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ABSTRACT

Surface Acoustic Wave (SAW) devices are nowadays most commonly used in the tele-
communication sector as frequency filters or as delay lines. Besides these standard
applications, such devices can also be used as key component in battery-less and wire-
less sensor applications. This may include temperature measurements, both in high
temperature as well as aggressive gaseous environments.

Current solutions for high temperature stable SAW devices are based on substrates
like languasite, langatate oder langanite. The main disadvantage of all these crystals is
the low phase velocity (~2700 m/s) and the high transition losses of the signal at ele-
vated temperatures. To overcome these drawbacks, aluminum nitride (AIN) sputter-
deposited as piezoelectric thin film in combination with sapphire as substrate show
a promising alternative. Phase velocities of around 5700 m/s can be reached, which
is substantially higher compared to other systems, named above. Therefore, with the
same device geometry even higher resonance frequencies can be achieved.

In this thesis the modifications of the electro-mechanical properties of aluminum
nitride thin films due to the influence of temperature as well as inert and aggressive
gases are investigated. The results showed that AIN layers are stable without chang-
ing their device relevant properties such as crystallographic structure, surface rough-
ness, intrinsic stress, piezoelectricity and leakage current up to 700 °C independent
of the surrounding gas atmosphere. At higher temperatures, the AIN layer gets oxi-
dized in an oxygen-containing atmosphere, resulting in the loss of piezoelectric prop-
erties. Therefore, the impact of different passivation coatings on the oxidation resis-
tance of the active AIN thin film was investigated. A promising solution is reactively
sputtered-deposited silicon nitride. The oxidation resistance of this layer was evalu-
ated by continuously monitoring with a high temperature X-ray diffraction equipment
any changes and hence, any oxidation of the underlying AIN for 24 hours at 1000 °C
in pure oxygen atmosphere. Furthermore, possible electrode materials are examined,

such as platinum and iridium. To measure the impact of temperature load the modi-
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tication in film resistance of the metallization lines having a width between 1 pm and
50 pm was investigated.

Finally, SAW devices based on aluminum nitride on sapphire substrates were fab-
ricated. For a better device understanding the thickness of the piezoelectric layer and
the wave propagation direction with respect to the crystallographic orientation of the
sapphire substrate were varied systematically. In addition, the influence of the elec-
trode material on the phase velocity was examined. As a result, not the thickness, but
predominantly the density of the electrode material has an impact and reduces the
phase velocity. Finally, SAW devices were measured during high temperature load up
to 800 °C in an inert gas atmosphere. The measurements showed that the tempera-
ture sensitivity is almost linear in the investigated temperature range. An additional

passivation layer has only a minor influence on the latter device parameter.
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KURZFASSUNG

Oberflichenwellen-Bauelemente werden heutzutage vorwiegend in Hochfrequenzan-
wendungen, beispielsweise als Frequenzfilter oder als Zeitverzogerungselemente im
Bereich von Telekommunikationsanwendungen, eingesetzt. Neben diesem klassis-
chen Einsatzgebiet konnen diese Bauelemente in der Zukunft auch eine Schliisselfunk-
tion in batterielosen und drahtlos auslesbaren Sensorknoten einnehmen. Ein interes-
santes Anwendungsbeispiel ist die prazise Temperaturmessung unter rauen Umbge-
bungsbedingungen, was typischerweise hohe Temperaturen als auch eine aggressive
Gasatmosphéare umfasst.

Momentan verwendete SAW-Materialien fiir solche Anwendungen basieren auf Lan-
gasit, Langatat oder Langanit. Nachteile dieser einkristallinen Substrate sind die niedri-
gen Schallgeschwindigkeiten (~2700 m/s) und die hohen Dampfungsverluste bei er-
hohten Temperaturen. Als vielversprechende Alternative gilt Aluminiumnitrid (AIN),
das mit Hilfe der Sputtertechnik als piezoelektrisches Material auf einem Saphirsub-
strat aufgebracht wird. In dieser Materialkombination sind Schallgeschwindigkeiten
von ungefdahr 5700 m/s erreichbar, was deutlich hoher ist als bei den anderen Syste-
men. Dadurch konnen bei gleichen Bauteil-dimensionen hohere Resonanzfrequenzen
erreicht werden.

