines the energy between the upper and lower surfaces of the plate (see
Figure 1.6). This is in contrast to the SAW, for which nearly all the acoustic energy is
concentrated within one wavelength of the surface. As a result, both surfaces undergo
displacement, so detection can occur on either side. This is an important advantage, as one
side contains the interdigital transducers that must be isolated from conducting fluids or gases,
while the other side can be used as the sensor.

OUTPUT
SURFACE TRANSDUCER

DISPLACEMENT 4
INPUT < — 2
TRANSDUCER _7

PROPAGATION
DIRECTION

QUARTZ
CROSS-SECTIONAL PLATE
DISPLACEMENT

Figure 1.6 In the shear-horizontal acoustic plate mode (SH-APM) sensor, the waves travel
between the top and bottom surfaces of the plate, allowing sensing on either side

Although being more sensitive to mass loading than the TSM resonator, SH-APM sensors
are less sensitive than surface wave sensors. There are two reasons: the first is that the
sensitivity to mass loading and other perturbations depends on the thickness of the substrate,

with sensitivity increasing as the device is thinned. The minimum thickness is constrained by
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manufacturing processes. Second, the energy of the wave is not maximized at the surface,

which reduces sensitivity.

1.1.4 Flexural Plate Wave (FPW) or Lamb wave device
A sensor concept similar to SAW sensors but employing Lamb waves was first presented
by Stuart W.Wenzel, Richard M.White in 1988 [14]. In a flexural plate wave (FPW) or Lamb
wave device (see Figure 1.7), an acoustic wave is excited in a thinned membrane with a
thickness small compared to the propagation wavelength. As with the other acoustic sensors

mentioned above, the FPW device can sense quantities that cause its phase velocity to change.

A unique feature of FPW is that it can be dimensioned so that its phase velocity is lower
than that of most liquids, which lie in the range from 900 to about 1500 m/s. When the FPW
device contacts or is immersed in such a liquid, a slow mode of propagation exists in which
there is no radiation from the plate. Thus, the FPW device functions well in a liquid

environment and is therefore a good candidate for biosensing and chemical sensing in liquid
[1].

top view side view

silicon

membrane

LA 2 A, % A L
¥ ] UL
membrane bottom piezoelectric layer _

I | I | membrane

»”? 7

metal electrodes

Figure 1.7 Schematic of a flexural plate wave device. The side view shows the
different layers and membrane movement. Interdigital electrodes are used for actuation

1.1.5 Comparation between four sensors
Figure 1.8 shows the side views and cross sections of four devices, in which lower
diagrams in each column illustrate the wave motion; double-headed arrows indicate directions
of surface particle displacements and shaded areas illustrate the wave motion or indicate the

depth of wave penetration in the plate.

Table 1.1 summarizes qualitatively the characteristics of four sensors discussed above.

11
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Figure 1.8 Side views and cross sections of four devices

Side

Table 1.1 QUALITATIVE CHARACTERISTICS OF THE FOUR SENSOR FAMILIES

DISCUSSED
Device Temp. Motion at | Immersible |Frequency| Mechanical | Discrete or | Delay line
Stability surface of of strength Multiple or
uncoated device operation fabrication | Resonator
TSM High | Transverse Yes Low Med D R
SAW |High/ med| Normal and No Med- High DorM DorR
transverse high
APM High | Transverse Yes Med- Med D D
high
FPW Med |Normal and Yes Low | Low-med M DorR
transverse
1.1.6 SAW sensor and the application pressure sensor

in this research
SAW sensors offer many new applications. Because physical, chemical quantities can be
measured from remote locations without the need of a separate power supply, SAW sensors

have some advantages as follows:

+ They can be placed on moving, or rotating parts, for instance, in tire pressure
[4].[51.[6],

+ used in hazardous environments such as high voltage plants, contaminated areas,
strong radioactive areas, high vacuum process chambers, extreme heat, where the use of

conventional sensors with wire connection is impossible, dangerous for human, complicated

or expensive,

+ besides, because SAW sensors can operate at high frequencies (GHz range), the
system based on them can be well protected from the electromagnetic interference that occurs

in the vicinity of industrial equipment such as high voltage line.

12
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Figure 1.9 shows the influences to SAW sensors and applications. The environmental
parameters (such as temperature, pressure, humidity, mass loading . . .) are converted directly
to a change in frequency, phase, or delay time of SAW sensor.

Influences to the sensor

Temperature Electrical field — p

Mass loading Humidity  prosqure

Reaction of SAW sensor
substrate /wﬂ]mllm /
Stiffness
Mass Density Piezoelectricity

Dielectric Constant l Conductivity
Effect on SAW:
Change of
phase velocity

Effect on measured values:
Phase
Frequency
Delay

Figure 1.9 Environmental influences to the SAW sensors
Among these applications, the pressure sensor plays a key part of many systems, both

commercial and industrial. Our work focuses on this kind of sensor.
SAW pressure sensors could be divided into two types:
+ One port IDT,
+ Two port IDT.

1.1.6.1 SAW pressure sensor with one port IDT
The SAW pressure sensor using one port IDT has been studied in literature [4]-[9]. In

general, there are two types as follows:

+ Without external sensor circuit (see Figure 1.10)

13
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Figure 1.10 SAW wireless pressure sensor with one broadband reflective delay line

The interrogator transmits an RF-impulse which is received by the antenna of the wireless
sensor. The interdigital transducer transforms the RF-impulse to a surface acoustic wave.
Reflectors are placed in the propagation path of the SAW at which small parts of the SAW is
reflected. The impulses are reflected back to the transducer where they excite an RF-impulse
train which is detected by the interrogator. The sensor signal is determined by evaluating the

phase shifts A¢ of the reflected impulses.

The reflective delay line requires at least three reflectors [7]. The first reflector serves as a
reference reflector. This makes the sensor response independent on the distance between
sensor and interrogator. For optimal reflector configuration, the first and second reflectors
divide the delay line into stretched and compressed sections. The third one is placed at the end

of the propagation path.

The temperature correction of the pressure signal could be obtained by arranging the
electrically loaded reflector equidistantly between two reference reflectors in a second track
[6].

+ With external sensor circuit

Figure 1.11 shows the diagram of a SAW pressure sensor with one IDT and external sensor
circuit represented by its input impedance Z. Z could be another pressure sensor. When
external sensor Z changes due to applied pressure, the reflector parameters will change.
Consequently, RF response changes also. By capturing the variation of RF signal, pressure

can be measured
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Figure 1.11 SAW pressure sensor, one IDT and with external sensor circuit Z

1.1.6.2 SAW pressure sensor with two ports IDT
The general structure of the SAW pressure sensor with two ports IDT is illustrated on

Figure 1.12.

IDT 1 DT _piezoelectric
) )

Tgssyur

plezoelectric
IDT 1 IDT 2

Figure 1.12  General structure of a SAW pressure sensor with two IDTs

The signal frequency: f =%

where A is wavelength,

v is the phase velocity of a SAW and determined in the simple case with only one

propagation layer:

C*
V=, |—
P
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where ¢’ is a linear combination of the elastic constant Cikjm, and depends on the cut of

the substrate;

p 1is the mass density of the wave guiding layer of the substrate.

For the multi-layers structure, the SAW velocity could be determined by the matrix method
developed by Fahmy and Adler [69], [69], [70] and it also depends on the elastic constants of

each layer.

The applied pressure will induce static stress and strain and modify the elastic constants, so

modify the wave velocity.

Av_AC Ap
v 2¢ 2p
Consequently, there is variation of frequency.

A AV AL AC Ap AX

f v 1 2 20 2
By capturing the frequency variation, the applied pressure could be measured.

The calculation of frequency variation, but also the phase variation, will be stated in
Chapter 3. This chapter will show that these variations exist not only by the variations of

elastic constants but also by the propagation path changes between two IDTs.

All acoustic wave sensors use a piezoelectric material to generate the acoustic wave. For
application of pressure sensor, the ZnO/Si SAW pressure sensor was studied by A.Talbi [10]-

[13]. But, in our work AIN is used as piezoelectric material.

1.2  PIEZOELECTRIC MATERIALS. ALUMINUM NITRIDE
(ALN) AND ITS APPLICATIONS IN SAW DEVICES

121 Piezoelectric materials and the choice of AIN

Piezoelectricity, discovered by brothers Pierre and Paul-Jacques Curie in 1880, received its
name in 1881 from Wilhelm Hankel and remained largely a curiosity until 1921, when Walter
Cady discovered the quartz resonator for stabilizing electronic oscillators. Piezoelectricity
refers to the production of electrical charges by the imposition of mechanical stress. The
phenomenon is reciprocal. Applying an appropriate electrical field to a piezoelectric material
creates a mechanical stress. Piezoelectric acoustic wave sensors apply an oscillating electric
field to create a mechanical wave, which propagates through the substrate and is then

converted back to an electric field for measurement.
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Common piezoelectric materials:
Single crystals:
AIN, ZnO, Quarts, LiNbO;, LiTiOs.
Piezo-ceramics:
PZT-Pb(Zr,Ti; x)O3
PT-PbTiO3
Piezo-polymers:
PVDF and its copolymers, nylon...
Composites:
PVDF+PZT
V.V

Each has specific advantages and disadvantages, which include cost, temperature
dependence, fabrication process, attenuation, propagation velocity, bio-compatible,
mechanical adaptability to a variety of applications... An interesting property of quartz is that
it is possible to select the temperature dependence of the material by the cut angle and the
wave propagation direction. With proper selection, the first order temperature effect can be
minimized. An acoustic wave temperature sensor may be designed by maximizing this effect.
This is not true for lithium niobate or lithium tantalate, where linear temperature dependence
always exists for all material cuts and propagation directions. Other materials with
commercial potential include gallium arsenide (GaAs), silicon carbide (SiC), langasite (LGS),
zinc oxide (Zn0O), aluminium nitride (AIN), lead zirconium titanate (PZT), and polyvinylidene
fluoride (PVDF). Another important parameter is that a piezoelectric material can be
ferroelectric or not. This has an importance for the fabrication process. Ferroelectric materials

required a polarisation step.

The Table 1.2 lists advantages and disadvantages of some piezoelectric materials common

used in SAW devices.
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Table 1.2 ADVANTAGES AND DISADVANTAGES OF SOME PIEZOELECTRIC
MATERIALS COMMON USED IN SAW DEVICES

Material | Advantages Disadvantages

Quartz Low acoustic loss Weak piezoelectricity
Good temperature stability

AIN Retain the properties beyond 1000°C High electrical resistance
High longitudinal acoustic velocity (two time Until 5 pm available
larger than ZnO [87] fabrication in CEA/LETL

High E-M coupling

Low K and low loss

Relative good thermal conductivity
Compatible with microelectronic CMOS

processes
ZnO High E-M coupling High dielectric loss
For small bandwidth application High electrical resistance

LiNbO; High E-M coupling
Chemical stable

Low K
Excellent sensitivity with good bandwidth

PZT High E-M coupling High K
Low electric loss High density and less
High Curie temperature and spontaneous mechanically stable
polarization

Can be doped with La (0~5%)
Prepared by sol-gel processing

PT High E-M coupling High K
High Curie temperature and wide operating T
range
Good thermal stability
PVDF Low acoustic impedance Low E-M coupling
Low K Poor sensitivity
Low density and Flexible and mechanically Low d coefficient
compliant High electrical loss
High g coefficient 9~110 microns available

In SAW applications, conventional piezoelectric materials (such as quartz, LiNbOs, and
LiTaO;) exhibit medium-to-low SAW velocity, making them expensive to use in the
microwave region due to increased lithography resolution requirements. The resonance

frequency of a SAW device is determined by the equation f =V, /1, where f'is the resonance

frequency, Vpn is the phase velocity of SAW and A is the wavelength, which in turn is defined
by the electrode pitch in the interdigital transducer (IDT). Hence, high-resolution lithography
and/or the use of high acoustic velocity materials are the two main approaches for the
fabrication of high-frequency SAW devices. The first one, however, results in an increased
fabrication cost due to poorer reliability, power durability, and fabrication margins in the
manufacturing process; the second one is limited to the choice of commercially available

piezoelectric materials.
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In literature, SAW devices are typically fabricated on quartz, LiNbO; and LiTaOs;.
However, there is an increasing interest to identify new piezoelectric materials where SAW
devices can operate at frequencies above 1GHz, a common requirement of most modern
telecommunication applications. As a low-cost technique, thin-film sputtering of novel SAW
materials like ZnO and AIN has gained much interest recently [13], [24]-[37]. It has been
demonstrated, however, that the control of the perfection of the polycrystalline grains and
other essential parameters such as orientation, stress and surface roughness is of importance

[33], [35] because these parameters determine the nature and properties of the elastic waves.

In Table 1.2, AIN was shown that it has better properties than ZnO in fabrication of SAW;
especially that AIN has larger velocity than ZnO. AIN could also maintain good properties at
high temperature and its deposition is compatible with microelectronics process. Besides, AIN
also was proposed and has gained much interest in new prospects such as BAW, FBAR

technology [15], [16], [17] or mechanical resonators and actuators [18], [19].

With all results stated above, in this research, AIN is chosen for SAW sensors.

1.2.2 General Information of AIN
While AIN’s discovery occurred over 100 years ago, it has been developed into a
commercially viable product with controlled and reproducible properties within the last 10

years.

AIN is a III-V semiconducting compound. When pure, AIN crystals are hard, colourless
and transparent [26]. AIN has a hexagonal crystal structure and is a covalent bonded material.
The material is stable to very high temperatures in inert atmospheres. In air, surface oxidation
occurs above 700°C. A layer of aluminum oxide forms which protects the material up to
1370°C. Above this temperature bulk oxidation occurs. AIN is stable in hydrogen and carbon

dioxide atmospheres up to 980°C.

To ensure the operation of all devices using AIN, the AIN films should fulfil
simultaneously two conditions: be highly (002)-oriented and exhibit high electromechanical
coupling. Many works have been done to improve the crystal quality of AIN sputtered films.
They have taken for granted that low values of Full-Width at Half-Maximum (FWHM) of x-
ray rocking curves around the (002) reflection ensure a good piezoelectric response. However,
in some cases, AIN films with a very good crystal quality exhibit a poor or even in existent
piezoelectric response [19], which could be attributed to the existence of grains with opposite
polarities [20], [21]. Therefore, a narrow rocking curve around the (002) does not guarantee a

good piezoelectric response. In this research, after depositing AIN films, FWHM of AIN is
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measured and at the end of fabrication process, the SAW devices are characterised to ensure

the existence of piezoelectric response of AIN.

The sputter deposition conditions of AIN films should be considered carefully. The supply
of energy to the substrate during the sputter deposition of AIN films is essential to grow
(002)-oriented films [33]. This energy must be high enough to obtain the desired orientation,
but not so high as to damage the crystal structure. On the other hand, an energy supply
slightly below that needed to obtain pure (002) orientation leads to films with good crystal
quality but very low piezoelectric response, which suggests that the growth of micro-crystal
with opposite piezoelectric polarities has taken place. Therefore, it is necessary to adjust
carefully the amount of energy supplied to the substrate. This can be achieved by controlling
the total pressure and the substrate bias voltage [22], [23]. The studies of the influences of the

sputtering parameters on the preferred orientation of AIN films were done [23].

In CEA/LETI, the deposition of AIN film have been studied and developed. In this

research, we follow the condition of AIN deposition done in previous work [19].

In conclusion, AIN is an attractive material for high-frequency SAW and for many SAW
applications due to its good properties, such as outstanding ultrasonic velocity, good thermal
and chemical stability [32], [33]. Some key properties and typical uses of AIN are given as

follows:
Key Properties
Good dielectric properties (¢=8.5, see Appendix A)
High thermal conductivity [19]
Low thermal expansion coefficient, close to that of Silicon
Non-reactive with normal semiconductor process chemicals and gases

Typical Uses

SAW sensors

Substrates for electronic and IC packages
Heat sinks

Power transistor bases

Microwave device packages
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Semiconductor processing chamber fixtures and insulators

1.3 MODELLING SAW DEVICES

The design of SAW devices should require precise and efficient models and simulation
tools. Several methods have been proposed for modelling and analyzing the SAW devices.
These include the impulse model, the equivalent circuit models, the coupling-of-mode (COM)
model, P-matrix model, angular spectrum of waves models [38] and the Scattering Matrix
approach that was presented by Coldren and Rosenberg [39]. While the impulse model is only
a first order model, the other models include second order effects, e.g. reflections, dispersion,
and charge distribution effects. Purely numerical methods have also been and are being

developed by many authors [40]-[72].

1.3.1 Why Equivalent Circuit model is chosen?

Actual devices exist in a three-dimensional physical continuum. Their behaviour is
governed by the laws of physics, chemistry, biology, and electronics. From a general point of
view, the analysis of devices can be carried out by using some equations of laws of physics,
chemistry ... For example; the analysis of piezoelectric resonators or transducers and their
application to ultrasonic system can be solved by using the wave equation [73],[74]. But
through analysis, equivalent electrical circuit representations of devices can be extracted. So,
they can be readily expressible with Equivalent Electric Circuit. Below is the presentation of

advantages and disadvantages of equivalent circuit.

Advantages:

+ There are an immensely powerful set of intellectual tools to understand electric

circuits.

+ The equivalent circuit approach has distinct advantages over the direct physical,

chemical equations approach (such as direct wave equations approach).

+  Many theories, problems of electric circuits have already been solved such as

microwave network theory, integrated circuit etc.

+ Electric circuit approach is intrinsically correct from an energy point of view

[75].

+ A further advantage of electric circuit model is that it permits efficient

modelling of the interaction between the electric and non-electric components of a
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microsystem. Both the electrical and mechanical portions of a system are
represented by the same means. With software like Simulink, the block diagram is
easily constructed, easily to build a more complex system but when we would like
to connect a mechanical element to electrical circuits, Simulink can not do that. The
analogies between electrical and mechanical elements are presented clearly by

Warren P.Mason [73], [74].
Disadvantages:

+ Care must be taken to make sure whether the boundary conditions are

compatible with those used in the original derivation of the equivalent circuit [74].

In many systems, both commercial and industrial, pressure measurement plays a key role.
Since pressure is a normal stress (force per unit area), pressure measurement can be done by
using piezoelectric material which can convert stress into voltage. Equivalent circuits such as
Mason’s model [73] provide a powerful tool for the analysis and simulation of piezoelectric
transducer elements. Most of the analogous circuits which have appeared in the literature
implement transducers as the circuit elements. This model simulates both the coupling
between the mechanical and electrical systems and the coupling between the mechanical and
acoustical systems [76]. The mechanical, electrical and acoustic parts of piezoelectric
transducer can be varied and analysed about behaviour by implementing equivalent circuits
on computer tools such as Ansoft®, Spice, ADS, etc. For IDT composing of N periodic
sections, Smith et al [78] developed the equivalent circuit model based on Berlincourt et al
[77] work about equivalent circuit for Length Expander Bar with parallel electric field and
with perpendicular electric field and based on the equivalent circuit for electromechanical
transducer presented by Mason [73]. We will use “Smith model” henceforth to indicate this
model. From this model, some models for SAW device in literature have been implemented.
However, these models would include only IDTs [79], [80]. In SAW pressure sensor, one of
sensitive parts is propagation path. It should be included in the model. We have constructed
the hybrid model based on Smith model for SAW pressure sensor which includes the IDTs
and propagation path.

Another equivalent model is based on the Coupling-Of-Modes (COM) theory. The COM
theory is a branch of the highly developed theory of wave propagation in periodic structures,
which has an history of more than 100 years. This theory covers a variety of wave
phenomena, including the diffraction of EM waves on periodic gratings, their propagation in

periodic waveguides and antennas, optical and ultrasonic waves in multilayered structures,
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quantum theory of electron states in metal, semiconductors, and dielectrics.... An excellent
recent review of COM theory used in SAW devices was written by K.Hashimoto [47]. Based
on the COM equations, as the force and voltage analogy can be used, the relationships
between the terminal quantities at the one electrical port and two acoustic ports for an IDT
have been done. A simple equivalent circuit for IDT based on COM approach was proposed
by K.Nakamura [81]. This model would be useful to analyse and design SAW devices. The

model based on COM theory take into account the reflection between fingers.

In conclusion, the equivalent-circuit model is chosen because it can allow fast design. This
allows the designer to determine the major dimensions and parameters in number of fingers,
fingers width, aperture, delay line distance, frequency response, impedance parameters and

transfer characteristics of SAW device.

1.3.2 The Finite Element Model (FEM)

In the design procedure of SAW devices, simple models like Equivalent Circuit Model
coming from Smith Model and COM Model as presented above are used to achieve short
calculation time and to get a general view of response of SAW devices. They are a good
approach for designing SAW devices, for getting the frequency response, impedance
parameters and transfer characteristics of SAW device. They could allow the designer to
determine the major dimensions and parameters in number of fingers, finger width, and

aperture. However, they are subjected to some simplifications and restrictions.

Field theory is the most appropriate theory for the design SAW devices as it involves the
resolution of all the partial differential equations for a given excitation. The Finite Element
Model (FEM) is the most appropriate numerical representation of field theory where the
piezoelectric behaviour of the SAW devices can be discretized [82], [83]. Besides, nowadays,
FEM tools also provide 3D view for SAW device, such as COMSOL® [84], Coventor® [85],
ANSYS® [86].

The typical SAW devices can include a lot of electrodes (hundreds or even thousands of
electrodes). In fact, we would like to include as many IDT finger pairs as possible in our FEM
simulations. This would however significantly increase the scale of the device. Typically
finite element models of SAW devices require a minimum of 20 mesh elements per
wavelength to ensure proper convergence. A conventional two-port SAW devices consisting
of interdigital transducers (IDT) may have — especially on substrate materials with low
piezoelectric coupling constants - a length of thousands of wavelengths and an aperture of

hundred wavelengths. Depending on the working frequency, the substrate which carries the
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electrode also has a depth of up to one hundred wavelengths. Taking into account that FEM
requires a spatial discretization with at least twenty first order finite elements per wavelength
and that an arbitrary piezoelectric material has at least four degrees of freedom, this leads to 8
x 10® unknowns in the three dimensional (3-D) case. Hence, the 3-D FEM representation of
SAW device with hundreds of IDT fingers would require several million elements and nodes.
The computational cost to simulate such a device is extremely high, or the amount of

elements could not be handled by nowadays computer resources.

Fortunately, SAW devices consist of periodic section. M.Hofer et al proposed the Periodic
Boundary Condition (PBC) in the FEM that allows the reduction of size of FE model
tremendously [82], [83].

A good agreement between FEM and analytic method is obtained; this agreement was also
presented in literature [80]. However, it takes a long time and it would require a trial and error
to find the results. Consequently, to reduce time, in our work, the analytical method and
equivalent circuit are used to extract the parameters of SAW devices; FEM is used to get a 3D

view and explain some results that can not be explained by equivalent circuit.