Im Rahmen dieser Arbeit wurden die Anderungen der elektro-mechanischen Eigen-
schaften von gesputterten Aluminiumnitrid Diinnfilmen unter dem Einfluss von Tem-
peratur sowie unter inerten (d.h. Stickstoff und Argon) als auch aggressiven (d.h.
Sauerstoff) Gasatmosphédren untersucht. Dabei zeigte sich, dass die AIN-Schichten bis
700 °C unabhingig von der Gasatmosphire keine Anderung der Schichteigenschaften
aufweisen. Bei hoheren Temperaturen wird die Aluminiumnitrid Schicht jedoch in
Sauerstoffumgebung dauerhaft zu einem Aluminiumoxinitrid umgewandelt, was zu
einem Verlust der piezoelektrischen Eigenschaft fithrt. Um ihre Temperaturstabilitit
zu erhohen, wurden auch mehrere Passivierungsschichtsysteme untersucht, welche

insbesondere die Oxidationsresistenz erhchen sollte. Ein vielversprechendes Schicht-
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material ist reaktives gesputtertes Siliziumnitrid. Diese Passivierungsschicht konnte
durch Rontgenbeugungsmessungen nachweislich selbst bei 1000 °C die Aluminium-
nitridschicht fiir 24 Stunden vor Oxidationsprozessen schiitzen. Des Weiteren wurden
auch mogliche Elektrodenmaterial mit Leiterbahnenbreiten zwischen 1 pm und 50 pm
bestehend aus Platin und Iridium fiir Hoch-Temperatur Anwendungen untersucht.
Mit Hilfe des gewonnen Wissens um die einzelnen Materialien wurden Oberfldchen-
bauelemente basierend aus der Kombination Aluminiumnitrid auf Saphirsubstrat her-
gestellt. Der Fokus lag bei diesen Untersuchungen auf dem Einfluss der Dicke der
piezoelektrischen Schicht als auch auf der Ausrichtung der Interdigitalstrukturen hin-
sichtlich der kristallographischen Struktur des Saphirsubstrates. Im Zuge dieser Un-
tersuchungen wurde auch ein Einfluss des Elektrodenmaterials auf die Schallgeschwin-
digkeit festgestellt, wobei hier nicht primér die geometrischen Abmessungen, sondern
die Elementmasse den entscheidenden Einfluss spielt. Abschlieffend wurden auch
SAW Bauteile bis 800 °C auf ihre Temperatursensitivitdt in einer inerten Gasatmo-
sphére hin vermessen. Dabei zeigte sich, dass die Temperatursensitivitét {iber den
ganzen Messbereich nahezu linear ist. Eine zusédtzliche Passivierungsschicht auf dem

Bauteil andert diesen Wert nur minimal.
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1 InTRODUCTION

1.1 Motivation

Since the beginning of forging the knowledge about the precise, actual temperature of
the workpiece is important during forging, hardening and tempering [1]. For example,
to harden steel, the workpiece needs a minimum temperature of 720 °C to form austen-
ite steel. During quenching of the workpiece with oil or water, the austenite crystal
becomes martensite, which has a Vickers Pyramid Number (HV) hardness of 1000 HV
compared to iron with 30-80 HV [1, 2]. After hardening of the workpiece a temper
step is needed to release the thermal induced stress inside the material. This is done
between 180 °C and 650 °C [3]. Therefore, to estimate the temperature of the work-
piece, a straight forward approach is to determine the glowing color of the workpiece.
Depending on the workpiece temperature the radiated color is changing. For example
between 580 °C and 650 °C the color is brown-red and becomes dark-red up to 750 °C.
With higher temperatures the color changes several times and becomes bright-yellow
for temperatures between 1150 °C and 1250 °C [4]. But, this optical approach is quite a

rough method enabling the manufacturer to estimate the temperatures.

Another method for temperature sensing is to make use of the changing volume
characteristic. By supplying thermal energy to a system, standard materials typically
expand. Mercury thermometers are widely used and work most reliable based on
this principle. To increase the sensitivity a reservoir or bulb at the end of the ther-
mometer is used. The expansion of the volume is amplified by the low diameter of
a tube [5]. If the pressure level and the amount of molecules are kept constant, the
temperature T can be determined within an ideal gas approximately with the formula:
T~ (V/Vy—1)/v+ Ty, were V is the volume in the expanded state, V} is the original
volume, 7 is the volume specific expansion coefficient and Tj represents the reference

temperature, respectively.



1 Introduction

By reducing the approach to a linear system, the behavior can be expressed by only
a length expansion coefficient « = AL/(L - AT), where AL is the change in length, L
the original length and AT the temperature change. Therefore, the temperature can
be calculated with a modified formula T ~ (L/Ly — 1)/« + Ty, where « is for exam-
ple platinum 8.8 - 107% K~1. This still leaves the challenging task to measure the exact

change in length [6].

A more straight forward, and hence accurate way for temperature determination is
to measure the change in resistance of the conductive materials like platinum. For ex-
ample, platinum films have a reference resistance Ry of 100 (2 or 1000 () at a given
reference temperature Ty. During a temperature load the resistance of the platinum
film changes. The resistance at a given temperature Rt is calculated according to
Rr = Ro[l1+ A- (T —Ty) + B- (T — Tp)?] with T as the actual temperature. The
material constants A and B are for example for platinum A = 3.9083 - 1073°C~! and
B = —5.775-1077°C~2 [6]. The formula can be simplified for small temperature ranges
and linear behavior to R = Rpg[1 + ap(T — 20°C)] with the platinum resistance Ry

at a temperature of 20 °C. Such platinum sensors are used up to 500 °C. [6]

A different electrical measurement approach is to use thermocouples. These devices
consist of two different metals forming electrical junctions. A temperature dependent
voltage is generated because of the thermoelectric effect. Depending on the selected
material combination, the sensitivity is between 40 — 60 1V /°C. For standard Type K
(chrome — alumel) the measurable temperature range is from -200 °C up to 1270 °C
[7]. With special materials like platinum/rhodium alloys the range is increased up to
1800 °C but their usage is limited to temperatures above 50 °C [7].

The disadvantage when measuring the resistance or when applying the thermocouple
method is the dependency on electrical wiring. They are isolated typically with silica or
polyethylene, which are not temperature resistive and therefore replaced for example
by ceramic alloys or sintered magnesia for high temperature applications [7]. Never-
theless for not stationary or moving applications like crucible in a smelting works or

steel industry, a wireless temperature measurement system would be preferable.

Such a contact-less measurement technique for determining the system tempera-

ture is commercially available with pyrometers. The basic idea behind this measure-
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1.2 Surface Acoustic Wave Sensors

ment method is that every object, emits heat radiation and with a special detector
like a thermocouple-chain or photo-detector, the radiation spectra can be measured
[6]. The evaluation result of the spectra yields the temperature. The emitted power is
P = - A-T* where o is the Stefan-Boltzmann constant 5.6704 - 10 8m2K~* and A
the emitting area [6]. The highest emission rate is reached from an ideal black body.
For real world objects, an emission coefficient € has to be multiplied. For example, in
the cement or rolled material industry a 2-siliconelement detector is used to measure a
typical temperature range between 700 °C and 3100 °C [6]. A disadvantage of such a
system is the necessary optical access, which can be rather big. Furthermore, the emis-

sion ratio is not necessarily constant and can change over time.

A promising approach to measure temperature contact-less is the usage of surface
acoustic wave (SAW) devices. The devices are small and can therefore be easily in-
tegrated or embedded in the existing, technical system. The measurement principle
is that with changing temperature the materials expand and therefore the mechanical
wavelength A is increased. According to f = c¢/A the frequency is shifted, where f is
the frequency and c the sound velocity. By adding an antenna to the device, the tem-
perature can be read-out in a wireless and battery-less way [8]. Currently used SAW
devices are based on langasite quartz with a phase velocity of v, = 2700 m/s [8]. These
devices are working in the free radio range of 428 MHz to 439 MHz [9]. To reach the
free usable 2.4 GHz range, systems with higher phase velocities have to be used. The
advantage of such high frequencies lies in smaller antennas, which reduces the device
dimension. An alternative to the langasite family are piezoelectric thin film layers on
top of hard materials. A promising system can be aluminum nitride in combination
with sapphire, where phase velocities of v, = 5700 m/s are achieved [8]. This system

also promises to be stable under harsh environmental conditions.