1.4 MICROMACHINING PROCESS, THE CHOICE OF SURFACE
MICROMACHINING

The emergence of silicon micromachining has enabled the rapid progress in the field of
microelectromechanical systems (MEMS). Silicon micromachining is the process of
fashioning microscopic mechanical parts out of a silicon substrate or indeed, on top of a
silicon substrate. It is used to fabricate a variety of mechanical structures which have been
used successfully to realise a wide range of microsensors and microactuators. Silicon
micromachining comprises two technologies: bulk micromachining and surface
micromachining. The term bulk micromachining expresses the fact that this is used to realize
the micromechanical structures within the bulk of a single-crystal silicon (SCS) wafer by
selective removing the wafer material. In bulk micromachining, etching is the key
technological step. The etching process in bulk micromachining comprises several of the

following techniques:
+ Wet isotropic etching.
+ Wet anisotropic etching.
+ Plasma isotropic etching.

+ Reactive ion etching (RIE)
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+ Etch-stop.

Since the beginning of the 1980s, much interest has been directed toward micromechanical
structures fabricated by a technique called surface micromachining, a new age for silicon
sensors and actuators [88]. There are several approaches to the making of MEMS devices
using surface micromachining. The first is sacrificial layer technology to realise mechanical
microstructures. The second approach incorporates IC (Integrated Circuit) technology and wet
anisotropic etching. And the third is using plasma etching to fabricate microstructures at the
silicon wafer surface. Sacrificial layer technology is used in our process to create exactly the

membrane. In sacrificial layer technology, the key processing steps are as follows:

+ Deposition and patterning of a sacrificial layer (SiO, is a popular and preferred
material choice).

+ Deposition and definition of a poly-Si film.

+ Removal of the sacrificial layer SiO, by lateral etching in hydrofluoric acid (HF).

It was shown in literature that there are the relative advantages and disadvantages of these

two technologies. Table 1.3 summarizes the relative advantages and disadvantages of bulk
and surface micromachining. Perhaps, the most attractive feature of surface micromachining

is wider range of structural geometry than bulk micromachining.

Table 1.3 COMPARISON BETWEEN BULK AND SURFACE MICROMACHINING

TECHNOLOGIES
Bulk micromachining Surface micromachining
Advantages Disadvantages Advantages Disadvantages
Uses several
materials and
allows for new
applications.

Allows rugged Large die areas that | Small die area that Less-rugged
structures that give it high cost. makes it cheaper. structures with
withstand vibration respect to vibration
and shock. and shock.
Large mass/area. Not well fully Fits well with IC Small mass/area,

integrated with IC processes. which would
processes. typically reduce
sensitivity.
Well characterised Limited structural Wider range of Fabrication process
material (i.e. Si). possible geometries. structural is not well known
geometries. for some materials.

Our novel fabrication process presented in this thesis by using surface micromachining
technique is proposed to create exactly the dimensions of membrane used in pressure sensor

and this process also allows having a well defined membrane with any geometry due to the
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silicon etch stop walls. In our fabrication process, the property of creating any geometry is
promising in many applications.

In literature, SAW devices used both individually as well as in arrays find applications in
telecommunications, chemical, physical and biological sensing as well as in materials
characterization [3], [4], [7], [9], [89]-[101]. Conventional SAW devices typically comprise
of one delay-line or dual delay-line configurations with one delay-line used as a reference to
compensate for environmental variations [102], [103], [104]. These conventional SAW

devices can be fabricated by bulk micromachining, for instance, pressure sensor [10].

Recent efforts have focused on the design and fabrication of acoustic wave devices which
can allow for better sensor characteristics as well as material characterisation possibilities

[104], [105].

One such device with a complicated transducer design is the hexagonal SAW sensor
proposed as in [106], [107], [108]. The hexagonal SAW device is shown in Figure 1.13. It is
made of three different delay paths aligned to allow for generation of acoustic waves which
are different in character in the different directions. It is possible to exploit the generated
multiple wave modes to develop SAW devices that can be used as better chemical sensor and
bio-sensor elements. There are several advantages to the hexagonal SAW device. The three
different delay paths could be used for simultaneous detection and the data collected across
the three delay paths allow for better characterisation of the sensing (thin film) material. This
design allows for the simultaneous extraction of multiple properties (material density or
thickness, sheet conductivity) of a thin film material to achieve a more complete
characterisation than when a single SAW delay-line is used. Thus, this device can serve as a
better in-situ characterisation tool in thin film physical and chemical deposition equipment
and is expected to perform better than the typically utilised quartz crystal microbalance [109].
Preliminary experimental results have shown increased sensitivity for these devices in

chemical sensor applications [106].
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Figure 1.13 Hexagonal SAW device

In conclusion, there are several advantages to the hexagonal SAW device. In case of using
it with membrane, it is too difficult to fabricate the device by bulk micromachining. Besides,
to create exactly membrane with dimensions much smaller than the thickness of silicon bulk,
for instance, 200pum x 200pum membrane and 760 pm thickness of silicon bulk, in bulk
micromachining, this is not easy. With our fabrication process, the hexagonal SAW device

with membrane or SAW device with membrane of any geometry could be easily realized.

1.5 CONCLUSION

This chapter gives a general view of acoustic wave devices used for sensor applications;
the reason why choosing equivalent circuit model. Equivalent circuit of SAW device is
presented in Chapter 2. It also gives the SAW parameter analysis in different structures of
SAW device. Based on this chapter, Chapter 3 presents the development of model used for
SAW pressure sensor, mechanical analysis of membrane under pressure, the pressure

sensitivity calculation as well as the frequency variation due to temperature change.

AIN is chosen as attractive material for many SAW applications due to its good properties
that are compatibility with microelectronics process, high acoustic velocity, and high coupling

factor. The AIN characterisation will be presented in Chapter 4.

Surface micromachining technique is proposed to fabricate the SAW pressure sensor due
to its interesting characters. It could create exactly the dimensions of membrane used in
pressure sensor and allows having a well defined membrane with any geometry due to the
silicon etch stop walls. The property of creating any geometry is promising in many
applications. The fabrication process using surface micromachining will be given in Chapter

4.
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Chapter 2

SAW PARAMETERS ANALYSIS AND
EQUIVALENT CIRCUIT OF SAW DELAY LINE

2.1 INTRODUCTION

Surface Acoustic Wave (SAW) devices, using interdigital electrodes, play a key role in
today’s telecommunication systems and are widely used as electronic filters, resonators, delay

lines, convolvers or wireless identification systems (ID tags).

During the last three decades, demands set by the expansion of the telecommunication
industry and many applications in sensor have resulted in the introduction of a new generation
of the SAW devices. Consequently, the design of high performance SAW devices requires
precise and efficient models, simulation tools. Several methods have been proposed for
modeling, analyzing SAW devices. These include the impulse model, the equivalent circuit
models, the coupling-of-mode (COM) model, P-matrix model, angular spectrum of waves
models [38] and the Scattering Matrix approach that was presented by Coldren and Rosenberg
[39]. While the impulse model is only a first order model, the other models include second
order effects, e.g. reflections, dispersion, and charge distribution effects. Purely numerical

methods have also been and are being developed by many authors [72]-[78].

In this chapter, the method for calculating the SAW parameters, including modeling and
simulation, is given.

The most important parameter for SAW device design is the center frequency, which is
determined by the period of the IDT fingers and the acoustic velocity. The governing equation

that determines the operation frequency is:
fo = vsaw/ A eq.(2. 1)
where

A is the wavelength, determined by the periodicity of the IDT and vsaw is the acoustic

wave velocity . For the technology being used in this research:

A =p = finger width x 4 eq.(2.2)
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with the finger width (as shown in Figure 2.1) is determined by the design rule of the

technology which sets the minimum metal to metal distance.

vsaw 18 surface acoustic wave velocity.

_!Finger

Finger T width

spacing

*

E)eriod )

Apgrature (W) !

Figure 2.1 IDT parameters

Section 2.2 gives the analyses of different SAW device structures.
Section 2.3 presents the equivalent circuit of SAW delay line based on Mason model.

The equivalent circuit of SAW delay line based on Couple-Of-Mode theory is presented in

section 2.4.

Based on section 2.3 and 2.4, section 2.5 shows comparison between using the equivalent
circuit of SAW delay line device based on Mason model and COM theory. This model is
useful and fast model for designing the SAW device.

Section 0 gives the conclusion of this chapter from analyses in each section.

2.2 CALCULATION OF SAW PROPERTIES

The SAW propagation properties on one layer or multilayer structure are obtained by using
matrix approach, proposed by J.J.Campbell and W.R.Jones [112], K.A.Ingebrigtsen [116],
and then developed by Fahmy and Adler [68], [69], [70] and other authors [113], [114],
[115]. The numerical solution method is based on characterizing each layer by means of a
transfer matrix relating the mechanical and electrical field variables at the boundary planes.
The boundary conditions for multilayer are based on the mechanical and electrical field
variables those quantities that must be continuous at material interfaces. This matrix method
is used to calculate the wave velocity and therefore, the electromechanical coupling factor. A

general view and detail of this approach are given in [112]-[115].
By using matrix method, the velocity v of acoustic wave is derived in two cases:
+ Wave velocity Vj is velocity in case of free surface.

+ Wave velocity Vs is velocity in case of short-circuit surface.
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Therefore, the electromechanical coupling coefficient K is calculated approximately by

Ingebrigtsen [116] as:

K? =220 s €q.(2. 3)

By using the matrix method and approximation of coupling factor as in eq.(2. 3), we have
calculated and analysed the SAW parameters in different structures AIN/Si, AIN/SiO,/Si and

AIN/Mo/Si. These calculations and analyses will be given in three next sections.

2.2.1 Wave velocity, coupling factor in AIN/Si
structure

Figure 2.2 shows the dependence of Rayleigh wave velocity V, and Vs on the normalized
thickness as respect to the wavelength, KhAIN of AIN layer in SAW device AIN/Si substrate,

where normalized thickness is define by:

kh = 27h eq.(2.4)
A
In this graph, when the normalized thickness of AIN, khAIN is larger than 3, the wave
velocity reaches the velocity of the Rayleigh wave in AIN substrate v(AIN substrate)=6169
(m/s). This could be explained that the wave travels principally in AIN layer when khAIN is
larger than 3, because for low frequency the wave penetrates inside the other layer and this
work is in the case where the wave are dispersive. It is better to be in the frequency range

where the Rayleigh wave is obtained to have a constant velocity.

The coupling factor K for this kind of device is shown in Figure 2.3. When normalized
thickness of AIN layer is larger than 3, the coupling factor K still remain at 4.74% by that the

wave travels principally in AIN layer.

In this configuration, K is at its maximum value of 5.34% when khAIN=0.5495.
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Figure 2.2 Calculated values of wave velocity Vj and Vs in SAW device AIN/Si
substrate depend on the normalized thickness khAIN of AIN layer
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Figure 2.3 Calculated values of coupling factor K(%) in SAW device AIN/Si substrate
depends on the normalized thickness khAIN of AIN layer

2.2.2 Wave velocity, coupling factor in AIN/SiO,/Si
structure

Wave velocity and coupling factor in structure AIN/SiO,/Si are also presented in Figure

2.4 and Figure 2.5, respectively.
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Figure 2.4 Dependence of wave velocity in SAW device AIN/SiO,/Si substrate on
the normalized thickness khAIN of AIN layer and khSiO,
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Figure 2.5 Dependence of coupling factor K(%) in SAW device AIN/ SiO,/Si
substrate on the normalized thickness khAIN of AIN layer and khSiO,

In this configuration, as results in Figure 2.4, when khAIN < 6, with the same thickness of
AIN layer, an increase in thickness of SiO, would decrease the wave velocity. When
khAIN > 6, the wave velocity reaches the velocity of the Rayleigh wave in AIN substrate
V(AIN substrate)=6169 (m/s). A same conclusion is formulated also for coupling factor for
this kind of structure, AIN/SiO,/Si, in Figure 2.5; when KhAIN > 6, K remains at the value of
4.7%.
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To understand the above behavior, we use FEM method to display displacement profile
along the depth of multilayer AIN/SiO,/Si. These results obtained from FEM method in case
of khSi10,=0.7854, khAIN=5 and khAIN=0.2 are compared as in Figure 2.6.
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—— khAIN=5
—=— khAIN=0.2

Figure 2.6 Displacement profile along the depth of the multilayer AIN/Si0,/Si,
khSi0,=0.7854

From Figure 2.6, we note that wave travels principally in AIN layer for a khAIN value of 5.
By this reason, from a khAIN value of larger than 5, the coupling factor K remains at 4.7%
and wave velocity remains at 6169m/s. For khAIN=0.2, wave travels principally in SiO; layer

and Si substrate that are not piezoelectric layer. Consequently, the coupling factor K reaches

the value of 0%.

In conclusion, the values of wave velocity and coupling factor depend on wave
propagation medium, in which constant values of wave velocity and coupling factor indicate a
large contribution of AIN layer, and coupling factor value of near 0% indicates a large

contribution of SiO; layer and Si substrate.

2.2.3 Wave velocity, coupling factor in AIN/Mo/Si
structure

For our devices, a thin Mo layer will be also deposited below the AIN layer to impose the
crystal orientation of AIN. The results of dependence of AIN layer crystalline orientation on a

Mo layer are given in Chapter 5, section 5.3.4 . Besides this dependence, the Mo layer also
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has influences on wave velocity and coupling factor K. These influences are shown in Figure

2.7 and Figure 2.8, respectively.
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Figure 2.8 Coupling factor K(%) in SAW device AIN/Mo/Si substrate depends
on the normalized thickness khAIN and khMo
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From Figure 2.7, the use of Mo layer would increase the wave velocity with any thickness
of AIN layer and Mo layer. In case of coupling factor K as in Figure 2.8, the Mo layer,
however, could decrease K when the khAIN is less than 1.02. When the normalized thickness
of AIN layer khAIN is in the range from 1.17 to 2.7, the Mo layer would increase the coupling
factor K. And when the khAIN is larger than 2.7, the Mo has no influence on wave velocity
and coupling factor. The reason of this effect could be explained by the displacement profile
in AIN/Mo/Si structure, as shown in Figure 2.9 for thickness AIN value of khAIN=2.7. We
could note that when khAIN >2.7, the first interesting point is that the wave travels
principally in AIN layer and Si substrate, the second one is that the relative displacement
U/Umax in Mo layer will be smaller than 0.5. These point would explain the reason why

when KhAIN > 2.7 the use of Mo has no influence on wave velocity and coupling factor.
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Figure 2.9 Displacement profile along the depth of the multilayer AIN/Mo/Si,
KhAIN=2.7

2.3 EQUIVALENT CIRCUIT FOR SAW DELAY LINE BASED ON
MASON MODEL

2.3.1 Equivalent circuit for IDT including N periodic
sections
Based on Berlincourt et al [76] about equivalent circuit for Length Expander Bar with
parallel electric field and with perpendicular electric field and based on the equivalent circuit

for electromechanical transducer presented by Mason [73], Smith and al [78] have developed
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the equivalent circuit for IDT composed of N periodic sections of the form shown in Figure

2.10.
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Figure 2.10 Interdigital transducer diagram

One periodic section as shown in Figure 2.11(a) can be presented by analogous one-
dimensional configurations: “crossed-field” model as in Figure 2.11(b) , and “in-line” model
as in Figure 2.11(c). In “crossed-field” model, the applied electric field is normal to the
acoustic propagation vector; while in “in-line field” model, the electric field is parallel to the

propagation vector.
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( a) Actual model
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In-line field
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Figure 2.11 Side view of the interdigital transducer and 2 analogous one-dimensional
configurations (a) Actual model, (b) “crossed-field” model, (c) “in-line field” model

YYYY
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The important advantage of two one-dimensional models is that each periodic section can
be represented by equivalent circuit of Mason, as shown in Figure 2.12 for “crossed-field”
model and Figure 2.13 for “in-line field” model. The difference between these two equivalent

circuits is that in “crossed-field” model, the negative capacitors are short-circuited.
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Figure 2.12 Mason equivalent circuit for one periodic section in “crossed-field”
model
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Figure 2.13 Mason equivalent circuit for one periodic section in “in-line field” model

Where:
0 7o
og=—=—-
4 2 @y eq.(2.5)
With periodic section transit angle
0=272
2
2
Alyore
Dy’s eq.(2. 6)
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Ry is electrical equivalent of mechanical impedance Z, [78]

k: electromechanical coupling coefficient
Co=Cs/2 with Cs : electrode capacitance per section
o is center angular frequency

One periodic section can be represented by the 3-port network [y] matrix. The [y] matrix of
one periodic section for 2 models as follows (see Appendix B, section B. 1), with Ge=R,™, R¢
is expressd by eq.(2. 6):

+ for the “crossed-field” model:

Vi, = -G, cotg(4a)

_ G,
ylz YN
sin(4a) eq.2.7)

Yi; = — G, tga

Yi; = J(20C, + 4G tga)
+ for the “in-line field” model:

2
. C in(2
Y., =—iG, cotga S0 _cot 9(2a) || 2 -~ 2= sin(2a) -
*Co G, _ cotg(Ra)
i oC, |
2
G, 1
cotga C 2a)
. w sin
Vi, = 1G, °
2G, G,
2 —cotQga —cotg2a)
oC, oC,
. tg €q.(2.8)
Yo =16 55, —
1-—tga
oC,
_ j2wC,
y33 - 2G0
1- tgo
oC,

In IDT including N periodic sections, the N periodic sections are connected acoustically in

cascade and electrically in parallel as represented in Figure 2.14.
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Figure 2.14 IDT including the N periodic sections connected acoustically in cascade
and electrically in parallel

Matrix [Y] representation of N-section IDT for two models, “crossed-field” model and “in

line” model are in eq.(2. 9) and eq.(2. 10), respectively (the calculation development is
presented in Appendix B, section B. 1):

+ In "crossed-field" model:

Y11 =_ij cot g(4Na)
G
VA @
2~ Gin(4Nar) *4(2-9)
Y13 =_ijtga
Y,; = INQ2aC, +4Gitga)

+ In "in-line field" model:

Yll = _&
Q;
1

Y, = @
(0%

Y13 :_j(;! -
2G,
- tgo

eq.(2. 10)

20
v, J2NG

_ﬁtga

It was shown in the literature that the crossed field model yielded better agreement than the
experiment when compared to the in-line model when K is small. In section 2.2, K is always

smaller than 7.2%. Besides, in section stated above, the “crossed-field” model is simpler than
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“in-line field” model in term of equations of all element of [Y] matrix. Consequently, the

“crossed-field” model is selected henceforth for the calculating, modeling the devices.

2.3.2 Equivalent circuit for propagation path
In our work, delay line SAW device is used for pressure sensor application. The sensitive
part of this kind of device will be the propagation path. To model the pressure sensor using
SAW, it is necessary to construct the model for propagation path. Based on the equivalent
circuit for electromechanical transducer presented by Mason [73], equivalent circuit of

propagation path is presented as in Figure 2.15.

JZotgy
r—JJéj ' ;:11—1

IDT 1 IDT 2

\ .
—JZ,
sin2y

Figure 2.15 Equivalent circuit of propagation path, based on Mason model

Where

ol eq.(2.11)

7=2v

With v is SAW velocity, | is propagation length.

2.3.3 Equivalent circuit for SAW delay line
Due to the piezoelectric effect, an RF signal applied at input IDT stimulates a micro-
acoustic wave propagating on its surface. These waves propagate in two directions, one to
receiving IDT and another to the medium. The approximations as follows are assumed to

construct the equivalent circuit for SAW delay line:

+ Assume that the IDT radiates the wave into a medium of infinite extent.
Experimentally, an infinite medium is approximated either by using absorber, such as wax,
polyimide (see Chapter 4, section 4.11) to provide acoustic termination, or by using a short

RF pulse measurement. The condition of infinite medium means that no wave reflects back to
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input IDT. This is created for SAW device model by connecting the acoustic characteristic

admittance Y to one terminal of IDT.

+ Assume that the wave propagating to receiving IDT has no attenuation during
propagation way between two IDTs. So, the propagation path between two IDTs can be

expressed as the no-loss transmission line.

Based on these two approximations, the [Y] matrix representation of IDT in section 2.3.1,
and propagation path representation in section 2.3.2, the SAW delay line can be expressed as

equivalent circuit as in Figure 2.16.

Z-(:) [Yin] Z 0

Figure 2.16 Equivalent circuit of SAW delay line, based on Mason model

Section 2.3 gives the equivalent circuit of SAW delay line, including IDT input, IDT
output and propagation path. All of calculation developments are presented in appendix B,
section B.2. In this appendix, a new equivalent circuit of IDT including N periodic section
plus one finger, which we call it “N+1/2”, also are developed and presented. Another
representation of SAW delay line is [ABCD] matrix representation which also proposed in
Appendix B, section B. 4. [ABCD] matrix representation has one interesting property that in
cascaded network, the [ABCD] matrix of total network can be obtained easily by multiplying

the matrices of elemental networks.

2.4  EQUIVALENT CIRCUIT FOR IDT BASED ON THE
COUPLING-OF-MODE THEORY
The Coupling-Of-Modes formalism is a branch of the highly developed theory of wave
propagation in periodic structure, which has an history of more than 100 years. This theory
covers a variety of wave phenomena, including the diffraction of EM waves on periodic
gratings, their propagation in periodic waveguides and antennas, optical and ultrasonic waves

in multi-layered structures, quantum theory of electron states in metal, semiconductors, and
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dielectrics.... Theoretical aspects of the wave in periodic media and applications were
reviewed by C.Elachi [41], in which it included theories of waves in unbounded and bounded
periodic medium, boundary periodicity, source radiation in periodic media, transients in
periodic structures, active and passive periodic structures, waves and particles in crystals. An
excellent recent review of COM theory used in SAW devices was written by K.Hashimoto
[47].

A simple equivalent circuit for IDT based on COM approach was proposed by
K.Nakamura [66]. This model would be useful to analyze and design SAW devices. Based on
the COM equations, the relationships between the terminal quantities at the one electrical port

and two acoustic ports for an IDT have been done.

2.4.1 COM equation for particle velocities
Consider an IDT including N periodic sections with periodic length of L as shown in

Figure 2.17.

|
O—b
vi
O -
. L . U L
-«
L L !
x=0) x=NL
Acoustical port 1 Acoustical port 2

Figure 2.17 IDT including N periodic sections

The particle velocities v'(x) and v'(x) of the wave propagating in the +x and —x directions
p

in the periodic structure can be expressed as follows with the time dependence exp(jot) term:
— ikx
V' (X)= A" (x)e’ eq.2. 12)

v (X) = A (x)e eq.(2. 13)
Where k is the wave number

K=/ Vg eq.(2. 14)

The amplitude A"(x) and A(x) obey the following coupled-mode equations [117]:
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dA (X) — _JK11A+(X)_ jKlzej25XA—(X)+ Jé/ejé'xv eq.(2. 15)
dA (X . 05X A4 . _ C o eq.(2.
dx(_) = jK & A () + K A () - jee Y el

Where V is the voltage applied to the IDT,

¢ 1s the constant associated with the convention from electrical to SAW quantities,

K1 and K, are coupling coefficients, sum of the coupling coefficient coming from the

piezoelectric perturbation and that coming from the mechanical perturbation.

o0 =k-k, ,with k0=2T7Z eq.(2.17)
The solution to eq.(2. 15)and eq.(2. 16) can be expressed as
V' (X) = (h,e‘jﬁlx + phe 2 4 qé’\/)eﬁjk"x eq.(2. 18)

Vv (X) = ( phe M+ he 1+ qov ) el eq.(2. 19)

Where the subscripts 1 and 2 indicate the elementary waves with wavenumbers K, + 3, and

k, + f, in the +x direction, and the magnitudes h; and h,, respectively.