1.2 Surface Acoustic Wave Sensors

Currently available temperature sensors based on the SAW technology are working
in the free radio frequency range of 428 MHz to 439 MHz with a maximum measure-
able temperature of 120 °C [9]. The maximum temperature is too low for example to
operate in a gas turbine, where the hot exhaust gas can reach a temperature of up to

700 °C [10]. To enhance the maximum measurable temperature, the materials used
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1 Introduction

in such SAW sensor architectures have to withstand or should be protected against
the harsh environmental conditions in a gas turbine application. Therefore, to un-
derstand the challenge of fabricating temperature sensors based on SAW devices, the
knowledge of altering and changing material properties during high temperature load
in aggressive gases has to be obtained. The main component for SAW devices is the
piezoelectric layer, which transforms electrical energy in mechanical displacement and
vice versa. Currently used piezoelectric materials are based on langasite (LazGasSiO14,
LGS), langatate (LazGas 5Tag 5014, LGT) or langanite (LazGa5.5Nby 5014, LGN), which
exhibit major disadvantages due to the low phase velocity (e.g., LGS: 2700 m/s) and
high acoustic propagation losses, which increases dramatically with higher tempera-
ture and frequencies [8, 11, 12]. For the needed electrical energy and signal transport,
novel alloys based on Pt-Ni / Pt-Zr thin films on top of LGS are investigated, which
withstand temperature cyclings up to 1000 °C [13]. But even this material has to be
protected by a very thin (50 nm) SiAION or ZrSiON coating film [14-16].

For this work aluminum nitride (AIN) was chosen as the piezoelectric thin film. It can
be fabricated easily by sputter deposition using a pure aluminum target in a reactive
nitrogen plasma. Given that AIN reacts with oxygen to alumina at high temperatures,
an analysis of the oxidation behavior of AIN in harsh environments is necessary to
find the limits of the material system. The next challenging part are the inter-digital-
transducer (IDT) elements, consisting of a conductive material, commonly aluminum
or copper. A reason for this material choice is the high conductivity and the low mass.
Given, that these materials cannot be operated at high temperatures above 500 °C,
because of the low melting point [17], other materials have to be selected for exam-
ple platinum or iridium with the disadvantage of a higher electrical resistivity and a
higher density. But, the latter materials can be easily fabricated with sputter deposition
method, thus staying within the same technology platform for film sythetization In this
work the electrode material thickness was chosen to be between 40 nm and 50 nm for
platinum and 100 nm for aluminum. A thicker electrode means a higher mass loading
effect and for thinner electrodes, the resistance will increase significantly. Figure 1.1
shows a typical SAW delay line device with two IDT’s. The sapphire substrate and the

piezoelectric thin film AIN are optically transparent.



1.3 Structure of the Thesis

Figure 1.1: SAW delay line with two IDT’s placed on top of AIN and sapphire both

being optically transparent.

1.3 Structure of the Thesis

Basically, this study can be divided into three main parts: the analysis of the piezoelec-
tric AIN thin film layer, the evaluation of the electrode material for the inter-digital-
transducers with possible passivation coatings and the characterization of surface acous-
tic wave devices, based on the results of the former two parts. In all parts, the impact of
harsh environments like oxygen atmosphere at temperatures up to 1000 °C will be in-
vestigated. Similar measurements in inert atmospheres like nitrogen, argon or vacuum
serve as reference. Part I deals with the changing and altering of the aluminum nitride
layer properties. For this purpose at least 2 um thin AIN films have to be deposited
with low intrinsic stress values to ensure proper adhesion to the substrate. The mon-
itored material properties during temperature load were the biaxial intrinsic stress,
crystallographic structure and the electrical leakage current. The next section focuses
on the behavior of the electrode material and possible protective passivation coatings.
Oxidation generally degenerates the electrode performance and changes the chemical
composition of the material and the electrical resistance will increase. Noble and com-
mon metals are compared for their operation capability at high temperatures and pure
oxygen atmosphere. To improve the durability of the electrodes sputtered silicon ni-
tride, alumina and aluminum nitride are selected as passivation layers. The final main
section deals with SAW test structures. The behavior of different substrate materials as
well as the wave propagation direction relative to the substrate crystallographic direc-

tions were investigated. In addition, the impact of substrate pre-treatment and mass
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1 Introduction

loading effects on the SAW performance is evaluated. Besides pure AIN also Scan-
dium doped AIN as the piezoelectric layer is investigated as a promising alternative
to AIN due to higher piezoelectric coefficients. Finally, SAW devices are successfully
measured during high temperature loads up to 800 °C in an inert nitrogen gaseous

atmosphere.