B by = i\/(5‘" Ku)2 - Klz2 eq.(2. 20)
p:ﬂ1_5_K11 eq.(2.21)
K.,
1
q= eq.(2.22)
o+K,, +K,

2.4.2 Equivalent circuit for IDT based on COM theory
From the equations eq.(2. 18) and eq.(2. 19), the particle velocities at the both ends of the

IDT can be expressed as:

V' (0)=h + ph,+qgV eq.(2. 23)

v (0) = ph +h, +qdV eq.(2. 24)
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V*(NL):i(e_jﬁlNLh] +eiN-ph, +q§V) eq.(2. 25)

vV (NL) =+(e "™ ph +e/"h, + g0V ) ¢q.(2.26)

The upper and lower signs in eq.(2. 25) and eq.(2.26) correspond to the cases N=i and
N=i+0.5, respectively, where i is an integer. Consequently, the total particle velocities at the

two acoustical ports can be expressed as:
+ Particle velocity at port 1 (x=0):
_ eq.(2.27)
v, =V (0)+V (0) = (1+ p)(hy +h,)+ 204V
+ Particle velocity at port 2 (x=NL):

v, ==[VI(ND)+V (ND) | =%[ 1+ p)(e "™ + &™) + 200V | cq229)

The two forces at two acoustic ports are considered to be proportional to the difference of

v and v'. For the simplicity, these forces can be expressed as follows:
F=v'(0)-v (0)=(01-p)(h-h) eq.(2. 29)
F,=v' (NL)-v (ND) =] (1- p)e ""h —e"*™h)] .30

From these equations, h; and h, are the terms of F; and F, as follows:

ejZﬁlNL ejﬁ,NL

— : F T ' F eq.(2.31)
h' (1 _ p)(e]zﬁlNL _ 1) 1 (1 _ p)(ejzﬁlNL _ 1) 2
1 elAN .
h2 - J2ANL Fl + j28NL Fz @232
(1-p)e"-1)  (dA-pye™" -1
The current I at the electrical ports can be expressed as:
NL . ‘
| =n[[(1+p(he P +he ™) +204V Jix+ joNCV
' eq.(2.33)

= jn{(n p){%(e‘“*NL —1)+%(e“mL —1)}}+2q§ryNLV + joNCV

1 2

where 7 is the constant associated with the convention from SAW to electrical quantities,

therefore associated with the coupling factor K.
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C; is the capacitance for one electrode pair.

By substituting equations eq.(2. 31) and eq.(2. 32) in eq.(2. 27), eq.(2. 28) and eq.(2. 33),

the following equations can be obtained:

| = (joNC, +2geNLV + 24P oo 1+ P) o ca 2. 34)
180=p)  Jp(1-p)
I+p 1 _1+p 1
v, =2 + F eq.(2. 35)
=20 T T2 T 1o p jsin2d
_ _l+p 1 I+p 1
V, =F2 F + eq.(2. 36)
? +q§V+1—pjsin20 '"1-pjtan20 °
Where
6=,NL/2 eq.(2.37)
P=h==F eq.(2. 38)
From these equations, the matrix as follows can be obtained:
(joNC.+2qcpNLy  24xP o ndEp)
, iB-p) iBU-P) |y
I+p 1 _l+p 1 eq.(2. 39)
VvV = 2 F
Vl % 1-p jtan26 +1—pjsin29 Fl
’ o l+p 1 l+p 1 2
L i +1—pjsin2¢9 1-p jtan26 |

In the acoustic wave transducer using piezoelectric effect, the force and voltage analogy

can be used. Therefore, the COM-based circuit of IDT as matrix in eq.(2. 39) can be

considered as the reciprocal circuit. The reciprocity theorem states that if a voltage source E

acting in one branch of a network causes a current I to flow in another branch of the network,

then the same voltage source E acting in the second branch would cause an identical current [

to flow in the first branch. By using this theorem in this case, replacing V and F, together, the

same value I requirement leads the following equations:

200 - n(+p)

~jpa-p)

n=2j¢

eq.(2. 40)

eq.(2.41)

From eq.(2. 39), eq.(2. 40), and eq.(2. 41), the matrix as in eq.(2. 39) becomes:
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2
joc, +2 L 5 ?
| 1202, 12027, 1207, Vv
Vv, = ¢ 1 _ 1 F eq.(2. 42)

1 j202, iZ,tan20 ' jZ,sin26 |

v F

’ __ ¢ _ 1 1 ?

20z,  Tjz,sin20  jZ,tan20 |
Where

Z, = :—E = # eq.(2. 43)
¢=nNL=2]c N eq.(2. 44)
Cr = NG, eq.(2. 45)

Consequently, the simple equivalent circuit obtained for IDT with N electrode pairs is

shown in Figure 2.18:

—

E*TH— NI

_'_-’-'-'-'\-'_ »9‘
;zaznj]
- 267,

1

L

vy JZysm 26 V)
-ﬁ—_. » — — —

Figure 2.18 Equivalent circuit IDT based on COM theory
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2.4.3 Equivalent circuit for propagation path based on
COM theory

In SAW devices, the propagation path should be taken into account. It is necessary to
determine the equivalent circuit for a propagation path of distance 1 between 2 IDTs. This
propagation path is a uniform section of length 1, with a free surface or a uniformly metallized

surface. In this case, K;1=K;,=0, and =6.

Consequently, from equations eq.(2. 31) and eq.(2. 32), h; and h, can be expressed as:

el?/ g/
h‘ :ejm—l 1_e,-2ﬁ| _1|:2 eq.(2. 46)
1 Ny

hZ = el _1 17 N F2 eq.(2.47)

And, the particle velocities are expressed as:
V() = he! @ = he™ cq. (2. 49)

If the vy, v, F1, and F; are defined as:

Vl - V+ (0) v (O) eq.(2. 50)
v, = [v*(NL)+Vv (NL)] .
F=vi(0)-v(0) eq.2. 52)
F, =v'(NL)-v (NL) eq.(2. 53)

Then, by expressing h; and h; in terms of F; and F, based on equations eq.(2. 46) and

eq.(2. 47), the v; and v, become as follows:

24 is
v—h+r12—e +1_  2e eq.(2. 54)
v T e

in 24
2e e +1 eq.(2. 55)

v, =he ™ +he" =— —=
2 hl hZ e]2ﬂ| _1 1 e]2ﬁ| _1 2

Using the relation between complex number and trigonometry, the v; and v, can be

expressed as follows:
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1 E 1

Vi=—5 R eq.(2. 56)
1Z,tan 260 jZ,sin 20

V. = 1 E 1 F eq.(2. 57)

2 T o . ' 1+ = v 2
JZ,sin 260 JZ,tan 20

Consequently, the equivalent circuit for propagation path can be represented by the =-

circuit of Figure 2.19:

jZ,sin 26’

2

O
I
I

I
<o

J \ ~JZ, / J |

tan @'

O O

Figure 2.19 Equivalent circuit of propagation path based on COM theory

Based on Mason model, the equivalent circuit of propagation path was presented in Figure
2.15, which has star form. In Figure 2.19, the circuit has triangle form. By using triangles and
stars transformation theory published by A.E. Kennelly, equivalent circuit of propagation in
these two figures is the same. Consequently, the approachs that are based on Mason model

and COM theory can get the same equivalent circuit of propagation path.

2.4.4 Equivalent circuit for SAW delay line based on
COM theory

Based on section 2.4.2 and 2.4.3, equivalent circuit of SAW delay line based on COM
theory is presented in Figure 2.20.
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o C:T ] @ (j
R 1
AAS '_' A ALAAL, '_'
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J20Z, j26Z,
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Figure 2.20 Equivalent circuit of SAW delay line based on COM theory

In this model, some parameters must to be calculated or extracted. SAW velocity v,
piezoelectric coupling factor K could be calculated from section 2.2. The periodic length L (or
wavelength 1) is determined by design and fabrication.

The parameters K;; and K;, are coupling coefficients. They are sum of the coupling
coefficient coming from the piezoelectric perturbation and that coming from the mechanical
perturbation, and their equations for calculation are complicated [117]. Exact equations for
Ky and Kj; were given by Y.Suzuki et al [117], but it seems so complex that their
usefulnesses could be limited. However, from this work of Y.Suzuki et al [117], we propose

the K7 and K, could be expressed as follows:

K= 01K’k eq (2. 58)

Kiz= 012Kk ¢q.(2. 59)

Where ky is stated by eq.(2. 17) k, = 2Tﬂ and K is piezoelectric coupling factor.

Oy is so-called self-coupling constant of finger, and Oy, is so-called coupling constant
between fingers. O, could also presents the reflective wave between two fingers.

Figure 2.21 shows the effects of O, on S21(dB) of SAW device N=50, vsaw=5120m/s,
A=8um, K=0.066453 when O;;=0. S, is the transmission coefficient in the scattering matrix

representation [65].
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Figure 2.21 Effect of O, on S21(dB), N=50, vsaw=5120m/s, A=8um, K=0.066453,
011:0

Figure 2.22 shows the effects of O;; on S21(dB) of SAW device N=50, vsaw=5120m/s,
A=8um, K=0.066453 when O;,=0. So, O;; coefficient shifts the center frequency of SAW
device, the positive value of O;; reduces the center frequency fy of device, the negative on

will increase the fj.
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Figure 2.22 Effect of Oy; on S21(dB), N=50, vsaw=5120m/s, A=8um, K=0.066453,
012:0

The effect of K;; and K, could be explained by their measurement method [66]. K;; could

be derived from the measurement of frequency response, therefore the usefulness of its
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calculation could be limited. Meanwhile, K, can be extracted from FEM. It is shown in
literature that K, depends on the thickness of finger with respect to the wavelength. In our
work, the ratio thickness/wavelength (its maximum value is 300nm/8um) is too small that its

effect can be ignored. In conclusion, in our work, value of K;; and K, are 0.

2.5 COMPARISON OF EQUIVALENT CIRCUIT OF SAW
DEVICE BASED ON MASON MODEL AND COM THOERY
Figure 2.23 presents the comparison between hybrid model and COM model in that O;;=
01,=0, distance between 2 IDTs is S0A. These models could be the same, except that a small
difference in the peak value of S;; (dB) occurs. This difference could be explained by using

“crossed-filed” model instead of actual model as in Figure 2.11.

5 f/f0
0.60 1.00 Ls8dB 1.10

— COM
— based Mason model

-150

Figure 2.23 Comparison between Hydrid model and COM model (O;,=0,,=0)
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2.6 CONCLUSION

The model used for SAW pressure sensor based on delay line are presented. For usefulness
and reduction of time in design process, the equivalent circuit based on COM model, in which

K1, K12=0 is proposed to be used.

Acoustic wave properties in different structures of AIN/SiO,/Si, AIN/Si, and AIN/Mo/Si
are analyzed. The wave velocity, coupling factor could depend on the wave propagation

medium.

From analyses of these structures, the range in which there is a weak dependence of the
wave velocity, coupling factor on the AIN layer thickness could be known. The SAW devices

should be fabricated in this range to facilitate manufacturing.
For AIN/Si structure, this range is KhAIN >3
For AIN/Mo/Si, if this kind of SAW device is fabricated in the range from KhAIN >2.7 to

facilitate manufacturing, the use of Mo layer is useless. Consequently, to take full advantage
of using Mo layer in term of wave velocity and coupling factor, it should be required to
control the fabrication process carefully to obtain the required AIN thickness from
khAIN=1.02 to khAIN=2.7. The further advantage of using Mo will be presented in Chapter

4, section 4.9.3 and also characterized in Chapter 5, section 5.3.4.

For AIN/SiO,/Si, this range is khAIN >5 for khSi0,=0.7854, for thicker SiO; layer, this
range changes based on Figure 2.4 and Figure 2.5. Besides, using SiO; layer would reduce
temperature dependence of frequency. To choose the thickness of SiO, layer, it would

consider the effect of temperature dependence and analyses of wave velocity, coupling factor.
This effect will be presented in next chapter, Chapter 3, section 3.2.

Chapter 3 will also presents the pressure dependence of frequency, phase and mechanical

analysis of membrane under pressure.
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Chapter 3
DESIGN OF SAW PRESSURE SENSOR
DEVICES

3.1 INTRODUCTION

In SAW pressure sensor, the pressure induced stress and strain. Consequently the acoustic
wave will be modified and therefore the frequency response of the device. The pressure can
be obtained by measuring frequency response change. Besides, the effect of frequency
variation by temperature change [82], [118] is derived from that properties of materials
affected by temperature variation. For pressure application, this sensitivity must be reduced.
Usually, temperature compensation can be done by using one port Inter Digital Transducer
(IDT) and at least three reflectors to create several propagation paths of different lengths [6],
[7] and then a signal processing step is performed to reduced effect of temperature. Another
solution is to use a multi-layers structure like AIN/SiO2/Si to obtain an effect of self

temperature compensation, by choosing material having opposite temperature coefficients.

Section 3.2 presents the temperature dependence of frequency of our structure and the

structure for self temperature compensation.

Section 3.3 gives the mechanical analysis of membrane under pressure and pressure

dependencies of frequency and phase of SAW device.

All calculations of velocity and center frequency are done by matrix method (as stated in

Chapter 2, section 2.2) and also by FEM method.

3.2 TEMPERATURE COMPENSATED STRUCTURE FOR SAW
DEVICE

3.2.1 Temperature dependence of Si, SiO,, AIN
properties
Temperature dependence of Si, SiO,, and AIN were evaluated and measured by some
authors [119]- [123]. Table 3.1 and Table 3.2 present these dependencies that will be used for

designing the temperature compensation structure in section 3.2.2.
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Table 3.1 TEMPERATURE DEPENDENCE OF S1, S10; AND ALN PROPERTIES

Materials Si Si10, AIN
1 dc, -0.53 2.39 -0.37
G, dT
Temperature coefficients of | L dG, -0.98 Table 3.2
elastic constants (10'4 K'l) c, dT
1 dc; -0.75 5.84 Table 3.2
c, dT
1 dey,; -0.53 2.39 -0.37
c, dT
1 dc, -0.42 1.51 -0.57
c, dT
Temperature coefficients of | 1 dp -2.6 -1.65 -13.7
mass density p (10° K™ Bd_T
Table 3.2 TEMPERATURE DEPENDENCE OF Cj2 AND C;3 OF ALN
TCK) |cin(GPa) |ci3(GPa) T (°K) c12 (GPa) | c13 (GPa)
0 148.9 99.4 600 147.1 97.7
50 148.9 99.4 700 146.6 97.2
100 148.9 99.3 800 145.9 96.7
150 148.8 99.3 900 145.2 96.2
200 148.7 99.2 1000 144.5 95.7
250 148.6 99.0 1100 143.8 95.3
300 148.4 98.9 1200 143.1 94.8
400 148.1 98.5 1300 142.4 94.3
500 147.6 98.1 1350 141.9 94.0

3.2.2 Temperature Coefficient of Frequency (TCF) and
temperature compensated structure for SAW sensor

Temperature stability is a critical issue for SAW sensor. As given in section 3.2.1, both
AIN and Si have negative temperature dependence of elastic coefficients and mass density.
On the contrary, SiO; has positive temperature dependence coefficient of elastic constants and
negative temperature dependence coefficient of mass density. So, temperature compensated
structures of SAW sensor are constructed based on these properties and temperature

compensated structure should include multilayer Si, AIN and SiO,.

The operating frequency of SAW device is determined from the surface wave velocity v

and the spatial period of IDT (})

. eq.(3.1)

y_yv
A D
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Where A, the wavelength, is equal to D, center to center distance between 2 fingers of an

IDT.

So, temperature coefficient of frequency (TCF) can be expressed as:

eq.(3.2)
TCF :Li:—dv ——dD q
f, dT  vdT DdT
Where the theoretical temperature coefficient of velocity (TCV) is obtained by substituting

velocity calculated at temperature t, (t+5) and (t-5) [124]:

0 _ _ g0 eq.(3. 3)
TV - dv zv(t+5 C)-v(t-50C)
vdT v(1)10
dD eq.(3. 4)
— =
DdT °

Where a, is the thermal expansion coefficient of AIN, in structure where IDTs are on the

AIN surface [122]: a,=4.2.10° (°C™)

So, the temperature coefficient of frequency (TCF) of SAW device is obtained:

V(t+5°C)-v(t-5°C) . eq.(3.5)

TCF ~ a
v(t)10

In literature, TCF were calculated at t(OC)=25 [124], [125]. For stable results, we have
performed TCF calculation for SAW device with different structures at different temperature
t(OC)=25, 65, 105, 145, 185, 225, 265 and 305. The results are shown in Table 3.3 where the

normalized thickness kh=2m/A.

It seems that the TCF values from Table 3.3 in each structure of SAW device are constant.
Consequently, for an approximation, the frequency shift could depend linearly on the

temperature as:

eq.(3. 6)
Af—f ~ TCFXT a

0

Where TCF is the average value of TCF values calculated at different temperatures.
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Table 3.3 VALUES OF TCFs IN SAW DEVICES AT DIFFERENT TEMPERATURE (°C)

TCF(x 107)
Temperature (°C) 25 65 105 145 185 225 265 305
AIN(khAIN=0.157)/SiOy(kh 642 | 6.62 | 6.83 | 6.38 64 | 653 | 661 | 6.34
Si0,=0.3927)/Si substrate
AIN(KhAIN=0.2355)/Si0,(kh | 6.18 | 6.19 | 6.2 | 6.04 | 6.19 | 6.08 | 6.11 | 6.16
Si0,=0.3927)/Si substrate
AIN(khAIN=3.69)/Si0,(kh 474 | 473 | -48 | 471 | -4.68 | -4.73 | -4.69 | -4.74
Si0,=0.3927)/Si substrate
AIN(KhAIN=0.157)/SiOy(kh 4.87 | 495 | 477 | 4.82 4.8 | 483 | 4.82 | 4.69
Si0,=0.0785)/Si substrate
AIN(KhAIN=0.7065)/SiO(kh | 2.31 | 2.18 | 2.21 | 2.09 | 2.28 | 2.13 | 2.1 2.14
Si0,=0.0785)/Si substrate
AIN(KhAIN=5.181)/SiO,(kh -675 | -667 | -680 | -677 | -691 | -683 | -692 | -669
Si0,=0.0785)/Si substrate

Figure 3.1 and Figure 3.2 give the obtained results of the frequency shift Af/fO(ppm) for
SAW devices with AIN/SiO,(khSiO,=0.0785)/Si substrate, with different thickness of AIN

layer. For the clarity of reading, Figure 3.2 which is the inset of Figure 3.1 is presented in

different scale of smaller range of khAIN from 0.157 to 0.8635.

5
g 0 e L Temperature ('C) L
o
S 0 150 200
=
Q-5 f——KhAIN=0.157 [ == ™=~ T T T T s
5 = khAIN=0.2355
khAIN=0.314
-10 91 KhAIN=0.3925[ "~ "~ T T eI T matTr oo
— khAIN=0.7065
—+ khAIN=0.8635
15 7| KhAIN=2198 [~~~ = " T TToTro s sam oS
— khAIN=3.69
KhAIN=5.181
-20

10

Figure 3.1 Af/fO(ppm) depending on temperature in SAW device:
AIN/Si0,(khSi0,=0.0785)/Si substrate
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Temperature (DC)

12 H—+ khAIN=0.157
—=— khAIN=0.2355
khAIN=0.314
’é“ T khAIN=0.3925 - -~ —-—-—-—-—: T
Q g —khAIN=0.7065 _ _ _ __ o omT e
—— khAIN=0.8635

Figure 3.2 Af/f0(ppm) depending on temperature in SAW device:
AIN/Si0,(khSi0,=0.0785)/Si substrate

Figure 3.3 and Figure 3.4 give the obtained results of frequency shift Af/f0(ppm) for SAW
devices with AIN/SiO,(khSi0,=0.3927)/Si substrate. For the clarity of reading, Figure 3.4
which is the inset of Figure 3.3 is presented in different scale of smaller range of KhAIN from

0.157 to 3.847.

2 Temperature (OC) —— khAIN=0.157
R || = khAIN=0.2355
: o khAIN=0.314
0 D khAIN=0.3925
I I 50 _.100.___. 160_ . ___. 200 . _ . _. 280 . ___: 300|_, khAIN=0471
g_z o ST | |~ khAIN=0.5495
e ||+ KkhAIN=0.628
= —— khAIN=0.7065
B4 oo T Ty e e e ] KhAIN=2.12
E D e e T - khAIN=3.69
S e = khAIN=3.847
khAIN=3.925
A ey khAIN=4.082
= it . khAIN=4 475
9 | khAIN=5.181

Figure 3.3 Af/fO(ppm) depending on temperature in SAW device:
AIN/Si0,(khSi0,=0.3927)/Si substrate
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Figure 3.4 Af/f0(ppm) depending on temperature in SAW device:
AIN/Si0,(khSi10,=0.3927)/ Si substrate

So, from these results in Figure 3.1 to Figure 3.4, in SAW device AIN/SiO,/Si substrate, it
seems that when the thickness of AIN layer increases, the TCF would become negative. TCF
is negative if:

khSi0,=0.0785, khAIN > 0.8 (see Figure 3.1 and Figure 3.2);

or khSi0,=0.3927, khAIN > 3.6 (see Figure 3.3 and Figure 3.4).

And vice versa, the positive sign of TCF could be obtained when the thickness of SiO,
increases. From Figure 3.1, TCF (khAIN=2.198, khSiO0,=0.0785) is negative, but in Figure
3.4, when the thickness of SiO, is five times larger (khSiO,=0.0785 x 5=0.3927, the same
thickness of AIN: khAIN=2.198), the TCF becomes positive.

Therefore, we can conclude that a positive sign of the temperature dependence of
frequency indicates a large contribution from the SiO, layer, and a negative sign indicates a
large contribution from AIN layer.

And, we could also conclude approximately that:

when the ratio (thickness of AIN/thickness of SiO,)>10, the TCF is negative;

when the ratio (thickness of AIN/thickness of Si0,)<10, the TCF is positive.

This boundary value “10” could be explained by that the temperature dependencies of
elastic constants of Si0, is larger 5-8 times than those of AIN (see Table 3.1).

And, from Figure 3.4, the self temperature compensated structure can be obtained with

AIN(khAIN=2.12)/Si0,(khSi10,=0.3927)/Si substrate.
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3.3 PRESSURE DEPENDENCE OF FREQUENCY AND PHASE IN
SAW DELAY LINE
3.3.1 Mechanical analysis of membrane under
pressure
Thin film or membrane has been used in a vast range of technological applications, such as
integrated circuit comprises of multiple thin layers of semiconducting, dielectric, conductive
materials; MEMS used for sensor, optical, solar cell ... applications. Consequently, many
authors have researched properties of membrane. Among them, the mechanical properties of
membrane under pressure have been calculated by many authors [126]-[131] with different
approaches for different geometries of membrane. The comparison between different

approaches was reviewed in [130].

In this research, the rectangle membrane with four boundaries fixed is used, as in Figure

3.5.

Tg fxed

f//

A

IDT IDT

... @@ @@ @@ >

Figure 3.5 The rectangle membrane with four fixed-boundaries

When this kind of membrane is under pressure, the distance d between two IDTs is not
uniform over y-axis. In pressure sensor based on SAW delay line, the variation of the distance
d between two IDTs is an important parameter as it is used in simulation of device as well as
it is used to calculate the sensitivity. To simplify the calculation and the simulation, the

infinitely long rectangular membrane is assumed to be used, as shown in Figure 3.6.
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Figure 3.6 The infinitely long rectangular membrane with two fixed-boundaries

For infinite long rectangular membrane, the exact solution of relation between p (pressure
applied on membrane) and h (vertical displacement at the centre of membrane, or height of

deflection) can be expressed as follows [130]:

42 Et'. 158 Et,, €q.(3.7)
"o Taioa

Where E is Young’s Modulus, t is membrane thickness, a is the half length of the

membrane, v is Poisson’s ratio and p is pressure.

The deflection range is divided into two regions: a small deflection (deflection less than
25% of membrane thickness) described by the linear term in eq.(3.7) and a large deflection

region described by the non-linear term in eq.(3.7).

In multilayer membrane, made up of n layers of thickness t; to t, respectively, the pressure
p applied on this multilayer could be seen as the sum of n elemental pressures pi, p2, ..., and

pn in which each element pressure p; depends on each individual layer i properties:
P=p1tp2tpst...+ pa eq.(3. 8)

Each element p; is used to apply on each layer i and each layer deflects the same height of

deflection h
h=h;=h,=hy=...= h, eq.(3.9)
Substitution of h; into eq.(3. 7) to get the p;, and substitution of p; into eq.(3. 8) will yield
the exact relation of pressure p and deflection h for multilayer membrane:

n 3 n eq(3 10)
p:4_'42{ Eiti }h+1.548{z Eiti }hs

a' ‘5 (1-v?) a |iTd-v)

The strain in infinitely long rectangular membrane is expressed by the deflection h [130]:
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h? eq.(3. 11)
“ " 3al

Where h is extracted from equation eq.(3. 10), and substitution h into eq.(3. 11) yields the

strain Syy.

In case of a large deflection (deflection larger than 25% of membrane thickness), h is

extracted by the non-linear term in eq.(3.10), and Sy« could be expressed as:

201 VP a)? . eq.(3. 12)
S == — -
i) (§)

o (I-0)

Where B is expressed as

B=

The pressure applied on the membrane will increase the distance between two IDTs. The

distance variation Ad could be expressed by:
Ad =S, d=S,(2a) eq.(3. 14)
In case of a large deflection, Ad is extracted from substitution eq.(3. 12) into eq.(3. 14) and

is given by eq.(3.15) in the case of multilayer structure. Figure 3.7 and Figure 3.8 represent

the obtained calculations of the strain as function of pressure for two different structures.

Ad:i 13 l 2/3a5/3p2/3
3(1.58 B

1 2/3
z0.98 - 5/3 ~2/3
[Bj P eq.(3. 15)
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2.0 — AIN=1pm
1.8 — AIN=2pm
1.6 AIN=3pm
=14 T AIN=4pm
El2 — AIN=5pm
1.0 H
0.8
0.6
0.4
0.2
OO I T T I
0 10 20 30 40 50

Pressure (bar)

Figure 3.7 Ad in multilayer: Si (1 pm), SiO, (200nm), AIN (1-5 pm)
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Figure 3.8 Ad in multilayer: Si (2.42 um), SiO, (200nm), AIN (1-5 pum)

3.3.2 Pressure-dependence of frequency by pressure
dependence of AIN elastic properties

An excellent recent review for all of calculations and experiments of pressure dependence
of elastic constants was written by M.B.Kanoun et al [132]. M.B.Kanoun et al have found a

linear dependence of AIN elastic constants with applied pressure. Figure 3.9 and

Table 3.4 present the variation of elastic constants of AIN with respect to the variation of

pressure [132].
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Figure 3.9 Pressure dependence of AIN elastic constants [132]

Table 3.4 THE PRESSURE DEPENDENCE OF ALN ELASTIC CONSTANTS

&, | de,
dP dP dP
2.701 4.287 -0.511
From equation eq.(3.1), pressure coefficient of frequency (PCF) can be expressed as:
eq.(3. 16)
pcp Lo _dv_dD

f,dP vdP DdP

Where pressure coefficient of velocity (PCV) is obtained by substituting velocity
calculated at pressure P, (P+0.1bar) and (P-0.1bar) as in eq(3.17):

_ _ eq.(3. 17
poy = AV V(P+0.1bar) - v(P—0.1bar) q.(3.17)
vdP v(P)0.2
db eq.(3. 18)
DdP

So, the pressure coefficient of frequency (PCF) of SAW device is obtained by pressure-
dependence of AIN elastic properties

E~ V(P +0.1bar)—v(P—0.1bar) eq.(3.19)

v(P)0.2

PC
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We have performed the calculations of PCF for SAW device with different structures at

P(bar)=2, 3, 4, 5, 6 and 7. The results are shown in Table 3.5 where the normalized thickness
kh=2mr/A.

Table 3.5 VALUES OF PCFS IN ALN/SIO»(KHSIO»= 0.1571)/SI SAW DEVICES AT
DIFFERENT PRESSURE (BAR)

PCF(x 10°)
Pressure (bar)
2 3 4 5 6 7 8 9

khAIN

0.785 -14.19 | -14.47 | -14.35 | -14.33 | -14.45 | -14.35 | -14.22 | -14.44
1.57 -12.34 | -13.1 | -12.78 | -12.23 | -12.23 | -12.45 | -11.21 | -12.02
2.67 -2.19 |-2.07 |-2.15 |-2.17 211 |1-229 |-2.02 |-2.1
3.29 13.62 | 13.86 | 13.21 |12.92 |12.54 |13.23 | 13.87 | 13.41
3.69 17.23 | 17.87 | 17.1 18.43 18.1 17.76 | 16.78 | 17.12

It seems that the PCF value from Table 3.5 in each structure of SAW device is constant.

Approximately, the frequency shift could depend linearly on the applied pressure as:

eq.(3. 20)
Af—f ~ PCFxP a

0

For stable result, PCF is the average value of PCF values calculated at different pressures.

Consequently, SAW device using AIN would have a linear dependence of frequency shift

on applied pressure. It was shown in literature [35], [82] that this linear property could be

obtained with SAW device using ZnO.

The pressure-dependence of frequency shift by the pressure-dependence of elastic

constants in SAW device: AIN/Si0, (khSiO,=0.1571)/Si substrate is shown in Figure 3.10.
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Figure 3.10 Af/fy (ppm) by pressure-dependence of elastic in AIN/SiO,
(khSiO,=0.1571)/Si substrate

The equation eq.(3. 20) could be expressed as:
_ eq.(3. 21)
Af o =A TP

Where PCF=A,. is coefficient depending on the pressure dependence of elastic constants
of materials and the thickness of each layer in SAW device. We would like to use the

subscript “pe” that means the dependence of frequency to applied Pressure by the pressure

dependence of Elastic constants.

For Figure 3.10, coefficient A,. depends on the normalized thickness of AIN as in Table
3.6.

Table 3.6 Apg COEFFICIENT IN SAW DEVICE A1 N/S;0, (KHSIO»=0.1571)/S;

SUBSTRATE
Normalized thickness of AIN (khAIN) Ape (x10°/bar)
0.785 -14.35
0.864 -13.81
1.57 -12.34
2.67 -2.138
2.985 6.41
3.3 13.7
3.69 17.2
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These our calculations were done based on the values obtained by experiments. However,
in literature, pressure dependence of the second order of elastic constants have been
measured. We think that if the pressure dependence of third and fourth orders of elastic

constants can be known, PCF-by-PCE could be more accurate.

3.3.3 Pressure-dependence of frequency by delay line

By applying the pressure on the membrane, the propagation path will increase.

Using the SAW delay line model in Chapter 2, section 2.3.3 or section 2.4.4; simulations
were done for SAW devices with N=50 (number of finger pairs in one IDT), velocity v=5120
m/s, distance between two IDTs is 1)=300pum (with no pressured applied) and [;=301pum (with
pressure applied).

The simulated center frequency shift is -34.2 kHz. This value corresponds to Ad=1 pum.
From the section 3.3.1, the pressure could be extracted from the value of Ad. For instance,
from Figure 3.7, the pressure corresponding to Ad=Ipum in a multilayer membrane of
d=300um, with Si of 1um, SiO; of 200nm, AIN of Ium thick, is 16.5 bar. In SAW device
with this membrane, the pressure dependence of frequency by delay line approach is Af/f

(ppm/bar)= -3.24 (ppm/bar).

The dependence of center frequency on the delay line was also measured by experiments,
where Ad is large enough to see the center frequency shift. The SAW devices were fabricated
with different delay line length: d=500pm, 400um, 350pm, 300pum, 250pm, 200pum and
150pm. These measurements were done without applied pressure to make sure that the center
frequency shift is obtained by only the delay line, not including the pressure effect on elastic

constants.

Measurements were done on different wafers, in two different batches: N309P and P528P

(the name of batches are given during the fabrication process).

Figure 3.11 shows the measurements in wafer 4 of lot N309P, for three SAW devices with
N=50 and distances between IDTs of d1=350um, d2=400um, and d3=500um. The center
frequency of SAW device for this test is fy = 543 MHz. The center frequency difference
between devices with d1=350um and d2=400um is -125 kHz and between devices with
d2=400pum and d3=500um is -212.5 kHz. The accuracy of this measurement is =12.5 kHz. In
simulation, the frequency shift between devices with d1=350um and d2=400um is -100.56
kHz; between devices d2=400pm, d3=500um is -168 kHz.
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Figure 3.11 The measurement of frequency shift only by different delay line

Figure 3.12 and Figure 3.13 show the measurements on wafer 7, lot P528P of SAW
devices with different delay line 500pm, 350pum, 300pm, 250pm, and 200um.

0 | | Frequgncv(MHzr)

-1052 10
20 -
30 -
40 -
50 4--
-60
-70 -
-80 -
-90 -
-100

S21(dB)

Figure 3.12 The measurement of frequency shift only by different delay line
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Figure 3.13 The measurement of frequency shift only by different delay line (zoom
in from Figure 3.12)

Figure 3.14 and Figure 3.15 present the measurement of frequency shift only by delay line,

the experiments were done on four wafers from N309P and P528P, respectively.
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Figure 3.14 The measurements of frequency shift only by different delay line, on
four wafers of N309P
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Figure 3.15 The measurement of frequency shift only by different delay line, on
four wafers of P538P

From the measurements reported in Figure 3.14 and Figure 3.15, approximately, the Af/fy

could depend linearly on Ad as:

Af eq.(3.22)
—2 = RAd
fO
Where the average of R is:
Ri=-3.1(ppm/pum) for N309P, in Figure 3.14 eq.(3.23)
R,=-0.74(ppm/um) for N309P, in Figure 3.15 eq.(3. 24)
And as equation eq.(3. 15), the frequency shift could be written as:
eq.(3. 25)

Afy = A, £ PP

Where A, is a coefficient depending on the pressure dependence of delay line Length. The
subscript “pl” means the dependence of frequency on applied Pressure by the pressure
dependence of delay line Length.

From eq.(3. 15), eq.(3. 22), and eq.(3. 25), the coefficient A can be expressed as

1\ eq.(3. 26)
A, z0.346667(gj d*’R

Two average values of R are values from experiments, they could be used to calculate the

value of A, in SAW device with the other thicknesses of membrane. For membrane with
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thickness of 2.42um for Si, 200nm for SiO; and Ipm to Sum for AIN ; the values of A are

expressed as in Table 3.7.

Table 3.7 THE VALUE OF COEFFICIENT App

Thickness of AIN (pum) Apl (x10"h R

1 5.5R

2 4.33R

3 3.65R R can get the value of R;=-3.1(ppm/um)
4 3.14R or R,=-0.74(ppm/um)

5 2.79R

To compare the pressure dependence of frequency to pressure dependence of elastic
constant and to effect of pressure on delay line, the same SAW devices with the same
thicknesses of multilayer are used. Calculations of Ad are then used in model of SAW delay
line. The pressure used for all cases is 20 bars. The comparison is shown in Table 3.8. From
this table, it seems that in each case of AIN thickness, the pressure sensitivity of frequency

shift could be mainly affected by pressure dependence of elastic constants.

Table 3.8 COMPARISON BETWEEN THE PRESSURE DEPENDENCE OF
FREQUENCY SHIFT, PRESSURE DEPENDENCE OF ELASTIC CONSTANT AND
EFFECT OF PRESSURE ON DELAY LINE IN SAW DEVICE (WAVELENGTH: 8um)

Pressure applied = 20 bar
normalized thickness Af/fy (ppm) by pressure Af/fy (ppm) by delay line
of AIN (khAIN) dependence of elastic constant prolonged
0.785 -286 -3.6
0.864 -276 -3.1
1.57 -246.8 24
2.67 -42.76 -0.9
2.985 128.3 -0.78
33 274 -0.52
3.69 344 -0.38
3.34 Pressure-dependence of phase shift

In the studied SAW devices, the propagation path variation due to applied pressure, will
give propagation time variation. This point of view must be analyzed as respect to harmonic
excitation of the input IDT. In fact this will give a phase variation of the signal as compare to
the situation where no pressure is applied. In this section, we will evaluate the phase shift of

the signal.

The electrical signal at the transmitting IDT could be expressed as:

S, () = Acos(a,t) eq.(3.27)
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The electrical signal at the receiving IDT Sy(t) and Sy(t) in case no pressure applied and

pressure P applied, respectively, could be expressed as follows:

S t)=A cosm,(t—t,) eq.(3. 28)
S,(H)= A cosw,(t-t)) eq.(3. 29)
With
eq.(3. 30)
t, = 9 +T
Vo
d eq.(3.31)
t,=—"+T
Vo
Where:

®o, ®p 1s the angular frequencies with no pressure and pressure applied, respectively;
do, d, is the length of delay line with no pressure and pressure applied, respectively;
— — eq.(3.32
d,=d,+Ad =d,(1+9) q-(3-32)

S is strain

Vo, Vp 1s the SAW velocity with no pressure and pressure applied, respectively;

T is the total time of other delays (such as the delay in the electronic circuit, in device,
and the traveling time of the electromagnetic wave). This time could be negligible for short
distances.

The SAW velocity with pressure applied v, can be expressed as:

_ eq.(3.33)
Vv, =V, +AV

Where velocity change is caused by the pressure dependence of elastic constant of

material. From eq.(3. 19) and eq.(3. 21), the relation between Av and v, could be written as:

AV Af eq.(3. 34)

22 P
VO fO ’%e

The difference of the two phases could be written as:
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(3.35
Ap =g, —Q,~ a)ptp -y, eq.( )
Where

w, =27 (f, +Af) eq.(3. 36)

Af is caused by pressure dependence of elastic constants as Afy,. in eq.(3. 21) and by delay

line dependence of frequency as Afy,; in eq.(3. 25)

Af =Af  +Af, =T (ALP+A, p*?) eq.(3.37)

By substituting eq.(3. 30), eq.(3. 31), eq.(3. 32), eq.(3. 33), eq.(3. 34), eq.(3. 36) and eq.(3.
37) in eq.(3. 35), the phase shift by pressure applied could be given as follows:

1+¢
Ap=2rf, S p*”
i { ANTTA D 1+ '%ep } eq.(3. 38)

Substituting S by eq.(3. 12) in eq.(3. 38), Ae can be expressed by:

2/3
q AN 1+0.346667[éj d,”’p”’
Aq):ZﬂfOVO 0.346667[EJ d,”* + A, p”

A 1+Abep

eq.(3. 39)
Figure 3.16 shows the pressure dependence of phase shift in SAW device: AIN(1-

5um)/SiO; (200nm)/Si (2.4pm).
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Figure 3.16 Pressure dependence of phase shift in SAW device: AIN(1-
S5um)/Si0; (200nm)/Si (2.4pm)
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From the analyses in sections 3.3.2, 3.3.3 and 3.3.4 as stated above, the pressure

dependence of phase shift is more sensitive than that of frequency shift.

3.4 CONCLUSION

+ Temperature dependence of frequency shift in SAW device is presented. The frequency

shift could depend linearly on the temperature.

+ The structure for self temperature compensation of SAW device could be obtained with

three layers AIN, SiO; and Si.

+ A positive sign of the temperature dependence of frequency indicates a large
contribution from the SiO, layer and a negative sign indicates a large contribution from AIN

layer.
+ Approximate condition is obtained that:
when the ratio (thickness of AIN/thickness of Si0,)>10, the TCF is negative;
when the ratio (thickness of AIN/thickness of Si0,)<10, the TCF is positive.
+ The mechanical analysis of membrane under pressure is given.

+ Pressure dependencies of frequency are the sum of the pressure dependence of frequency
by the pressure dependence of elastic constants and that by the pressure dependence of delay
line. However, the pressure sensitivity of frequency shift could be mainly affected by pressure

dependence of elastic constants.
+ The pressure dependence of phase of SAW device is also analyzed.

+ If it is desired to operate the sensor over a wide temperature range, the multilayer
AIN/Si0O,/Si should be used to reduce the temperature dependence. In such a multilayer
structure, from the electromechanical coupling factor as in Figure 2.5, khAIN=1.942,
khSi0,=0.785 could be used to obtain a maximum coupling factor K=8.02%, but it sacrifices
the wave velocity which does not reach the maximum value of velocity (maximum value of
velocity is 6169m/s, while wave velocity in this case is 5140m/s) (see Figure 2.4). Besides,
this structure sacrifices the maximum reduction of temperature dependence (the condition
AIN  thickness/SiO,  thickness =10 is not obtained). The  structure
AIN(khAIN=1.942)/Si0,(khSi0,=0.785)/Si has the calculated frequency variation: deltaf/f0
(ppm/bar) = -4.503 (ppm/bar).

If structure AIN/Si should be used, the reduction of temperature dependence could not be

obtained. However, it has some advantages. From the calculation of coupling factor and wave

velocity in Chapter 2, section 2.2, the AIN (khAIN=3)/Si structure has K%=4.74%,
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velocity=6169m/s. The coupling factor is smaller and wave velocity is larger than those of
AIN/Si0,/Si structure stated above. Besides, the calculated frequency variation in this
structure is: deltaf/f0 (ppm/bar) = 7.8 (ppm/bar), it is larger than that in AIN/SiO,/Si structure

stated above.

Consequently, it is too difficult to choose the best configuration for SAW pressure sensor.
There are tradeoffs between temperature reduction, coupling factor, wave velocity and
pressure sensitivity and facility in manufacturing as stated in section 0.

For pressure sensitivity based-on phase-shift, the choice of configuration could be simpler.
The thinner the membrane is, the better the pressure sensitivity is. However, it should be

consider the wave velocity, coupling factor as analyzed in Chapter 2, section 2.2.
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Chapter 4
FABRICATION PROCESS

A novel fabrication process presented in this chapter by using surface micromachining
technique is proposed to create exactly the dimensions of membrane used in pressure sensor,
and this process also allows having a well defined membrane with any geometry due to the

silicon etch stop walls.
This chapter presents the fabrication process used to realize the devices.
Section 4.1 gives the general description of fabrication process.
Section 4.2 presents briefly the designed mask applied to the realization.

Section 4.3 to section 4.11 describe the different stages of manufacture; also give some

results during manufacture.

Many batches of wafer were done to dertemine process flow, process conditions. At the
final process, three batches for electric purposes were processed. These are correspondent to

50 wafers and at least 110.000 devices.

4.1 GENERAL DESCRIPTION

The process is performed on a SOI substrate with superficial silicon 340nm thick and a
buried SiO; layer of 2pm thick. Trenches 1um wide are etched through the superficial layers.
Then a non selective epitaxy step takes place to fill the trenches and to increase the superficial
silicon layer. After that CMP is realized to remove the grooves and to adjust the thickness on
the silicon layer to the required membrane thickness. Holes are etched through the Si layer
and the sacrificial layer is partially etched with wet HF. The complete release is performed
using vapor HF to avoid sticking problems of the membrane. Etching is stopped on the Si
walls. Then, cavities are hermetically plugged under vacuum with a reflowed PSG deposition
about 3um thick. Thermal oxide 200nm is grown. After that, AIN as the piezoelectric active
material between 1 and 4um thick is deposited and etched using a H;POj4 solution. Interdigital
combs and probing pads are dry etched in an AlCu layer of about 0.5um thick. Finally,
absorbers of 1um thick are defined by patterning a polyimide layer.
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Contrary to time controlled etching process, this process allows having a well defined
membrane with any geometry due to the silicon etch stop walls. Moreover, plugs are located

at the edge of the membrane outside its sensitive part.

Some different fabrication processes are done and checked, and in this chapter, the better

fabrication process is presented and described in Table 4.1.

Table 4.1 FABRICATION PROCESS

SOI substrate with
superficial silicon 340nm

thick and a buried SiO; layer

of 2pm thick.

1- 2um-wide trenches are
etched through the
superficial layers and
SiO;.

2- Remove resist.

3- Non selective epitaxy step
takes place to fill the
trenches and to increase
the superficial silicon
layer.

4- Counter mask
lithography.

5- Si etching 2 to 4pm thick

6- Remove resist.

7- CMP is realized to
remove the grooves and to
adjust the thickness on the
silicon layer to the

required membrane
thickness.

8- Hole lithography.

9- Etch Si 2-4um (through
superficial Si layer to
create holes of diameter
1.6 um).

10-Remove resist

~
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11-The sacrificial layer SiO,
is partially etched with
wet HF.

12-The sacrificial layer SiO,
is completely etched by
using vapor HF to avoid
sticking problems of the
membrane.

13-Cavities are hermetically
plugged under vacuum
with a reflowed PSG
deposition about 3um
thick.

14-PSG lithography.

15-PSG is etched (firstly dry
etched, and at the end,
wet etched to have a
smooth Si surface and
better piezoelectric
properties of the AIN

16-Remove resist.

17-200nm-thick thermal
oxide is grown.

18- AIN as the piezoelectric
active material with the
thickness between 1 and
3um is deposited. Another
configuration fabricated is
using Mo layer below
AIN. In this configuration,
260nm-thick Mo is
deposited before AIN
deposition.

19-Mask PIEZO lithography.

20-AIN layer is etched
(HsPO4 - 130°C).

21-AlCu metal layer (for IDT
and probes) is deposited.
22-1DT lithography.
23-AlCu layer is dry etched.
24-Remove resist.
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- - 25-Polyimide absorber is

‘« deposited.
\ \ \ 26- Absorber lithography.

27-Polyimide is etched.
28-Remove resist.

The final SAW devices are shown in Figure 4.1 and Figure 4.2, in which the thicknesses of
AIN, AlCu, SiO; and polyimide have different values.
Mletal A1Cu 300 nm

Absorbeur Polvimide 1 pm
AT 1-3 pm

| - 22" 502 200am

{ =
| ,T T‘ | «— 526 um
-

\5102 Sum

Figure 4.1 A configuration of SAW device

Iletal A1Cu 200 nm
Absorbeur Polyimide 1 pm

\ A 1-3 pm
- /

i . o 260nm

-
|: TH x T~ Si0; 200nm
\i 5.6 um
10e 2um

Figure 4.2 A configuration of SAW device with Mo layer

After each step, the devices are characterised to verify some requirements and consider
whether the process can be continued or not. The devices were characterized morphologically
by using optical, infrared microscopes, scanning electron microscope (SEM), optical
interferometer and atomic force micrograph (AFM) equipments. These equipments and

measurement conditions are presented in Appendix C.