2 FABRICATION TECHNOLOGIES AND

EXPERIMENTAL METHODS

2.1 Fabrication Technologies

2.1.1 Physical Vapor Deposition

Physical Vapor Deposition (PVD) is a standard technique to deposit thin films on a sur-
face. Besides PVD, Chemical Vapor Deposition (CVD) processes are an alternative for
film synthetization. The main difference between both techniques is that within CVD
process the source material is provided with a gaseous chemical precursor compared
to a PVD process, where the source material is introduced in the deposition chamber
as solid. In this work only PVD deposited layers are used. Therefore, in the following

the different types, sputtering and thermal evaporation, are explained briefly.

Sputtering

In microelectronics and MEMS sputtering is regarding as standard to deposit thin lay-
ers covering a large variety of materials on top of a surface. At the target, which is
typically a disc consisting of the source material, a highly negative electrical potential
is applied. At low pressure values around 2-6 pbar and high voltage between 300-
1500V, the gas (e.g. argon) gets ionized and a plasma is ignited in the volume between
target and substrate. Positive charged ions like Ar™ generated in the plasma are ac-
celerated towards the target by the electrical field, resulting in impinging particles on
the target surface. During this bombardment, kinetic energy is transferred to the target
and with a cascade momentum transfer surface atoms are emitted. These atoms are
traveling to the substrate and condense on the surface. To increase the sputter yield,
permanent magnets are placed directly behind the target. This technique is called mag-

netron sputtering. Due to the additional magnetic field electrons are forced to move in
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Generator

Target—
MFC c,/ é[ .
Plasma
I
Inlet ?
Outlet
Substrate-

Figure 2.1: Schematic overview of a magnetron sputter equipment.

closed circular paths close to the target surface. Doing so, the electrons remain longer
in the plasma where they generate more ions, thus increasing the ionization rate. With
the increased amount of ions, more ions are transferred to the target and hence, more
atoms are emitted, resulting in an increased sputter yield [18]. A schematic overview

of a magnetron sputter equipment showing key components is given in Figure 2.1.

With this technique, even compound layers consisting of different chemical elements
can be deposited while preserving to a large degree of the original chemical composi-
tion of the target. Therefore, a possible approach is that the target consists of a homoge-
nous mixture of all chemical components needed for film synthetization, by applying
either powder sintering or by fusing a special alloy material. Another method to de-
posit a compound layer is the so-called reactive sputter process, where for example
the inert gas argon is at least partly replaced by reactive gases like nitrogen, oxygen
or a combination of several gases. When traveling from the target to the substrate the
ejected atoms react with the chemically active gaseous species in the plasma. With
this approach, compound layers like AIN, Al,O, or SixN, can be realized. Further
details about this deposition technique can be found elsewhere [18-20]. In this work a
sputter equipment from vonAndenne (LS730s) was used. Additionally, to measure the
substrate temperature, a pyrometer (DIAS Pyrospot DGE 10N) with a working range
from 100 °C up to 850 °C is used. The pyrometer was placed in the process chamber

just below the substrate holder and measures continuously the thermal radiation of the
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2.1 Fabrication Technologies
holder.

Thermal Evaporation

Within PVD evaporation is another standard technique to deposit thin films. The target
material is placed in a crucible or so-called boat and heated up in a vacuum chamber
to a temperature above the melting point of the target material. Some of the melted
material evaporates and moves straight to the substrate where the atoms condense.
There are several methods for heating up the material. A straight-forward approach
is to use an electrically conductive so called boat, with a high current being driven
through the boat, which then heats up the material. This is a simple technique, but
not all materials can be used, because the energy needed to evaporate materials with a
high melting-point would lead to a diffusion of atoms from the boat into the material
to be evaporated basically resulting in a contamination. Therefore, another concept is

to heat the material with an electron beam.

( — )

Quartz
% Substrate
o
o
o © o
o
e

Molten
Solid °© s ~& e-Beam
y \

Water-Cooled -, o~
Crucible 'Anode

o
n
@ Pumpingsystem

Thermionic Filament

Figure 2.2: Schematics of an e-beam evaporation equipment.