4.2 MASKS DESIGNED

This section describes the general view of mask designed for every layer as stated above.

4.2.1 Trench, counter masque, hole, and PSG layers
Figure 4.3 presents the mask for 2um wide Trench, 6um wide counter mask (or contre

masque), 1.6 um in diameter Hole and 5.6 um in diameter PSG layers.
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1 - Trench

2 - Contre
masque

3 |

4 PsG

Figure 4.3 Masks for Trench, counter mask, hole, and PSG layers
4.2.2 Metal AICu and polyimide layers
The general view for all of devices designed in one die and also their positions is shown as
Figure 4.4. In this figure, devices are different in size of IDT, size of absorber, distances
between IDTs, and different in number of section in IDT (see Table 4.2).
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Figure 4.4 General view for all of devices in one die

81



Chapter 4: Fabrication process

The closer view for the devices is shown in Figure 4.5 with the dimensions summarized in

Table 4.2.

B : distance between 2 probes

Figure 4.5 Description of devices
Table 4.2 THE DIMENSION OF DEVICES

Device N d (um) |w Bus Wa A
(um) |(um) | (pm) (um)
Device 4 10, 14, 16, 18, 1.4 154 5.6 80 200
20, 22
5 colume 1 |40, 45, 50, 55, 2 180 20 228 300
Device 5 60, 65, 70
5 colume 2
5 colume 3
Device 6 18,20, 22, 24 3 400 12 209 480
Device 7 14, 16, 18 2.4 100 9.6 70 300
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4.3 CREATING THE STOP WALL OF ETCHING SiO,- TRENCH

The top view of one trench design is shown in Figure 4.6.

a o la a4

(&) v | @ = =

Figure 4.6 Top view of one trench designed

The expected 1.2 pm and 3 pm wide trenches are etched and characterized. Instead of
obtaining a trench with purely vertical flanks, the trapezoid groove is created as in Figure 4.7.

The measured values of a and b are presented in Table 4.3

Table 4.3 MEASURED VALUES OF TRAPEZOID GROOVE, A AND B

Expected value of trench width | Position of the die under Measured values
test a(um) |b(pm)

3 um Near boundary of wafer 2.375 3.167
Center of wafer 2.312 3.156

1.2 pm Near boundary of wafer 0.771 1.354
Center of wafer 0.719 1.375

Some SEM image of expected 1.2 um and 3 um trenches are shown in Figure 4.8 and

Figure 4.9, respectively.
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-+ ——

Figure 4.7 Trapezoid groove after etching trench
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Figure 4.8 Trenc}}dolfl‘ expected 1.2um | g igure 4.9 Trench of expected 3um width
widt

The perspective view of etching trench is shown in Figure 4.10
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XE.BUBK S5.88sm

Figure 4.10 Perspective view of 2 um wide trench

4.4 NON-SELECTIVE EPITAXY

After etching the trench, the non-selective epitaxy is used to fill the trench and to increase

the thickness of superficial Si layer as shown in Figure 4.11.

X3.50K '8.57um

Figure 4.11 Perspective view after non-selective epitaxy
A question could be formulated: why the non-selective epitaxy is used to fill the trench?

To answer to this probem, the non-selective and selective epitaxy was done, characterized and
compared. To use the selective epitaxy, the fabrication process steps 1 to 7 are shown in Table

4.1, section 4.1, are replaced by the steps in Table 4.4.
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Table 4.4 FABRICATION STEPS TO TEST SELECTIVE EPITAXY
1b. 50nm-thick thermal
oxide is grown.

2b. 2um-wide trenches
are etched through the
superficial layers and
Si0,.

3b. Remove resist.

4b. Selective epitaxy step
takes place to fill the
trenches.

5b. Remove the thermal
oxide.

6b. Si epitaxy is done to
increase the thickness of
Si layer to the required
membrane thickness.

The difference between non-selective and selective epitaxy is performance of filling up the
trench. This difference is viewed in different widths of trench, which are shown in Figure 4.12
to Figure 4.19. These figures present the slide view of trenches 1.2 pm, 2 pm, 3 pm and 4 pm
wide after the non selective, selective epitaxy and CMP (Chemical and Mechanical Polishing)

step for flattening the surface.
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wD7”

3.18um

3.52um

X18.8K 3.804sm X18.8K 3.880rm
Figure 4.12 Slide view of 1.2um wide Figure 4.13 Slide view of 1.2um wide
trench, non selective epitaxy trench, selective epitaxy

3.20pm

L8 g

3.33um

X18.8K 3.88usm X18.0K 3.860rm

Figure 4.14  Slide view of 2um wide Figure 4.15 Slide view of 2um wide
trench, non selective epitaxy trench, selective epitaxy

—

X18.8K 3.880m X18.80K 3.86rm

Figure 4.16 Slide view of 3pm wide Figure 4.17 Slide view of 3um wide
trench, non selective epitaxy trench, selective epitaxy
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3.23pum

3.43um

X18. 8K 3.088pm X10.0K 3.80»m

Figure 4.18 Slide view of 4pm wide Figure 4.19  Slide view of 4um wide
trench, non selective epitaxy trench, selective epitaxy

From these figures, the selective epitaxy cannot fill up completely the trench, especially in
1.2um wide and 2pm wide trenches. Consequently, the purpose of Si wall to stop the HF
etching sacrificial layer SiO,, can not be obtained. In conclusion, the non-selective epitaxy is
used and fabrication process is described in Table 4.1, section 4.1. The steps using selective

epitaxy as in Table 4.4 are not used.

4.5 COUNTER MASK LITHOGRAPHY, ETCHING Si AND
CMP PROCESS
After that, the etching process is done. Result is shown in Figure 4.20. Then, CMP is
realized to remove the grooves and to adjust the thickness of the silicon layer to the required

membrane thickness. Result is shown in Figure 4.21.

X3.9598BK B.57sm 4 .38K B.B7Mm

Figure 4.20 Etching is used to partially etch Figure 4.21 CMP is use to remove the
superficial Si layer groove and to adjust the required thickness
of superficial Si layer
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4.6 ETCHING HOLES
Holes are etched through the Si layer to access to the SiO; layer for the next step in which
wet HF 49% and vapor HF are used to etch the SiO; sacrificial layer. The SEM image of one

hole with expected 1.6pum in diameter is shown in Figure 4.22.

Figure 4.22 SEM image of a hole with expected 1.6um in diameter

The holes and plugs are located outside the membrane (see Figure 4.23), so they do not
affect the sensitive part of device. The number and the position of holes are dependent on the

shape and dimension of membrane and also the etching speed of HF (see next section 4.7).

Figure 4.23 SEM image of trench and holes being outside the expected membrane
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4.7

The sacrificial layer is partially etched with wet HF and the complete release is performed

HF ETCHING OF THE SACRIFICIAL LAYER

using vapor HF to avoid sticking problems of the membrane.

To save time for the sacrificial layer etching step, firstly the etching speeds of wet HF and
vapor HF are measured on wafers without trenches and with different hole diameters .(1.2pum,
2um, 3pm, and 4pum). The wet etching is performed with HF 49% during 110 minutes and
followed by etching with vapor HF during 20 hours. The results are shown in some SEM

images as Figure 4.24 to Figure 4.31.

Figure 4.24 Wet HF 49% etching SiO,
layer during 110 minutes throughout hole
of 1.2um in diameter

Figure 4.25 Vapor HF etching SiO; layer
during 20 hours throughout hole of 1.2um
in diameter after wet HF etching

Figure 4.26 Wet HF 49% etching SiO,
layer during 110 minutes throughout hole
of 2pm in diameter

Figure 4.27 Vapor HF etching SiO, layer
during 20 hours throughout hole of 2um in
diameter after wet HF etching
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Figure 4.28 Wet HF 49% etching SiO,
layer during 110 minutes throughout hole
of 3um in diameter

Figure 4.29 Vapor HF etching SiO; layer
during 20 hours throughout hole of 3um in
diameter after wet HF etching

Figure 4.30 Wet HF 49% etching SiO,
layer during 110 minutes throughout hole
of 4um in diameter

Figure 4.31 Vapor HF etching SiO; layer
during 20 hours throughout hole of 4pm in
diameter after wet HF etching

The etching speed of wet HF 49% and vapor HF are resumed in Table 4.5 which

shows dependence of etching speed on the diameter of holes.

Table 4.5 SPEED OF ETCHING SACRIFICIAL LAYER SiO, BY WET HF 49% AND
VAPOR HF ON THE WAFER WITHOUT TRENCHES ETCHED

Diameter of the hole (um) 1,2 2 3 4
Length etched by wet HF (um) 105 108-115 112 -120 122 -127
Wet HF 49% speed (um/minute) 0.955 10.982-1.0455]1.0182-1.091 | 1.11-1.155
Length etched by vapor HF (um) 43 42 45 44
Vapor HF speed (um/h) 2.15 2.1 2.25 2.2

The wet etching speed is also obtained by testing the same procedure on wafers with
etched trenches. Figure 4.32 to Figure 4.35 show the results after SiO, sacrificial layer etching
with HF 49% during 110 minutes. The etching speeds are summarized in Table 4.6. We can

see that the etching speed with the trenches etched is larger than one without etched trenches.
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This may be derived from that in the case with etched trench, the wet HF concentrates on

etching only in a quarter of space.

Figure 4.32 HF etching with 1.2pm-
diameter hole during 110 minutes

Figure 4.34 HF etching with 3um-
diameter hole during 110 minutes

Figure 4.33 HF etching with 2um-
diameter hole during 110 minutes

Figure 4.35
diameter hole during 110 minutes

HF etching with 4pum-

After that, vapor HF is used to remove the rest of SiO, sacrificial layer in 20 hours. The

membrane is now created completely as shown in Figure 4.36 to Figure 4.37.

Table 4.6 SPEED OF ETCHING SACRIFICIAL LAYER SiO, BY WET HF 49% ON THE
WAFER WITH TRENCHES ETCHED

Diameter of holes (um) 1,2 2 3 4
Etching length L. (um) 110-124 134-137 136,5-138 137-139
Etching speed of wet HF 1-1.127 1.218-1.245 | 1.241-1.255 | 1.246-1.264
(um/minute)
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Figure 4.36 Top view of the Figure 4.37 SEM image of the membrane
membrane completed

4.8 PSG (PHOSPHO SILICATE GLASS)

Cavities are hermetically plugged under vacuum with PSG deposition of about 3pum thick.
PSG is deposited (Figure 4.38), etched (Figure 4.39) and annealed at 950°C during 1 hour and
at 1030°C during 5 hours to create the plug as shown in Figure 4.40- Figure 4.41.

—T T

Figure 4.38 Depositing PSG

Figure 4.39 Etching PSG

Figure 4.40 SEM slide view 1 of PSG Figure 4.41 SEM image of a PSG plug
plug
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4.9 DEPOSITING AIN AS THE PIEZOELECTRIC LAYER AND

ITS PROPERTIES

AIN films were deposited by reactive DC pulsed sputtering, equipment Y Sigma fxP. The

sputtered films for this research are typically between 0.5um and 4pm. The deposition of AIN

film was done according to the parameters shown in Table 4.7.

Table 4.7 PARAMETERS USED FOR DEPOSITION OF AIN

Sputtering gas

DC power

Bias power

Deposition temperature
Stress

Argon, N2

2 kW -8 kW

80 W

350 °C
<100MPa, tensile

The AIN is used as piezoelectric layer in SAW devices. It is important to characterize its
piezoelectric. As stated in section 1.2.2, it is necessary to measure FWHM, although a narrow
rocking curve around the (0002) AIN does not guarantee a good piezoelectric response. The

crystalline orientation of AIN film is obtained by XRD.

49.1 Influence of substrate roughness on crytal
quality of AIN

It is shown in literature that the texture of AIN films is strongly influenced by the
roughness of the substrate material [137], [138]. To characterize this property, we prepared
three different Si substrates whose measured roughnesses (rms) are 0.102nm, 1.920nm, and

7.103nm. The FWHM of AIN are measured and shown in Figure 4.42.

3600
AIN1 pm,
FWHM=1.44°, \
2500 4 roughness (rms) | )
2 of S118 0.102nm '
1600 | &
L
Iy AIN 1 pm,
s FWHM=2.22°,
= ¢ roughness (rms) of
400 - b Siis 7.103nm
100 1
it
it ™y
1213

14 15 16 17 138 19 20 21 z2 23 24
Omega ()

Figure 4.42 Influence of substrate roughness on crystal quality of AIN
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As evident from Figure 4.42, the FWHM decreases with decreasing the roughness of
substrate, it means the crystal quality of AIN is better. A good crystal quality could mean the
narrow rocking curve. Consequently, to increase the crystal quality, therefore the piezoelectric
property of AIN, the roughness of substrate must be decreased to be smaller than an
acceptable value of roughness (rms). This value that used in our group is 0.2nm in roughness
(rms). The requirement that substrate roughness is smaller than 0.2nm can be obtained by

using CMP.

As the texture of AIN films is strongly influenced by the roughness of the substrate, in the
three next sections (4.9.2, 4.9.3, and 4.9.4), to validate the results the samples are prepared to

get the same roughness of substrate.

4.9.2 Dependence of FWHM of AIN on AIN thickness
The crystalline orientations of 1um and 3pm AIN films that are deposited on a Si substrate

and on a Mo layer are measured and shown in Figure 4.43.

— [—al]

AIN 3 pm,
FWHM=0.930,
with Mo 260nm
below AIN

AIN 3 pm, 22500

22500 FWHM=1.06"

10000
10000

Intensity (counts)
Intensity (counts)

~FAIN 1 pum.
FWHM=1.42",

with Mo 260nm
below AIN

AINT pum,

- FWHM=1 440 _—

2 13 14 15 1 17 18 19 20 21 22 23 X4 12 13 14 13 1 17 18 19 20 21 22 23 4
Omega (%) Omega ()

Figure 4.43 The FWHM of 1um and 3um AIN films, (a) without Mo layer below AIN,
(b) with Mo layer below AIN

As apparent from Figure 4.43, the larger thickness of AIN is, the better crystal orientation

is. These measurements were done in two cases, AIN/Si substrate and AIN/Mo/Si substrate.

4.9.3 Dependence of FWHM of AIN on using bottom
Mo layer

The texture of AIN films is strongly influenced by the bottom metal electrodes [35]. In this
research, using bottom Mo layer is proposed. The effect of using Mo on SAW device is
characterized and presented in Chapter 5, section 5.3.4 . In this section, the effect of Mo on

crystal quality of AIN is characterized.
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As stated in section 4.9.1, to validate the influence of using Mo on crystal quality of AIN,
CMP is required to get the same roughness of Si substrates in two cases, using Mo and not
using Mo. In this section, roughness (rms) of Si substrate in the two cases is 0.102 nm. Case |
is that the 1pm and 3um AIN are deposited on Si substrate. Case 2 is that Mo deposited on Si
substrate is followed by depositing lum and 3um AIN. The FWHMs of AIN films are

measured and shown in Figure 4.44.

— o
4900 AIN 3 jun,
AIN1 pm, . FWHM=0.93°,
3600 ) FWHM=1.420, with 22300 with Mo 260nm1
0 z AINT . e llllcl)\IZ(JOlnnbelow 2 below AN
E FWHM=1 440, ' 2
Q
= without Mo <
1600 g o 10000 1
.g below AIN 'g AIN 3 pum,
900 § | FWHM=1.06",

without Mo

400 2500 below AIN

100

2 13 14 15 1 17 18 18 20 21 22 23 24 2 13 1 15 1 17 18 19 20 21 22 23 24
Omega () Omega (7)

Figure 4.44 Effect of using bottom Mo on crystal quality of AIN, 1um and 3um

One conclusion that should be extracted from Figure 4.44 is that using bottom Mo layer
could increase the crystal quality of AIN. From this point, the effect of using Mo layer on
SAW device could be explained in section 5.3.4.

494 AIN at high temperature
As stated in 1.2, AIN could retain its properties at high temperature, up to 1000°C. To
confirm this, FWHM measurements of AIN films are done before and after annealing AIN in

high temperature. Four samples are prepared as (Table 4.8).

Table 4.8 STEPS TO CHARACTERISE ALN IN HIGH TEMPERATURE, FOUR

SAPMPLES
Sample PO1 P02 P03 P04
1. Deposit Mo 260 nm X X
2. Deposit AIN 1pum (1008 nm) X X X X
Measure FWHM of AIN (measures 1) X X X X
3. Deposit PSG 2.9 um (2919.2 nm) X X X X
Measure FWHM of AIN (measures 2) X X X X
4. Anneal PSG in N»O, at 950°C during 1h X X X X
and at 1020°C during 5Sh.
Measure FWHM of AIN (measures 3) X X X X
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The FWHM measurements (measure 1, 2 and 3) of AIN for four samples are shown in

Figure 4.45.

S " e
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Figure 4.45 FWHM of AIN 1um films for four samples. The red line is measure 1, the
green line is measure 2, and the blue line is measure 3

For clarity, these measurements are summarized and compared in Figure 4.46.
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Figure 4.46 The FWHM comparison of 1pm AIN films in four samples

From these measurements in Figure 4.45 and Figure 4.46, an important property of AIN is

that it could retain its properties after a high temperature process, up to 1000°C.
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4.10 METAL LAYER AICu FOR IDT AND PROBES
The AlCu metal layer (for IDT and probes) is deposited and dry etched to create IDT. The

results are shown in Figure 4.47.

-~
s
S,

i Under etching

wea ek Eeanm -5

Figure 4.47 AICu metal layer is created on the AIN layer

4.11 POLYIMIDE AS ABSORBER

In these SAW devices, the transmitting transducer launches the surface acoustic waves in
opposite directions simultaneously while the receiving transducer receives the waves traveling
in either direction. This is a critical issue in most SAW devices because in addition to
responding to surface acoustic waves traveling directly from the transmitting to receiving
transducer, the transducers respond to surface acoustic wave reflected from the ends of the
substrate. These waves produce unwanted signals, for example, as spurious signal in the time
domain, ripples of the frequency response domain that distort the main desired signal, so
adversely affecting the performance of the SAW device [142]. Therefore, the edges of

substrates are often provided with materials which absorb the surface acoustic wave.

There are two absorption mechanisms, resistive damping and viscous damping that are

used for attenuation of surface acoustic waves [141].

In the resistive absorption mechanism, currents induced in the layer by the propagating
wave are damped by the resistive loss, thereby producing attenuation of the wave. So, this
technique is only strongly effective in substrates with a high piezoelectric coupling factor, not
suitable for low coupling substrate. A highly resistive thin film of amorphous silicon
deposited on the surface of LiNbOs3, has been used to attenuate surface acoustic wave [142],

[143].
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Viscous absorption is, however, more common due to the wide variety of materials and
their ease of use. Viscous absorption is due to the viscosity of the absorption material.
Absorption layers have to provide superior elongation properties and superior adhesion to the
substrate material. Energy dissipation occurs when a particle of the substrate is resisted by a
force that has a magnitude proportional to the velocity of the particle and a direction opposite
to that of the particle velocity. It suppresses the wave energy by acting as a compliant layer to
absorb mechanical stress during the surface wave propagation. Wax, Room Temperature
Vulcanization (RTV) rubber, epoxy resin are viscous organic materials used extensively to
absorb the acoustic wave. Disadvantages of these materials, however, include incompatibility
with high temperature sealing and difficulty in accurately patterning them. A very useful

material is polyimide that does not suffer from these limitations.

Polyimide is a viscous organic material which maintains its absorptive acoustic properties
after curing [139], [140]. Polyimide films are patternable on wafers with high accuracy, they
do not degrade in the high temperature sealing of packages and have good adhesion on
substrate. With SAW device using LiNbO3, the attenuation of 3.0 to 3.5 um thick polyimide
films was measured to be in the range of 10-20dB/100um at frequencies in the range of 300
MHz-500 MHz [139]. Generally, the attenuation rate of absorber is proportional to the length
and the thickness of the absorber film. So, because of the limitation of the device size, to
increase the attenuation rate of the reflected wave, the thickness of the absorber film must be
increased. Ref [140] showed the attenuation rate of 14 pum, 20 pum thick polyimide films,
while ref [139] presented the rate of 3.0-3.5 um thick polyimide films.

The polyimide used in this work is PI-2610 in PI-2600 series-Low Stress Polyimides [144].
PI-2600 Series products are supplied as polyamic acid precursors dissolved in an N-methyl-2-
pyrrolidone (NMP) based solvent carrier suitable for spin coating applications (solution
properties of PI-2610 are shown in Table 4.9). These polyimides can be coated and patterned
over a variety of substrates and metal surfaces such as silicon, silicon nitride, polyimide,
aluminum or chrome/copper. After application, the polyacid precursor is thermally cured into

a fully aromatic polyimide film.

Pl-series polyimide solutions are highly viscous due to their high molecular weight. To
dispense the polyimide, it is important to assure that the polyimide is dispensed in the exact
center of the wafer. Acceleration to final spin speed should be as slow as possible to allow the
polyimide to flow across the substrate. Often one or more intermediate spin speeds can be

used to allow the polyimide to gradually cover more than 80% of the substrate before
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continuing on to the final spin speed. The final spin speed and spin time is determined by the

film thickness required as Figure 4.48.

Table 4.9 SOLUTION PROPERTIES OF PI-2610

Test Units PI-2610
Solids % 105 £ 1
Viscosity Poise 25-30
Chloride Content Maximum ppm 5
Sodium or Iron Content Maximum ppm 1.0
Potassium or Copper Content | Maximum ppm 0.5
Total Metals Maximum ppm 10
Ash Maximum % 0.10
Density g/en’ 1.064 + 0.013
PI1-2610
4.5 g- I
= 44— - - @ - 130C, 90 sec.
3 35 A il 350G, 30 min
§oa—g
£ 25K -
N — T
[T
1 1

2000 3000 4000

Spin speed (rpm)

5000

Figure 4.48 Spin speed curve (coated for 30 seconds at indicated speed)

At the end of the fabrication process, the devices with different dimensions are obtained as

in Figure 4.49.

!
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Figure 4.49 SEM images of polyimide on AIN
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4.12 CONCLUSION

+ Fabrication process using surface micromachining is proposed and done successfully.
This kind of fabrication process could create exactly the dimensions of membrane used in
pressure sensor and it also allows having a well defined membrane with any geometry due to

the silicon etch stop wall.

+ As the stress problem in layer at the end of fabrication, the fabricated membrane could
be bended and stick the Si substrate. The stress control should be concerned to avoid this

problem.

In our work, SOI substrate with buried SiO, layer of 2um thick is used. There were some
wafers that have the sticking problem of membrane due to stress and due to small thickness of
Si0,. To avoid this problem, the SOI substrate with large thick buried SiO; is proposed. Also,
using this kind of SOI substrate could increase the pressure operation range of SAW pressure

sensor.
+ AIN could retain its properties after high temperature process, up to 1000°C.
+ To increase the piezoelectric response of AIN, there are three ways that can be done:
Using the bottom Mo layer.
b. Decrease the roughness of the layer below AIN layer until be smaller than
0.2nm. This requirement can be obtained by using CMP.
c. Increase the thickness of AIN. However, it is not possible to deposit any
thickness of AIN due to stress in AIN. The maximum thickness of AIN could
be fabricated is Spum.
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Chapter 5
CHARACTERIZATION OF SAW DEVICE

This chapter is divided into three sections.

Section 5.1 presents the parametric tests and procedure to check the device fabrication and
the layer properties such as square resistance, under etching, isolation, continuity. These tests
and procedures allow a fast process control of the deposited/etched layers during the

fabrication, and also a fast characterization of all dies on the wafer.
The experimental setup is given in section 5.2.

Last but not least, section 5.3 presents experimental results and also the explanations and

analyses of obtained results.

During fabrication, three batches for electric purposes were processed. These are
correspondent to 50 wafers and at least 110.000 devices. During characterization, about 2.000

devices were tested on 18 wafers.

5.1 PARAMETRIC TESTS

The parametric tests are used in research and industry to make a fast process control of the
deposited/etched layers during the fabrication. These are electrical tests and come as an added
value to the well known optical tests. They allow controlling process stability over time. In
general the needed patterns for the parametric tests are implemented in the fabrication mask
and they are photo-repeated all over the wafer in order to get information on the layers on the

whole wafer area.

This section presents the patterns designed in the mask used to measure the square

resistance, under etching, isolation and continuity of the metal layer.
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51.1 The Square Resistance: Van Der Pauw

Vv

a

V T*

Figure 5.1 The pattern to measure the square resistance, Van Der Pauw method

The pattern to measure the square resistance based on Van Der Pauw method is presented
in Figure 5.1, in which V is direct voltage and I the direct current applied for measurement.
The goal of this pattern consists in measuring the square resistance (Rs) of one conductive
layer based on Van Der Pauw method. This method was first propounded by L.J.Van Der
Pauw in 1958 [150], [151]. It is a commonly used technique to measure the square resistance
of a material. The Van der Pauw method is often used to measure the Hall effect, which
characterises a sample of semiconductor material and can be successfully completed with a
current source, a voltmeter and a magnet. From measurements, some properties of the
material can be calculated such as the square resistance, the doping type material, the density

of the semiconductor (the doping level), the mobility of the majority carrier.

The square resistance can be express by the formula of Van Der Pauw as follows:

T V
R :FR where RZI— eq.(5. 1)

Where V is voltage on two ports a and b, I is measured between two ports ¢ and d.

The pattern design is: an area A= 100um?, for access lines Wa=La=10um.
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To refine the results and in particular away from the disturbances caused by the method of

etching, the resistances can be measured by making a circular permutation as follows:

: , eq.(5.2)
In2{ 2 | It
51.2 Isolation and continuity

The SAW devices include IDT with a lot of electrodes (hundreds or even thousands of
electrodes), in which electrodes width can be small up to 1.2pm in this study. It is difficult to
know the continuity of the metal layer AlCu creating IDT by visual inspection, but it is very
easy to check it electrically.

The pattern “two in one” as in Figure 5.2 allows measuring the isolation and continuity of

the metal layer.

| | |

Figure 5.2 The pattern for checking the isolation and continuity

The coil pattern (the blue line in Figure 5.2) is used to measure the continuity of the metal
layer. The theoretical resistance of the coil can be measured from the value of the square

resistance Van Der Pauw in section 5.1.1.

R. =R L eq.(5.3)
(thy — Msevdp) W

Where L is the length of blue line, and W is the width of the blue line.

The measurement is valid when the requirement as follows is respected:
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0.1 RC(th) < Rmeasured<10 RC(th) eq.(5. 4)

Measuring resistance between the blue and green lines (as in Figure 5.2) allows verifying

the isolation of metal layer.

51.3 Measuring under etching

V V
I W, R
- L Ll
\j.-" \"
— A
I
| |

Figure 5.3 The pattern to measure under etching

The pattern as in Figure 5.3 allows us to measure under etching AW that is the difference

value between values of expected width and fabricated width for center conductor.

The measuring principle is simple, it consists in measuring the resistance of two lines that

have the same length and different width W, and W.

Line 1: the initial width (design width) is W, after etching, the final width is (W;- AW)
and the resistance is R;.

Line 2: the initial width (design width) is W, after etching, the final width is (W,- AW)
and the resistance is R,.

It is assumed that the width variation is the same for the two lines and is independent of the

line width. R; and R, can be expressed as follows:

pL
R=—"——
eW - AW)

__pt
e, —AW)

eq.(5.5)

Consequently, the relation is obtained:
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R,W -AW) =R,(W, -AW)

eq.(5. 6)
w2 VR -WR
R -R
Design rules should be taken into account as follows:
+ W >1.5

2

+ The line width can be changed dependently on the thickness of the metal layer or the
etching type-chemical or plasma (Wpin > 10 pm).

+ % > 40 condition should be obtained to validate the measurement.

+ The line resistance must be larger than 1Q to insure the precision of this measurement.
+ Minimum 6 contacts are required for this pattern.
Proposed values are designed as follows:
L=600 pm, W;=20pm , W= 10pum, We=e=5um.
514 Mask for parametric test
From the patterns as described above, the patterns as in Figure 5.4 and Figure 5.5 are

designed to check the continuity, the isolation, the resistance and under etching of the metal

layer.

20

L)

Figure 5.4 The mask 1 designed for parametric test: square resistance, isolation,
continuity, under etching
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Figure 5.5 The mask 2 designed for parametric test: isolation, continuity

Table 5.1 describes the pin and the values of designed mask used for parametric tests

including square resistance, isolation, continuity, and under etching.

Table 5.1 DESCRIPTION OF MASK 1 FOR PARAMETRIC TESTS: SQUARE
RESISTANCE, ISOLATION, CONTINUITY, UNDER ETCHING

Purpose of measuring Pin Value

Square resistance Van Der Pauw | 1,2,34 A=100pm, Wa=La=10um
Under etching 7,8,13,14,15,16 W;=20um, W,=10pm
Continuity of the coil 10,11,13,14 Width d, (see Table 5.2)
Comb for isolation 9,12 Width d; (see Table 5.2)

The values A, W,, L., Wi, W, used in Table 5.1 are proposed to measure the square

resistance, under etching.

The value d2 (um) in Table 5.2 is also the value of IDT width of SAW device fabricated.
With the fabrication technology used in this research, the minimum width of IDT is 1.2 um.
For the devices under test, the IDT width is 2 pm. Other values are used in these mask just for

checking the isolation and continuity of deposition technology of metal layer.

Table 5.2  THE VALUE OF THE FINGER WIDTH IN MASK 1, MASK 2 (Figure 5.4-

Figure 5.5)
Field Cl1 C2 C3 Cc4 Cs
d2 (um) 1.4 2 1.4 3 24
Pins for verifying | 10 and 13 1 and 4 10 and 13 1 and 4 10 and 13
continuity
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515 Parametric characterization
The parametric tests are automatically performed using a prober computer controlled
which allows a fast characterization of all dies on the wafer. The position of the parametric

tests on a 200mm-wafer are shown in Figure 5.6.

Figure 5.6 Dies position on 200mm-wafer

The continuity, the isolation, the resistance and the under etching of the metal layer are
characterized and shown as the color map to get a visual map of the wafer under test. The
color of each die is dependent on the value of resistance. The color map of resistance could be
defined. For instance, to check the isolation between two metal lines, well-isolated metal lines
is defined as the resistance is larger than 100 MQ. For example, Figure 5.7 and Figure 5.8
show the results of isolation and resistance continuity characterization of a well-fabricated
wafer in which all of dies are almost the same values. Figure 5.9 and Figure 5.10 show these
results of other wafers. In Figure 5.9, in one die, the resistance between two metal lines was
measured as smaller than 10 MQ. This die could be considered as not isolated. Figure 5.10
shows the color map of resistance measured between two ends of one metal line in every dies
on a wafer. With the color map in this figure, it would be easily considered that all of dies on
this wafer are not the same in term of continuity. Consequently, color map of parametric

characterization would be useful to locate and choose the good dies and the good devices.
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e
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Figure 5.7 Color map of isolation between

pin 9 and pin 10

Figure 5.9 Color map of isolation between
pin 1 and pin 2, one die is not isolated

Based on method to measure the square resistance in section 5.1.1, Figure 5.11 shows the

Figure 5.8 Color map of resistance

continuity

Figure 5.10 Color map of continuity pin
16, 1, 3 and 4 of one wafer

measurement results of square resistance for all dies on one wafer.

4 B5E-02 4 83E-02
4.87E-02 4.00E-02 4.04E-02 4 87E-02
4 87E-02 4.93E-02 5.01E-02 4. 04E-02
4 87E-02 4 08E-02 5.03E-02 5.00E-02
4 81E-02 4 D5E-02 5.02E-02 4 08E-02
4 B0E-02 4 87E-02 4 DEE-02 4 BOE-02
4 B0E-02 4 BOE-02

Figure 5.11 Results of square resistance characterization of all dies on one wafer
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5.2 EXPERIMENTAL SETUP

After the parametric tests described in section 5.1.5, the non working device are removed
from the map test in order to decrease the testing time that can be long for a large number of
devices. The devices are characterized using a Vector Network Analyzer (VNA) HP 8753E. A
Short Open Load Through (SOLT) Calibration is performed using calibration substrate
associated with RF probes (Rosenberger Z-probes GSG-Ground Signal Ground with a 100pum
pitch) to measure the S parameters of the SAW devices.

The devices in one die on the wafer were characterized manually to get basic information
like center frequency. The first frequency range used for the all different devices on the wafer
is 5S0MHz-1GHz. It will only give a rough estimation of the SAW devices center frequency
but the advantage of doing so is that only one calibration is needed to get the center frequency
of all devices on the wafer. Figure 5.12 shows the typical S,; parameter (transmission

coefficient) obtained for a device with a center frequency of 600 MHz.
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Figure 5.12 General view of device under test, frequency range of SOMHz-1GHz

Once the center frequency f of all devices of one die has been extracted, the measurement
frequency range is set to a smaller value around f; in order to get a better accuracy. The
automatic (and accurate) measurements of all devices on the wafer are then performed and the
S parameters are saved in .txt files to allow later data processing. The automatic test is done
thank to an automatic prober computer controlled with a home made software called
GAMME. The interface of the software is shown in Figure 5.13 and the automatic prober

with a wafer under the RF probes can be seen in Figure 5.14.
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Figure 5.13 The software interfacing Figure 5.14 Snapshot of measurement with

between PC and machine 2 probes GSG

After a post-treatment of the measured data, the best working devices are selected to
realize frequency measurements as a function of ambient pressure. The measurements as a
function of the pressure are done in a pressured chamber that only allows the characterization
of a single device at a time. So, before performing the measurements, the wafer needs to be

cut and the device should be wire-bonded to a PCB as shown in Figure 5.15.

Figure 5.15 Devices are cut and wire bonded

Once the device is wire-bonded, it is placed in the pressurized chamber and connected to

the VNA thank to sealed feed through as seen in Figure 5.16.
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Figure 5.16 Box sealed to apply the pressure with the devices in it

The pressure in the chamber can be changed by using two valves, one for increasing the
pressure in the chamber and the other for letting the air out of the chamber (Figure 5.17). To
obtain the variation of the resonant frequency as a function of the pressure, the S parameters

of the device for different pressures are computed to extract the center frequency variation.

Figure 5.17 Pressure meter with two valves
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5.3 EXPERIMETAL RESULTS

53.1 Propagation losses measurement
The acoustic propagation losses were determined by measuring the insertion losses of

SAW devices showing identical geometry except the delay line length.

Figure 5.18 shows a typical frequency response obtained.
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Figure 5.18 A typical insertion loss vs. frequency for two propagation paths of length
350 pm and 250 pm

The propagation loss could be expressed by:

_ _ eq.(5.7)
Ploss= 712 I|312 (dB/mm)= A4 712 I|312 (dB/A)

Where P1 and P2 are the insertion loss at center frequency fj corresponding with delay line
length 11 and 12, respectively.

In our work, the lengths of the different delay lines realized in SAW devices are 200pm,
250 pm, 300 pm, 350 pm, 400 pum and 500 pum. The measured propagation loss value is the
average of values measured for 1=500 um and 1=400 pm, 1=400 pm and =350 pum and other
combinations.

Figure 5.19 shows the dependence of the propagation loss on the SAW center frequency in
three different wafers. In these measurements, the propagation losses increase with the center

frequency. This is a good agreement with the literature [30],[156] in which the propagation
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losses increase approximately as the frequency squared for AIN on sapphire and AIN on Si.
The difference in value in our work and [30] in case of AIN on Si can be due to the different
qualities of the grown AIN, the surface roughness and defects in the AIN films, as well as the

measured values done at different frequency.
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Figure 5.19 Measured propagation losses at three center frequencies

5.3.2 Piezoelectric coupling factor extraction
The experimental piezoelectric coupling factor K was determined by using measured data

of Sy; parameter.

Port input impedance Z; (j=1,2) can be expressed as:

1+ S”. eq.(5. 8)

The transmission line characteristic impedance Z, used in our work is 50Q. The Z; is

expressed as [157]:

Z, =R +Z, eq.(5.9)

Where Z, is acoustic impedance, R, is parasitic resistance.
The real and imaginary portions of the input impedance Z; can be found from eq.(5. 8).

Figure 5.20 illustrates the real part of input impedance for AIN(2pm)/SiO,(0.5pm)/Si

substrate, number of finger pair N=50, w=180pum.
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Figure 5.20 Real part of input impedance

The parasitic resistance R, can be easily found as the constant offset in the real part of port
input Z;. In Figure 5.20, R;, is 11.5(ohm).
R,, then, is subtracted from the input impedance Z;, this step will yield acoustic impedance

Z,. Z, can then be inverted to yield the acoustic input admittance Y ,(f):

Y,(f)=G,(f)+jB,(f) €q.(3. 10)

Where G,(f) and B,(f) are, respectively, the radiation conductance and susceptance.

The acoustic input admittance Y,(f) extracted from Figure 5.20 is shown in Figure 5.21:
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55 630
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Frequency(MHz)

Figure 5.21 Acoustic input admittance Y ,(f) extracted from Z,(f)
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The coupling factor K could be extracted from the relation as follows:

iGa( f))
4N B,(f,)

K*=

eq.(5. 11)

The comparisons between calculation and measurement of coupling factor in AIN/Si,
AIN/Si0,/Si structure versus thickness of AIN are shown, respectively, in Figure 5.22 and
Figure 5.23.

Two points should be concerned from these comparisons.

Firstly, the change of measured values versus AIN thickness is similar with that of
calculated values. The second point is that the measured coupling factor is higher than the
theoretical one. This difference could be explained firstly by using Ingebrigtsen
approximation to calculate the coupling factor by equation (2.11) in chapter 2 [116]. The
difference between theoretical and measured values also could be explained by the fact that in
the theoretical calculation, the mass loading effects of metal layer are not taken into account.
This coupling factor depends also on the oxygen contained in AIN film [158], in which the
author showed that the cause is a change in crystallographic structure based on how the
oxygen substitutes in the lattice. This could be the reason explaining the difference between

theoretical and measured values.
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Figure 5.22 Coupling factor K(%) in AIN/Si, comparison between calculation and
measurement
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Figure 5.23 Coupling factor K(%) in AIN/SiO,/Si, comparison between calculation
and measurement

These measurements of coupling factor K will be used in simulation in next sections.

5.3.3 Comparison between experiment and simulation
The simulation and experiments of SAW devices with all of the same parameters (number
of finger pairs N=50, finger width is 2pm, aperture W=180um, distance between two IDTs
d=200um) on high substrate and normal substrate are shown in Figure 5.24. There is a good
agreement of center frequency between experiment and simulation. The center frequency fy

from experiment is 602.24 MHz, while that from simulation is 600.4 MHz.

20 . . Frequeqcy l,'lﬁ.rIHz}I
620 640

——High resistance

-40 -+ substrate =~ —----TikfpN - -
—— Normal substrate

------- Simulation

90 FATATRIATRINNS B

-100

Figure 5.24 Frequency response and Comparison between experiment (high
resistance and normal substrate) and simulation.
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In Figure 5.24, the observed frequency responses of simulation and experiment are
considered. The pass-band width in simulation is broader than that in experiment. There could
be several reasons which would be too difficult to explain for the reduced pass-band width in
case of the experiment when compared to the equivalent circuit model. For example, the
modifications of the SAW delay path to promote energy trapping can lead to reduced
bandwidth and insertion losses [159]. Another reason could come from the parasitic effects
that can cause an unacceptable reduction of the out-of-band rejection and an effective increase

of the in-band losses [160].

The difference in experimental frequency responses of SAW devices on high resistance
substrate and normal substrate can be observed clearly in Figure 5.24. The difference could be
explained by the energy loss between high substrate and normal substrate. This difference
could also explained by the different values of parasitic in high resistance substrate and

normal substrate [160].

5.34 Effect of Mo layer on performance of AIN/Si SAW
device

To see the effects of Mo layer, SAW devices with different configurations AIN/Mo/Si and
AIN/Si were measured. These measurements are shown in Figure 5.25. The parameters of
devices are: 45, 50 and 55 finger pairs, finger width is 2pum, aperture is 180um, distance

between 2 IDTs is 300um.
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Figure 5.25 Comparison between AIN/Mo/Si and AIN/Si SAW devices
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Comparison between different SAW devices is also shown in Table 5.3 to state clearly the

differences in the center frequencies and the peak of S,;.

Table 5.3 COMPARISON OF MEASUREMENTS OF SAW FILTERS WITH AND WITHOUT Mo

Number of finger | f (MHz) Peak of S,; (dB

pair With Mo Without Mo With Mo Without Mo
N=45 578.51 577.8 -25.99 -33.42
N=50 578.54 577.65 -23.90 -32.27
N=55 578.61 577.58 -22.08 -30.63

The SAW devices using Mo layers below AIN have the center frequency larger than
devices not using Mo. The gap between these center frequencies is about 1 MHz. Another
different point, but very important, is the difference in peaks of S,; (dB). This difference is 8
to 9 dB, and this is extremely high.

The difference in center frequency can be explained by the difference in velocity of the
wave that was presented in Chapter 2, section 2.2.3. For clarity of reading, Figure 5.26 shows

again the dependence of the velocity on the normalized thickness of AIN and Mo layers.
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Figure 5.26 Wave velocity AIN/Mo/Si substrate depends on the normalized thickness
khAIN and khMo

The SAW device under test has khMo0=0.2042, khAIN=1.5708. From Figure 5.26, the
velocity in configuration with Mo layer (khMo=0.2042) is larger than in configuration

without Mo, the correspondent center frequency with Mo also is larger than that without Mo.
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The second interesting difference between the two configurations is the maximum of the
transmissions coefficient of SAW filter. This difference can be explained with several

reasons.

In SAW devices, the propagation loss of SAW would be the primary point of interest. The
SAW propagation loss increases approximately as the frequency squared, as stated in section
5.3.1. In these measurements, the center frequency difference in two configurations is very
small, about 1 MHz; therefore, the SAW propagation loss would not be the good reason to
explain the big difference of the S,; peak.

The second explanation is difference in coupling factor K% between two configurations.
For the clearness of reading this section, it is necessary to show again the dependence of
coupling factor on the thickness of Mo and AIN layers in Figure 5.27. This dependence of

coupling factor can be explained qualitatively.
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Figure 5.27 Coupling factor K(%) in SAW device AIN/Mo/Si substrate depends on the
normalized thickness khAIN and khMo

When applying the coupling factor value from Figure 5.27 (4.75% for case with Mo and
4.62% for case without Mo) into the model in chapter 2, the difference between the peaks of
S,1 is 0.05 dB. So, the difference in coupling factors would not be a good explanation for the

difference of & to 9 dB.
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The frequency-dependence of SAW propagation loss, the difference in coupling factors
would not be good reasons for large difference of gains in the two configurations with and
without Mo layer. This difference can be explained with several irregularities. The primary
point of the problem would be the crystal orientation and crystal imperfection of AIN layer.
As analyzed in Chapter 4, section 4.9.3, the use of bottom Mo could increase the crystal
quality of AIN. This would be a good reason to explain the effect of Mo in the large

difference of gains in the two configurations with and without Mo layer.

Another irregular reason could be the difference in surface of AIN films with Mo below
and without Mo layer. These surfaces are viewed as in Figure 5.28 and Figure 5.29.
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Figure 5.28 Atomic force micrographs  Figure 5.29 Atgmic force micrographs of AIN
of AIN 2um with Mo layer below 2um without Mo layer below

From these observations of AIN surface, using bottom Mo increases the roughness of AIN
film, from roughness (rms) of 0.44nm to that of 1.4nm. We believe that the difference in

roughness could change the propagation loss.

In conclusion, the use of bottom Mo could increase the crystal quality of AIN. This would
be the good reason to explain the effect of Mo in large difference of gains in the two
configurations with and without Mo layer. The Mo layer can increase the peak of S,; up to 8-
9 dB and is very interesting. From Table 5.3, to increase more (2-3 dB), the SAW filter would
be fabricated with the number of finger pairs N=45 up to N=55. Without using Mo layer, to
increase the S, peak in SAW filter (configuration N=55, without Mo layer, S,; peak of -
30.63dB) up to the same in SAW filter with Mo layer (S,; peak of -20.08dB), by the
simulation of model in chapter 2, the number of finger pairs has to be increased from N=55 up
to N=85. Therefore, in Sy, peak point of view, using Mo layer can save the die area on the

wafer.
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5.3.5 Effect of thin Polyimide film
The need of using polyimide as absorber is presented in Chapter 4, section 4.11. In this
section, the effect of polyimide is characterised. The SAW devices with different lengths of
absorber are realized, where length of absorber is ak, with a=0, 2, 4, 6, 8, 10, 15, 20, 25, 30,
35, 40, 45 (see Figure 5.30)

ETT TR T

a=0, no polyimide a=10 a=20 a=40

Figure 5.30 SAW devices with different length of absorber are realized

For clarity of reading, Figure 5.31 just shows the effect of different lengths of polyimide

on the center frequency in cases: a=0, 10, 20, and 40.
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Figure 5.31 S21(dB) with different lengths of polyimide

The center frequency is simulated: fy= 584 MHz.

While, the center frequency in experiments is 577.5 MHz-579.3 MHz. The comparison
between center frequencies of devices with different lengths of polyimide is shown in Table

5.4.

Table 5.4 COMPARISON BETWEEN CENTER FREQUENCIES OF DEVICES WITH
DIFFERENT LENGTHS OF POLYIMIDE
a=0 a=10 a=20 a=30 a=40

fo (MHz) 577.5375 578.2625 578.8625 579.1875 579.3

123



Chapter 5: Characterization of SAW device

The different polyimide films seem to affect the center frequency, in which the center
frequency could be proportional to the length of thin polyimide film. This effect can be shown

in Figure 5.32.
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Figure 5.32 The effect of different lengths of polyimide on the center frequency

The polyimide are also deposited at different thickness, and their effects on the center
frequency are shown in Figure 5.33 and summarized as in Table 5.5 as well as in Figure 5.34.
Figure 5.33 (a) and (b) show the frequency shift Af measured at absorber thicknesses of 95nm
and 2850nm, in which the polyimide have the same length. It seems that the polyimide of

large thickness affects on the center frequency less than that of small thickness.

Table 5.5 EFFECT OF DIFFERENT THICKNESSES OF POLYIMIDE ON CENTER

FREQUENCY
fo a=0 a=20 a=40 Measured frequency Measured
(MHz) shift (MHz) thickness of
between a=0 and a=40 | polyimide (nm)
wafer 1 | 577.54 | 578.86 |579.3 1.763 95
wafer 2 | 580.63 | 581.14 | 581.01 0.387 921
wafer3 | 578.76 [ 579.36  [579.49 |0.725 400
wafer 4 | 602.31 602.47 ]602.59 10.279 2850

Frequency (MHz)
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Figure 5.33 Effect of polyimide on the center frequency, thickness of polyimide is 95nm
in (a), and is 2850nm in (b)
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These effects of polyimide on center frequency can be explained by that the attenuation
rate of absorber is proportional to the volume of the absorber film. The attenuation rate of 3.0-
3.5 pm thick and 14 pm, 20 pm thick polyimide films were measured by other groups [139]

and [140], respectively. And in our work, the polyimide dependence of center frequency is

This dependence could be explained by using circuit model in Chapter 2, section 2.3.3 or
section 2.4.4. In this model, an ideal absorber is used, there is no reflected wave. By applying
the circuit theory for matching condition, we need to have two terminal admittances of values
GO. In this characterization, thin polyimide film doesn’t absorb completely the wave, that is
equivalent to using other values of two terminal admittances in the circuit model. The effect

of thin polyimide film on the center frequency of SAW devices are modeled as in Figure 5.35.

Frequency (MHz)
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It would be too difficult to find out the relation between the volume of polyimide and value
of terminal admittance G in the model. However, the approach stated above that uses the

different values of G in the equivalent circuit could explain the effect of polyimide.

Another important conclusion from this section is that to reduce the effect of polyimide on
center frequency, the attenuation rate of polyimide should be high. Because of the limitation

of the device size, the thickness of the absorber film should be increased.

5.3.6 Device under pressure
The SAW delay line is fabricated with the buried SiO, layer thickness of 2um, the
thickness of AIN is 2um, SiO; is 200nm, wavelength is 8um. At the end of fabrication, the
membrane of device is bent (as stated in Chapter 4). The membrane deformation is measured

by WYKO system (see Appendix C, section C. 3), and result is shown in Figure 5.36.
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Figure 5.36 Measured membrane deformation

Because of this membrane bend, the maximum applied pressure is 1.3 bar.
5.3.6.1 Phase shift
Figure 5.37 shows the measured phase shift by applied pressure. Measured phase shift is 3°.
The calculated value (in Chapter 3, section 3.3.4) is 4°. The difference between these values
would be due to the measurement error. In conclusion, there is a good agreement between

measured and calculated values of phase shift by pressure.
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Figure 5.37 Measured phase shift by pressure

5.3.6.2 Frequency shift
Figure 5.38 shows the measured frequency variation of SAW delay line under pressure.
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Figure 5.39 Frequency variation under pressure

The SAW device under test with applied pressure has the center frequency fj is 574.145
MHz. The measured frequency variation by pressure is Af/P=-10.4 kHz/bar.

And, the pressure sensitivity for this device (from measurement in Figure 5.39)

isAf—f(ppm) =-18.11(ppm/bar) .

0

The calculated pressure sensitivity for device under test with pressure as shown in Chapter
3, section 3.3 (khAIN=1.57, khSiO,=0.1571) is -12.34 (ppm/bar). The difference between
measured and calculated values could come from the error in measurement equipment and the

pressure display.

Compared with the SAW pressure sensor ZnO/Si (khZnO=1.18) done by the group in [13]
with pressure sensitivity is -5(ppm/bar), the result obtained in our work would be interesting

and promising.

54 CONCLUSION

This chapter presents the parametric tests, the experimental setup, major experimental

results and also the explanations and analyses of obtained results.

The parametric tests are used to make a fast process control of the deposited/etched layers.
These are electrical tests and come as an added value to the well known optical tests. They
allow controlling process stability over time. After the parametric tests, the non working
devices were removed from the map test in order to decrease the testing time that was long for

a large number of devices.
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Our devices were characterised and obtain major results. The first important parameter is
acoustic propagation losses. We obtained a good agreement with the literature in which the
propagation losses increase approximately as the frequency squared. Another important
parameter is coupling factor which was extracted by using measured data of S;; parameter.
From this extraction technique, we saw that the change of measured coupling factor values
versus AIN thickness is similar with that of calculated values. Besides, the measured coupling

factor is higher than the theoretical one. This difference was explained.

Another new result is good effects of Mo layer on performance of device was analysed.
We saw that using bottom Mo layer could increase the crystal quality of AIN, and save the die

area on the wafer. These good effects would be interesting.

Besides, a new result was done in which the effect of thin polyimide film on the center
frequency was analysed. We obtained a important conclusion from this analysis is that to
reduce the effect of polyimide on center frequency, the thickness of the absorber film should

be increased due to the limitation of the device size.

As the goal of this work is pressure sensor, the pressure sensitivity of frequency shift is
important. The result obtained in the pressure sensitivity of our device
isAf—f(ppm) =-18.11(ppm/bar). Compared with the SAW pressure sensor ZnO/Si in

0
literature which had pressure sensitivity of -5(ppm/bar), the result obtained in our work would

be interesting and promising.
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CONCLUSION and PERSPECTIVE

Surface acoustic wave (SAW) devices are widely used today in a variety of applications
both in consumer electronics as well as in research measurements: industrial, commercial,
medical applications and military equipments. Among these applications, the pressure sensor
plays a key role in many industrial, automotive applications. In SAW pressure sensor, the
pressure induced stress and strain. Consequently the propagation path of acoustic waves will
be modified and therefore the frequency response of the device. The pressure can be obtained
by measuring frequency or phase response change. The goal of this thesis is design,
simulation, fabrication and characterization of SAW pressure sensor using AIN and
technological facilities available in CEA-LETI. The AIN is chosen thank to its good
properties in high temperature until 1000°C, its high acoustic velocity and its compatibility

with microelectronic process.

To follow this goal, firstly, we calculated and analysed the SAW parameters in different
structures of AIN/SiO,/Si, AIN/Si, and AIN/Mo/Si. An important conclusion is that the wave
velocity and coupling factor could depend on the wave propagation medium. In each kind of
SAW structure using AIN, we found the range of thickness of AIN layer in which there is a
weak dependence of the wave velocity, coupling factor on the AIN layer thickness. The SAW

devices should be fabricated to facilitate manufacturing.
- For AIN/Si structure, this range is khAIN > 3.
- For AIN/Mo/Si, if this kind of SAW device is fabricated in the range from KhAIN >2.7 to

facilitate manufacturing, the using of Mo layer is useless. Consequently, to take full
advantage of using Mo layer in term of wave velocity and coupling factor, it should be
required to control the fabrication process carefully to obtain the required AIN thickness from
khAIN=1.02 to khAIN=2.7. The further advantage of using Mo is also presented in term of
AIN property.

- For AIN/SiO,/Si, this range is khAIN >5 for khSi0,=0.7854. Besides, using SiO, layer
would reduce temperature dependence of frequency. To choose the thickness of SiO, layer, it
would consider the effect of temperature dependence and analyses of wave velocity, coupling

factor.

After the SAW parameters are known, the models of SAW device based on equivalent

circuits of Mason model and COM theory were used. For usefulness and reduction of time in

131



Conclusion and Per spective

design process, the equivalent circuit based on COM model, in which Ky;, K;»=0 (Kj; are

coupling coefficient between two finger of an IDT) is proposed to be used.

Following these models, we gave the development of model used for SAW pressure
sensor. Besides, we also performed the mechanical analysis of membrane under pressure and
the pressure sensitivity calculations. Besides, in this work, we analysed the effect of
frequency variation due to temperature change in SAW device using AIN. For pressure

application, this sensitivity must be reduced.

We also used Finite Element Method (FEM) to get a visual view and to verify the results
obtained from the analytic method. However, the computational cost to simulate a whole
SAW device is extremely high, or the amount of elements can not be handled by our
computer resources. Besides, it takes a long time and it requires a trial and error to find the
results of center frequency, wave velocity and coupling factor. Consequently, to reduce time,
in our work, the analytical method and equivalent circuit are used to extract the parameters of
SAW devices; FEM was used to get a 3D view and explain some results that can not be

explained by the analytic method.

From these calculations, we saw that in all kinds of SAW structure, there would be the
tradeoffs between temperature reduction, coupling factor, wave velocity and pressure
sensitivity and facility in manufacturing. Consequently, these SAW parameters, as well as the

environment in which device is used should be concerned.

After finishing the calculation, simulation and analysis of SAW device, we proposed
surface micromachining to fabricate the devices. This kind of fabrication process could create
exactly the dimensions of membrane used in pressure sensor, and it also allows having a well
defined membrane with any geometry due to the silicon etch stop wall. Following decision of
choosing surface micromachining, we designed the mask for fabrication process. Fabrication
process using surface micromachining was done successfully. However, the fabrication
process needs to be controlled very carefully, especially in PSG deposition and etching

process to remove the buried SiO; layer.

As AIN was used as piezoelectric layer in SAW device, we paid attention to piezoelectric
response of AIN as well as characterization of AIN film. We found that to increase the
piezoelectric response of AIN, there are three ways that can be done:

d. Using the bottom Mo layer.

e. Decrease the roughness of the layer below AIN layer until be smaller than

0.2nm. This requirement can be obtained by using CMP.
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f. Increase the thickness of AIN.

Retaining good properties of AIN film in high temperature was characterised and

confirmed.

After finishing the fabrication process, we used the parametric tests to make a fast process
control of the deposited/etched layers and Vector Network Analyzer to measure the S
parameters of the SAW devices. Our devices were characterised and obtain major results. The
first important parameter is acoustic propagation losses. We obtained a good agreement with
the literature in which the propagation losses increase approximately as the frequency
squared. Another important parameter is coupling factor which was extracted by using
measured data of S;; parameter. From this extraction technique, we saw that the change of
measured coupling factor values versus AIN thickness is similar with that of calculated
values. Besides, the measured coupling factor is higher than the theoretical one. This

difference was explained.

Another new result is good effects of Mo layer on performance of device. We saw that
using bottom Mo layer could increase the crystal quality of AIN, and save the die area on the
wafer. To insure acoustic waves attenuation at the ends of propagation path, the use of
polyimide was studied. The effect of thin polyimide film on the center frequency was
analysed. An important conclusion from this analysis is that to reduce the effect of polyimide
on center frequency, the thickness of the absorber film should be increased to reduce the

device size.

As the goal of this work is pressure sensor, the pressure sensitivity of frequency shift is
important. The result obtained in the pressure sensitivity of our device
isAf—f(ppm) =—18.11(ppm/bar). Compared with the SAW pressure sensor ZnO/Si in

0
literature which had pressure sensitivity of -5(ppm/bar), the result obtained in our work would

be interesting and promising.

Fabrication process in this work using surface micromachining was done successfully.
However, this process could be developed to reduce the time of fabrication, and to obtain the
better SAW device. In our work, SOI substrate with 2um in thickness buried SiO, layer is
used. There were some wafers that have the sticking problem of membrane due to stress and
due to small thickness of SiO,. To avoid this problem, the SOI substrate with larger thickness
buried SiO; is proposed. Also, using larger thickness of buried SiO, layer, the pressure

operation range of SAW pressure sensor could be increased.
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Besides, a big challenge would be the fabrication of the whole system including electronic

circuit and SAW pressure sensor on the same wafer.

The proposed SAW device using AIN could also be developed to use in other applications,

for instance, humidity, temperature sensor, ...
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Appendix A
Properties of Si, SiO,, AIN and Mo

Table A. 1 ELASTIC CONSTANT OF 8Si, SiO,
Material Young's Modulus E (GPa) Poisson's Ratio v
Si 106.85 0.342
Si0, 42.93 0.376

Table A.2 ELASTIC CONSTANT OF AIN and Mo
Elastic constant (X 109 N/mz) Ci1 C12 C13 C33 Ca4
AIN 410 149 99 389 125
Mo 440.7 | 246.862 | 246.862 | 438.867 | 96.002

Table A.3 PIEZOELECTRIC CONSTANT OF AIN
Piezoelectric constant (C/mz) €ls €3] €33
AIN -0.48 -0.58 1.55

Table A. 4 DIELECTRIC CONSTANTS OF Si, SiO,
Dielectric constants &l &/ &

Si 10.62 10.62
Si0; 3.32 3.32

Table A. 5 DIELECTRIC CONSTANTS OF AIN
Dielectric constants (&/¢,) Static High frequency

AIN 8.5 4.6

Table A. 6 MASS DENSITY OF Si, SiO,, AIN AND Mo
Mass density (x 10° kg/m’) p
Si 2.33
SiO, 2.2
AIN 3.23
Mo 10.075
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Appendix B
Development of calculation for

equivalent circuit of SAW device

B.1 EQUIVALENT CIRCUIT FOR NORMAL IDT INCLUDING N
PERIODIC SECTIONS

Port1
(acoustic)

E;

I, jRyfgc JRjiger 1
I+I
—J%%
sn( 2 I+
EJ g %8
1:1 13 A

JRylge T

-y

sinf2ex)

Port 2
(acoustic)

E;

«— Port3
(electric)

Figure B. 1 Mason equivalent circuit for one periodic section in “crossed-field” model

Poit1
{acoustic)

Ei

I, jRjigo JRjgor 1
I,+I
75
sl 2ex) I,+1

EJ -C? T 3
. |

JRyiga 1,

—J5

sin(2a)

3

Port 2
(acoustic)

E;

«——  Port3
(electric)

Figure B. 2 Mason equivalent circuit for one periodic section in “in-line field” model

One periodic section can be expressed by the 3-port network as follows:
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|
Cl

[yl

e,
C3

Figure B. 3 One periodic section represented by 3-port network, admittance matrix [y]

I Yo Y Ys|l®
iz =Yg Yo Yis||6 eq.(B. 1)
] L Ya Yo Ysll8

By the symmetrical properties of one periodic section (the voltage applied at port 3 will
result in stress of the same value at port 1 and 2), the [y] matrix in eq.(B. 1) becomes eq.(B. 2)

for Figure B. 4 and becomes eq.(B. 3) for Figure B. 5.

A | | L
A I £ e
Y Ye Vs |8
L1=[Y2 Yu —Ys|& eq.(B.2) l%+ ‘
i3 Yo Y Yu L& i e%
Figure B. 4 3-port network representation of one
periodic section, with the change of sign between
Y3 and Y3 to ensure that acoustic power flows
symmetrically away from transducer
1 1)
e | ly] e
! Yo Yo Y3\ 8 }
L1=-Y2 ~Yu ¥Ys|© l3+ e |
i3 Yo Y5 Y ]l8 eq.(B. 3) 2

Figure B. 5 3-port network representation of one
periodic section, with the no change of sign
between Y3 and Y3
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Applying circuit theory, definitions of [y] matrix elements are presented:

[ [
Y= -+ ) Yo = —
€ le=0 € |a=
&= &=0
i1 ' i3 eq.(B. 4)
Yis=— ) Y3 =—
& la=0 & la=
&,=0 =0
And using trigonometric functions as follows:
2
a—— =—cotgo
sin(2a)
tgo — =l(tga—cot ga) ¢q.(B. 5)
sin(2a) 2 -
o 3 cos(Zc?t) +1-tgo sm.(4a) —tgasin(2a) — _tg(4a)
tga sin(4a) +tga sin(2a) — cos(2a)
The [y] matrix can be obtained for 2 models as follows:
+ for the “crossed-field” model:
Y =-1]G,cotg(4a)
iG
Vi = sin(40a)
] eq.(B. 6)
Y, = - |G,lga
Vi3 = 1(20C; + 4G tgar)
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+ for the “in-line field” model:

in(2
y“:—jGocotgo{ Gé) —cotg(2a)] 2 - 0C, sin(2a)
®

2
’ (wGéo —cotg(2a))

G, Y
cotga Cc, sin(2a)
. ®
Yi, = 1G, G y G
2( 0 —cotgaj( 0 —cotg(Za)J
oC

oC, 0
. tga eq.(B. 7)
y13 == JGO g—
2G,
1- tga
oC,
3 j20C,
y33 - 2Go
1- tga
oC,

In IDT including N periodic sections, the N periodic sections are connected acoustically in

cascade and electrically in parallel as Figure B. 6.

| 1 1 1 1 IN. 1 |
o33 J—T‘ > IS\ Y130
. ellT IGL J61T3 T? NT T') E
E, 1 21 2 22 3 e-N_'E__ el N Con Ol
Acoustical €31 €3 €33 €3 Acoustical
Port 1 Port 2
Lt electrical

©g,Port 3

Figure B. 6 IDT including the N periodic sections connected acoustically in cascade and
electrically in parallel

Because the symmetric properties of the IDT including N section like these of one periodic
section, and from eq.(B. 2), eq.(B. 3), Figure B. 4 and Figure B. 5, the [Y] matrices of N-

section IDT are represented as follows:
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}’;1 }Ez }E3 _L _52_
[Y] =-; -h % corresponds tomodel  Ei N E;

¥, -5 T

13 13 3 )

o s b N L

[Y] =% A e corresponds to model Ey : E;
_ [Y]
Na —Ha Ty

(b)
I

Figure B. 7 The [Y] matrices and the model corresponsive models

Since the periodic sections are identical, the recursion relation as follows can be obtained:

€1m=C2m-1 eq.(B. 8)
€3N= €3N-1= €3N2=...= €32= €3 1=E3 €a.(8.9)
il m:iZ m-1 eq.(B. 10)
With m is integer number, m=1,2, ..., N-1, N
The total transducer current is the sum of currents flowing into the N sections.
L=iz 1+ isot.. .+ i3nat isn
eq.(B. 11)

=(y13e1 1-y13€2 11 y33 €31) T (Y13€1 2-Y13€2 21 y33 €32) +...
+ (y13€1 N-1-y13€2N-1F Y33 €3n-1) T (Y13€1 N-Y13€2 N T Y33 €3N)

By applying eq.(B. 8), eq.(B. 9) and boundary conditions (e;; = E;, exn=E»), eq.(B. 11)

becomes:

Ii=yi3e1 1-yi3e2nt NyssEs

= yi3E1-y1i3Ext Nys3 E; eq.(B. 12)

From Figure B. 7, the Y3 and Y33 can be expressed as:
Yi3=yi3 eq.(B. 13)
Y33=Nys; eq.(B. 14)
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Appendix B: Devel opment of calculation for equivalent circuit of SAW device

Because the N periodic sections are connected acoustically in cascade and electrically in

parallel, the model as in Figure B. 5 should be used to obtain the [Y] matrix of N-section IDT.

From eq.(B. 3) for one section, the i; and i, can be expressed
1= Vii€1ty 1262+ e
1= Y11€1myne2m yi3 €3 eq.(B. 15)
= -y12€1-Y12€2F Y13 €3

Equations eq.(B. 15) can be represented in matrix form like [ABCD] form in electrical

fuiffan

theory as follows:

Where
_h 1
y12
[K]= eq.(B. 17)
y11 y12 Y
ylZ ylZ
_h
L (B. 18
[ ] y11y13+y12y13 eq )
Yio

By applying eq.(B. 16) into N-section IDT as in Figure B. 6 and using eq.(B. 9), the second

recursion relation is obtained as follows:

ol

Where m is integer number, m=1,2, ..., N-1, N

Starting eq.(B. 19) by using with m=N, and reducing m until m=1 gives the expression:

MECNESE a2

Iy

Where

[Q]:[K]N eq.(B. 21)
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[X]{Q}EZ;[K]”[L] eq.(B. 22)

Solving eq.(B. 20) and using the boundary conditions (eo= Ei, i¢=I;) gives:

Ilz_&Eﬁ-L 2_AE3 eq.(B. 23)
Q12 Q12 Q12
Consequently,

Yll = —& eq.(B. 24)

Q12

1

Y12 =— eq.(B. 25)

Q.
Y, = _A eq.(B. 26)

Q.

The Y3 is known by eq.(B. 13), so eq.(B. 26) and matrix [X] don’t need to be solved.
To solve eq.(B. 24) and eq.(B. 25), matrix [Q] should be solved.

In “crossed-field” model, matrix [Q] can be represented in a simple form as follows:

[K]= cos(4a)  ~JR;sin(4a) eq.(B. 27)
B - ]G, sin(4) cos(4q)

[K]2 | cos(Ba) - R, sin(8«x) o0 (B. 25)
| -jG,sin(8a)  cos(8a)

K| cosd2e)  —jRsin(i2a) eq.(B. 29)
(KT =] jG,sin(12e)  cos(12e)

...... etc. Consequently, matrix [Q] will be given:

2| cos(N4a) — R, sin(N4a) eq.(B. 30)
[QI=[K]" = ~jG,sin(N4a)  cos(N4e)

From eq.(B. 24) and eq.(B. 25), Y11 and Y2 in “cross-field” model can be expressed:

Y, =—jG, cot g(N4a) eq.(B.31)
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_ jGo eq.(B. 32)
sin(N4a)

12

In conclusion, matrix [Y] representation of N-section IDT is:

+ In "crossed-field" model, from eq.(B. 6), eq.(B. 13), eq.(B. 14),
eq.(B. 31) and eq.(B. 32):

Y ==IGcotg(4Ne)

_ eq.(B. 33)
J
Y, =— G
sin(4Na)
Y, =—jGlgx
Y, = INQ2eG,) +4Gige)
+ In "in-line field" model, from eq.(B. 7), eq.(B. 13), eq.(B. 14),
eq.(B. 24) and eq.(B. 25):
Y11 :_%
Q.
Y, =i eq.(B. 34)
Q.
. tgo
A :_JGOT
I— g
v - J20NG,
BT A

Where [Q] can be calculated from eq.(B. 17) and eq.(B. 21).

B.2 EQUIVALENT CIRCUIT FOR “N+1/2” MODEL IDT

In case IDT includes N periodic sections (like in section 2.3.1 plus one finger (in color red)

as shown in Figure B. 8 that we call “N+1/2”” model IDT.
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.
L I I IO D

N Del'lOdlC- sections
Figure B. 8 “N+1/2” model IDT

The equivalent circuit for this model is shown in Figure B. 9 and the matrix [Yd]

representation is shown as in Figure B. 10 (letter “d” stands for different from model [Y] in

section 2.3.1

I; Iy JRy2e JRytge 1n

—JR,
El N s 2¢) E;
[Y] SEiE s
JESNG S
13 A
-—
E;

Figure B. 9 Equivalent circuit of “N+1/2” model IDT

. N-+1/2 N
[vd) '
|
Es

Figure B. 10 [Yd] matrix representation of “N+1/2” model IDT

147



Appendix B: Devel opment of calculation for equivalent circuit of SAW device

The form of matrix [Yd] is:

Yd, Yd, Yd,
[Yd]=|Yd, Yd, Yd, eq.(B. 35)
Yd31 Yd32 Yd33

The elements of [ Yd] matrix for “crossed-field” model are given as follows:

Yd, = jG,{— : —cot g(4Na) ¢q.(B. 36)
sin”(4Na)(cot g(2a) +cot g(4Nar))
. iG, cos(2a) sin(2a)[cot g(4Na) cos(2a) —sin(2)] eq.(B. 37)
sin(4Na) cos(2a) +cot g(4Na)sin(2x)
: (~tga +2cot g(4Na)sin® a +sin(2a))sin(2ar) ~ 2sin’ «
Yd, = |G, . : +— ~tga
sin(4Nea)(cos(2) + cot g(4Nea)sin(2x)) sin(4Na)
eq.(B. 38)
1

Yd,, =—-]|G
. 1= sin(4Na)(cos(2a) +cot g(4Na)sin(2))

eq.(B. 39)

vd, = G cot g(4Nea)cos(2a) —sin(2x)
22 T

) eq.(B. 40)
cos(2a)+cot g(4Na)sin(2x)

Yd,, = G —tga +2cot g(4Nea)sin’ 2a) +sin(2a) eq.(B. 41)
2 ¢ cos(2a )+ cot g(4Na)sin(2ax) .

Yd,, =-Gtga eq.(B. 42)
Yd,, = -G, sin(2a) eq.(B. 43)
eq.(B. 44)

Yd,, = joC,(2N-1)+ |G, {sin(2a) +(4N+ l)tga}

B.3 SCATTERING MATRIX [S] FOR IDT

The scattering matrix [S] of a three-port network characterized by its admittance matrix
[Y] is given by [40]:

S=I1, - 2Y(IL, +Y) ¢q.(B. 43)

Where I1, is the 3x3 identity matrix.
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After expanding this equation, the scattering matrix elements for a general three-port

network are given by the following expressions:

1
31 :M{(l"'Y}})(l_Yn +Y22 _Y11Y22 +Y12Y21)+Y13[Y31(1+Y22)_Y21Y32]+Y23[Y32(Y11 _1)_Y12Y31]}

eq.(B. 46)
2 eq.(B. 47)
Sz = _V[le (1 +Y33) _Y13Y32]
o) eq.(B. 48)
S; = _M[Yn(l +Y,) _Y12Y23]
eq.(B. 49)

2
821 = _M[Y21(1+Y33)_Y23Y31]

1
Szz :V{(l"'Yzz)(l"'Yn _Yzz _Y11Y22 +Y12Y21)+Y13[Y31(Y22 _1)_Y21Y32]+Y23[Y32(Y11 +1)_Y12Y31]}

eq.(B. 50)
2 eq.(B. 51)
Sz3 = _V[Y23(1+YII)_Y13Y21]
o) eq.(B. 52)
%1 = _W[Yn(l +Y22) _Y21Y32]
eq.(B. 53)

2
832 = _V[Y32(1+Y11)_Y12Y31]

1
833 =V{(1_Y33)(1+Y11 +Y22 +Y11Y22 _Y12Y21)+Y13[Y31(Y22 +1)_Y21Y32]+Y23[Y32(Y11 +1)_Y12Y31]}

eq.(B. 54)
where

M = det(IT, +Y)
=(1+Y33)[(1+Y”)(1+Y22)—Y12Y21]—Y23[Y32(1+Y”)—Y|2Y3|]—Y13[Y31(1—Y22)—Y21Y32]

eq.(B. 55)

For model IDT including N identical sections, these equations can be further simplified. In

case of Figure B. 7(b):
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.(B. 56
Yii =Yy ea )
Yo =Y,
Y=Y
Y3 =Yy =Y
Therefore, S;’s take the following form
1
S =S, =M{(1+Y33)(1—Yﬁ YD) +2Y3 (Y, + Y, )} eq.(B. 57)
2
S =Sy =~ [ Yo 1+ Y)+ Y] c4.(B. 58)
2
S: =S, :_MY13(1+Y11+Y12) eq.(B. 59)
.(B. 60
st = Ssz = _Ss e )
1
Sy = 0= Yl =Y T+ 2Y5 1+, +Y,,)f q.(B. 61)
Where
eq.(B. 62)

M =(1+Y)IA+Y)" =Y, 1-2Y5(1+Y,,)

B.4 EQUIVALENT CIRCUIT FOR SAW DEVICE BASE ON MASON
MODEL, [ABCD] MATRIX REPRESENTATION

B.4.1 [ABCD]| MATRIX REPRESENTATION OF IDT
In SAW device, each input and output IDTs have one terminal connected to admittance Go.

Therefore, one IDT can be represented as two-port network. [ABCD] matrix (as in Figure B.
11) is used to represent each IDT, because [ABCD] matrix representation has one interesting
property that in cascaded network, the [ABCD] matrix of total network can be obtained easily

by multiplying the matrices of elemental networks.

I 1 IZ
i 1 L —
N
V 1 A B VZ
D
N/

Figure B. 11 [ABCD] representation of two-port network for one IDT
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To find the [ABCD] matrix for one IDT in SAW device, the condition that no reflected

wave at one terminal of IDT, and the current-voltage relations by [Y] matrix in section are

V3
L|[€ a\
Il l‘ I2
3 .

used as follows:

N N
Vi|Gy 1 [Y] 9 Vs
\'% \'4

Y,

1 11 12 13 1 eq.(B. 63)
|2 = Y12 Y11 _Y13 V2
|3 Y13 _Y13 Y33 V3
And [,=-GyV, ¢q.(B. 64)
From these current-voltage relations, the V3 and I5 are given:
Y112 _Y122 +YIIGO V. Go +Y11 | eq.(B. 65)

! Y12Y13 +Y11Y13 +YISGO ’ Y12Y13 +Y11Y13 +YISGO ’

— (VY + Y5V +Y13G0)2 + (Y Ys _Y132 +Y33Go)(Y112 _Y122 +Y1160)V _ YiiYss _Y132 +YG,
3 2 2
(G +YD(Y Y + Y, Y5 +Y5,G)) YioYis + Y, Y5 + Y56
eq.(B. 66)

From eq.(B. 65) and eq.(B. 66), equivalence between port 3 in Figure B. 12 equals to port
1 in Figure B. 11, and consideration of direction of current I, in Figure B. 11 and Figure B.

12, [ABCD] matrix representation for two-port network of IDT in obtained:

_ Y112 _Y122 +YIIGO eq.(B. 67)
Yo Y + Y, Y5 + G,

G0-"_Y11

B= eq.(B. 68)
YoV Y Y5 + G,
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_(Y13Y12 +Y13Y11 +Y13Go)2 +(Y11Y33 _lez +Y33G())(Y112 _Y122 +YnGo)

C= eq.(B. 69)
(Gy + YDV, Yis + Y, Y5 +Y1,6))
.(B.70
D= YiiYss _Y132 +Y:G, a )
Y12Y13 +Y11Y13 +Y13GO
In case of “crossed-field” model, the [ABCD] can be further simplified:
_ sin(4Na) — | co§(4 Na) eq.(B.71)
tga [1-cos(4Na) - jsin(4Na)]
B= A eq.(B. 72)
G

0

B sin(4Na)
1-cos(4Na)— jsin(4Na)

[N(Za)COZO cota +4)(cot(4Na) + j)+tga] eq.(B. 73)

1 eq.(B. 74)
C=- E + GO D
One interesting property of [ABCD] of “crossed-field” mode is:

This means [ABCD] matrix is reciprocal.

In SAW device, the ouput IDT is inverse of input IDT. By the reciprocal property of
[ABCD], the [ABCD] matrix of output IDT can be easily obtained:

Agupu= Dinput eq.(B. 76)
Boutpu= Binput eq.(B. 77)
Coutpu= Cinput eq.(B. 78)
Doutpu= Ainput eq.(B. 79)

in which N is replaced by M (number of periodic sections in output IDT)
Consequently, the [ABCD] matrix of output IDT is:

sin(4M )

P = 1-cos(4Ma) — jsin(4M «x)

[M (2aC,Z, cota+4)(cot(4Ma) + ) + tga] eq.(B. 80)

B 1 sin(4Ma) — jcos(4M )
* G, tga[l-cos(4Ma) - jsin(4Ma)]

eq.(B. 81)
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sin(4Ma) — j cos(4M )

Do = P
tga[1-cos(4Ma) - jsin(4Ma)]

1
Com = —B_+ GOAM

out

eq.(B. 82)

eq.(B. 83)

At the center frequency fj, the [ABCD] matrix becomes infinite since a=0.5n(f/fo)= 0.57.

However, [ABCD] elements may be calculated by expanding for frequency very near

frequency fj.
By setting:

f—f,
fO

X
2N

T T V4
=— + == + =
2 2 2

f—f,

Where X=Nux

0
By using the limit of some functions as follows:
1in3[sin(4Na)] = 1in3[sin(2x)] ~ 2X
lin(}[cos(4 Na)]= ling[cos(ZX)] ~1

X 2N
lim[t =lim[-cot(—)] ~ ———
limftger] = lim{—cot(- )] ~ =

The [ABCD] matrix of input IDT is obtained:

L2
j4N
Br 2X"]
G, J4N
C~27fCx—4NG, - j[ﬂfC0+;NG°_
X— |

D ~ 27 fC,Z,x—4N - 7 C,Z,

eq.(B.

eq.(B.

eq.(B.

eq.(B.

eq.(B.

eq.(B.

eq.(B.

eq.(B.

eq.(B.

84)

85)

86)

87)

88)

89)

90)

91)

92)
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B.4.2 [ABCD] MATRIX REPRESENTATION OF PROPAGATION PATH

Based on equivalent circuit star model of propagation path in Chapter 2, section 2.3.2,

[ABCD] matrix representation of propagation way can be obtained clearly:

A = Doy, = €026 eq.(B. 93)
Bpath = Cpaxh = ] sin 26 eq.(B. 94)
With @ = zfl eq.(B. 95)

v

Where | is the length of propagation path between two IDTs.

So, [ABCD] matrix representations of input IDT, propagation way and output IDT are
obtained. They are cascaded as Figure B. 13:

I

L) | ] ;—I”g
‘—gl ! B.r'n ‘_JPfﬂ“ BM& Am Bow
G D, Coon Dt Coe Dy

Figure B. 13 Cascaded [ABCD] matrices of input IDT, propagation way and output IDT

And the [ABCD] equivalent matrix of SAW device is shown in Figure B. 14

L

I
— =2

‘43’21:102 Bdewce

("Wcz’ew«:e [)abwcz

Figure B. 14 [ABCD] matrix of SAW device

[ABCD] matrix of delay line SAW is

Asaice  Baavice _ A. B, Aﬁnath Bpalh Aw B eq.(B. 96)
Cdevi ce Ddevi ce C D C D C D

in in path path out out
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Ascice = AnPoanPou T BirnCran At + AnBranCou + B DpatnCout eq.(B. 97)
Byeice = AnAvatn Bout + BinCpatn Boux + A Bt Do + B D Do cq.(B. 98)
Caice = CinApan Aot T PinCrain At + CinBratnCout + Din D e Cout eq.(B. 99)
Daeice = CinApan Bout T DinCrain Bout + CinBratnDout + DinDpatn Dt eq.(B. 100)

Where [ABCD], is calculated from eq.(B. 71), eq.(B. 72), eq.(B. 73) and eq.(B. 74).
[ABCD]oy is calculated from eq.(B. 80), eq.(B. 81), eq.(B. 82) and eq.(B. 83).
[ABCD]pam is calculated from eq.(B. 93) and eq.(B. 94).
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Appendix C

Equipments used to control each
fabrication step and to characterise
device

After each step of fabrication, the devices are characterized to verify some requirements of
each step, and consider whether the process can be continued or not. The devices were
characterized morphologically by using optical, infrared microscopes, scanning electron
microscope (SEM), optical interferometer and atomic force micrograph (AFM) equipments.
C.1 OPTICAL MICROSCOPES

The first method utilises Optical MicroScopes Olympus BH2-UMA, BH3-FO4A with
Color View Soft Imaging System.

One image taken by Optical MicroScopes is shown as Figure C. 1.

Uiy

Figure C. 1 Optical Microscope image

C.2 SCANNING ELECTRON MICROSCOPE (SEM)

The second method used to record images was a Scanning Electron Microscope (SEM).
All scanning electron micrographs for this research were taken with a Hitachi S-4160 SEM.
This equipment is useful to verify the device after each step of fabrication. One example is
shown in Figure C. 2 and Figure C. 3. Figure C. 2 shows the result after etching polyimide

during 170s; it still remains polyimide near the edge of the metal. Consequently, the time of
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etching polyimide is increased to 10s, and the step of etching was done again with the etching

time of 10s. Result is shown as Figure C. 3 in which the remaining polyimide is removed.

Figure C. 2 Etching polyimide during 170s  Figure C. 3 Etching polyimide during 180s

C.3 VEECO PROFILING SYSTEM

The third method is The Veeco WYKO NT3300 Profiling system. This is an optical
profiler providing three-dimensional surface profile measurement without contact. WYKO
surface profiler systems use two technologies to measure a wide range of surface heights:
Phase Shifting Interferometry (PSI) mode (allows to measure smooth surfaces, small step),
and Vertical Scanning Interferometry (VSI) mode (allows to measure rough surfaces, steps up
to one millimetre high). One example taken by WYKO after creating membrane by HF
etching is shown in Figure C. 4 and Figure C. 5 that allows us to measure the deformation of

the membrane and the surface roughness.
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Figure C. 4 WYKO used to measure membrane deformation in 2-D

Mag: 103X Date: 03/12/2008
3D Plot _
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Swrface Statistics:
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Tilt
Filtering;
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-837

Figure C. 5 WYKO used for 3-dimensional surface profile measurement

Figure C. 6 shows the 3-D profile of device at the end of fabrication process.
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C.4 ATOMIC FORCE MICROGRAPH (AFM)

Surface Statistics:

Ea: 99243 nm
Eq: 1.20um
Ez: 4.06 um
Et: 4.15 um

Set-up Parameters:
Size: 736 X 480
Sampling: 816.37 nm

Processed Options:
Terms Removed:

Tilt

Filtering:

Mone

Mag: 103X

Mode: VSI

3D Plot

Figure C. 6 3-D profile of device fabricated completely
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The morphological analysis of devices is also done by using the atomic force micrograph

(AFM). The AFM examinations were performed by using a Nanoscope III (Digital

Instrusment) operating in non-contact mode using TESP-ESP probes with silicon cantilever of

length 125 pum, force constant of 42 N/m, high resonance frequency of 320kHz. The AFM is

used to measure the roughness of a deposited layer. The roughness measurement is also done

and verified by WYKO.

Figure C. 7 shows the AFM image of Si layer after that indicates the roughness Rms of

0.31nm. While the result from WYKO measurement (see Figure C. 8 and Figure C. 9) shows

that Rms is 0.32nm. Consequently, to measure the roughness of a layer, AFM or WYKO

could be used.
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Emax=8.T8nm
Ems=0.31nm

Swface Statistics:
Fa 0.32nm
Rq 0.40nm
Fz 323nm
Rt 340 nm

Set-up Parameters:
Size: 736 X 480
Sampling: 164,06 nm
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Title:
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Figure C. 7 AFM image of Si layer

Mag 51.2X Date: 08/27/2007

Mede: PSI Surface Data Time: 10:12:14

Figure C. 8 WYKO 2-D used to measure the roughness of Si layer
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Date: 08/27/2007
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Title:
Note:

Figure C. 9 WYKO 3-D used to measure the roughness of Si layer after etching by HF 49%
during 110 minutes

C.5 X-RAY DIFFRACTION (XRD) SYSTEM

In this study, Aluminium nitride (AIN) material is used as a piezoelectric active layer. It is
important to characterise the crystal orientation of AIN films. It was determined by x-ray
diffraction (XRD) system and evaluated by the full-width at half-maximum (FWHM) of x-ray
rocking curves.

These crystalline orientation measurements are done with the conditions in Table C. 1.

Table C. 1 FWHM MEASUREMENT CONDITIONS

Measurement condition

Anode material Cu
K-Alphal wavelength 1.540598
K-Alpha2 wavelength 1.544426
Ratio K-Alpha2/K-Alphal | 0.5
Generator voltage 40

Tube current 15

Scan range 11.025 —25.005
Scan step size 0.02
Number of points 669

Scan type Continuous
Time per step 0.2
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C. 6 SURFACE PROFILER TENCOR P-11

Surface Profiler TENCOR P-11 is other equipment used in this research. TENCOR P-11 is
computerised, highly sensitive Surface Profiler that measures roughness, step height, and
other surface characteristics in variety of applications. In this research, it is used to measure

the thickness of layers.

C.7 FLEXUS F2320 DUAL WAVELENGTH STRESS MEASUREMENT
SYSTEM

Stress in MEMS or microelectronics is a processing and reliability concern, especially for
structures with thin films and small dimensions [162]. The metallic, dielectric, piezoelectric
materials used have coefficients of thermal expansion (CTE) that differ substantially from
those of MEMS, microelectronic substrates, such as silicon. Consequently, temperature
changes, both during processing and in service, result in stresses in the films. In addition,
many deposition processes, sputtering, evaporation, electroplating, and chemical vapor
deposition, particularly low-temperature plating, sputtering processes and electroplating,

result also in films with very different residual stress [162], [163].

The stresses that arise from these various causes are often quite large and may exceed the
strength of the film, resulting in cracking or interfacial failure. The stress problems may
become evident during fabrication process and make an otherwise attractive process
nonviable; it may appear while in production and cause a yield loss; or, most serious of all, it

may result in delayed failure and thus be a reliability problem.

The stress of a layer on a substrate has been determined by observing the curvature of the

film and substrate after film deposition [162]-[165].

In this study, a commercial wafer curvature measurement system, a Flexus F2320 Dual
Wavelength stress measurement system (KLA-Tencor Corporation [166]), was used to
measure the wafer curvature and calculate the stress in the film. The principle of this
measurement is the comparison of the curvature of the substrate before and after film
deposition.

The quantitative analysis of the radius of curvature of a multilayer structure to extract the

stress in the layers of the structure was first developed by G.G.Stoney [167], in which an

expression for the curvature of a bimetallic strip was developed:
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_ER
6Rt

o eq.(C. 1)

Where o is the stress, E is Young’s modulus of the basic metal (or substrate), h is the
thickness of the basic metal (substrate), t is the thickness of the coating (or film), and R is the
radius of curvature of the bend strip. This expression is used when the thickness of the coating
(film) is considered to be infinitesimal compared to the thickness of the basic metal

(substrate).

The Stoney equation, with modification to account for biaxial stresses is shown as follows

[168]-[171]:

1 En

o= 1=0) 6Re eq.(C.2)
U

Where v is the Poisson’ratio of the basic metal (substrate).

The Flexus F2320 Dual Wavelength stress measurement system uses a dual laser system to
measure the radius of curvature, and calculate the stress by eq.(C. 2). The radius that is used
in eq.(C. 2) must be corrected for initial curvature of the bare wafer. The uncoated wafer is
scanned for the initial radius R, before deposition, and then scanned again for the radius R,,

after the film deposition. Then, the radius in eq.(C. 2) is as follows:

l:i_i eq.(C. 3)
R R R
Consequently, the expression eq.(C. 2) become eq.(C. 4), and the stress was measured as
follows:
2
o= I (1 _1)Eh eq.(C. 4)
-ulR R
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Résumé

L'objectif de cette theése est la conception d'un capteur de pression a ondes de surface utilisant le nitrure
d'aluminium (AIN). Les études théoriques, la réalisation et la caractérisation du capteur de pression sur
différentes structures a ondes de surface sont présentées.

La modélisation du capteur est effectuée en utilisant un circuit équivalent basé sur le modéle de Mason
et la méthode des modes couplés. Les paramétres des ondes de surfaces sont obtenus par calcul et analysés pour
différentes structures telles que AIN/SiO2/Si, AIN/Si et AIN/Mo/Si. A partir de ces analyses, nous avons montré
que la vitesse des ondes ainsi que le facteur de couplage peuvent dépendre du milieu de propagation. Pour
chaque type de structure utilisant I'AIN, nous déterminons la plage d'épaisseur de la couche d'AIN pour laquelle
la vitesse des ondes et le facteur de couplage présentent une faible dépendance au regard de I'épaisseur d'AIN.
Les dispositifs a ondes de surface doivent étre congus, en particulier pour le choix des épaisseurs de différentes
couches, en tenant compte de la précision du procédé de fabrication, afin de réduire les dispersions de
caractéristiques des capteurs. En outre, nous avons analysé le comportement mécanique de la membrane en
présence d'une pression et nous en avons déduit la sensibilité du capteur. Les effets des variations de température
sur une structure a ondes de surface (SAW) sont étudiés. Pour des applications dans le domaine de la mesure de
pressions, nous proposons une méthode de réduction des effets des variations de température.

Pour le précédé de fabrication, nous proposons d'utiliser le micro-usinage de surface. Ce type de
procédé de fabrication permet d'obtenir exactement les dimensions des membranes utilisées dans les capteurs de
pression et il permet aussi de réaliser tout type de géométrie grace au procédé d'arrét de gravure du silicium. Les
films de nitrure d'aluminium sont caractérisés au cours de la fabrication. Nous avons trouvé que pour améliorer
le comportement piézoélectrique de 1'AIN, trois voies sont possibles : utiliser une couche de molybdéne sous
I'AIN, réduire la rugosité de la couche se trouvant sous 1'AIN jusqu'a 0,2 nm et augmenter 1'épaisseur de 1'AIN.

Les pertes acoustiques de propagation, le facteur de couplage, 1'effet d'une couche de Mo et 'effet du
film mince de polyimide sur la fréquence centrale sont analysés expérimentalement. En conclusion, la sensibilité
de pression mesurée de notre dispositif est présentée. Ce dernier résultat est trés prometteur.

Mots clés : ondes acoustique de surface, Nitrure d'Aluminium (AIN), micro-usinage de surface, capteur de
pression

Abstract

The goal of this thesis is the design of a surface acoustic wave (SAW) pressure sensor using Aluminium
Nitride (AIN). Theoretical studies, realization, and characterization of the pressure sensor on different SAW
structures are presented.

The modeling of the sensor was performed using an equivalent circuit based on Mason model and
Coupling-Of-Mode. The theoretical study, SAW parameters in different structures of AIN/SiO,/Si, AIN/Si, and
AIN/Mo/Si are calculated and analyzed. From these analysis, the wave velocity as well as coupling factor could
depend on the wave propagation medium. For each structure using AIN, we establish the range of thickness of
AIN layer, in which there is a weak dependence of the wave velocity and coupling factor on the AIN layer
thickness. The SAW devices should be designed, in particular for the choice of the thicknesses of the different
layers, by taking into account the accuracy of the manufacturing process, to reduce dispersion effects on the
sensors characteristics. Besides, we also performed the mechanical analysis of the membrane under pressure and
we have deduced the pressure sensitivity. The effect of frequency variation due to temperature change in SAW
device using AIN is given. For pressure measurement applications, we propose a method to reduce temperature
change effects.

Concerning the fabrication process, we propose to use surface micro-machining. This kind of
fabrication process allows to obtain exactly the dimensions of membranes used in pressure sensors and it also
allows to have any kind of geometry due to the silicon etch stop wall. Characterizations of AIN film are done
during fabrication process. We found that to increase the piezoelectric behavior of AIN, there are three possible
ways: using a bottom Mo layer, decreasing the roughness of the layer below the AIN layer up to 0.2nm and
increasing the thickness of AIN.

Acoustic propagation losses, coupling factor, effect of Mo layer and the effect of thin polyimide film on
the center frequency are experimentally analyzed. Finally, the measured pressure sensitivity of our device is
presented. This last result is promising.

Key words: surface acoustic wave (SAW), Aluminium Nitride (AIN), surface micro-machining; pressure sensor