Electrons are extracted by a high electrical field from a thermionic filament. The
trajectories of emitted electrons are bent and guided with a magnetic field to the tar-
get material. With such a system high energy can be transferred to the material and
even high melting materials like tantalum or titanium can be evaporated resulting in
thin films properties with low chemical contamination from the crucible. The crucible,

where the material is placed, is also water cooled, so that highly pure layers of a single
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2 Technology and Experimental Methods

material can be deposited. Such equipment is shown in Figure 2.2. To monitor the
thickness of the deposited thin film an oscillating quartz is placed in the path of the
evaporated material. The resonance frequency of the quartz is shifted when covered
with additionally evaporation material, thus representing a precise gauge to monitor

this important film parameter.

2.1.2 Structure Zone Model

There are several Structure Zone Models (SZM), which predict the corresponding mi-
crostructure of a deposited layer depending on different deposition parameters, like
temperature, gaseous back pressure or ion energy. The first SZM was introduced by
Movchan and Demchishin in 1969. The only parameter was the homologous temper-
ature Tj, which expresses the deposition temperature T as a fraction of the melting
point T;, of the layer, according to T, = T /T, (Kelvin scale). Basically, three main
zones were defined. The layer in Zone 1 (at T;, < 0.3) has freestanding columns with
freestanding tips, a high porosity and a high dislocation density. This poor microstruc-
ture is explained by the low ad-atom mobility, which leads to permanent nucleation
of new grains during film growth. In Zone 2 (0.3 < Tj, < 0.5), surface diffusion starts
to dominate so that ad-atoms can overcome shadowing effects arising from e.g. the
surface roughness. These films have a dense microstructure with columnar grains and
a smooth surface characteristics. In Zone 3 (T;, > 0.5) recrystallization and bulk diffu-
sion leads to dense layers with large grains [21]. In addition, Thornton et al. inserted
the argon pressure as an additional important parameter to the SZM for predicting the
microstructure of sputter deposited films. In this context, a Zone T is defined, which
indicates a transition region. This latter zone is again densely packed and has a fi-
brous structure. At low homologous temperatures (T;, < 0.5) and low argon pressures
(p < 20 pbar) the transition zone replaces the original Zone 1. The SZM as presented
from Thornton is shown in Figure 2.3a [22].

Messier et al. extended the SZM from Movchan with the bias voltage as an additional
parameter. The Zone T is enlarged at low homologous temperatures (T, < 0.3), when
increasing the bias voltage [24]. In 2010, Anders presented a SZM with adding the
energy of the deposited ions [23]. The zone model is shown in Figure 2.3b. At high ion
fluxes, the deposition process inverts and more atoms are removed from the substrate
surface than deposited. The numerical values on the axes serve only for orientation as

guide for the eyes. Despite these theoretical considerations it is worth noting that the
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(a)

(b)

Figure 2.3: Structure Zone Model extended by Thornton (a) and Anders (b) [22][23].

tinal result on the microstructure may vary, depending on e.g. the deposited thin film
material and the used equipment [23].
2.1.3 Growth Defects in Thin Films

During depositing of a material structural defects are implemented inside the layer.

Basically, these defects can be classified according to their dimension [25]:
¢ 0-dim: Point Defects
¢ 1-dim: Line Defects
¢ 2-dim: Area Defects
¢ 3-dim: Cluster Defects

Point defects are irregularities on atomic lattice level. Two kinds of defects can be
found, named as Schottky and Frenkel defects. The first type are vacancies in the
atomic lattice, where atoms are missing. This can occur, because above zero Kelvin

atoms starts to oscillate. With higher temperatures, the probability increases that atoms

11



2 Technology and Experimental Methods

leave their original sites and diffuse to another lattice site. In contrast, at Frenkel de-
fects, the atom does not move to another position in the crystallographic lattice, but it
rests on an interstitial site. Both defect types can also be generated during deposition,
predominantly due to a low surface ad-atom mobility [25]. Line defects are relocation
of the lattice and are mostly generated by plastic deformation. This defect type has a
strong influence on the mechanical properties. Area defects are between two grains or
phases, where the lattice parameters are not fitting together. All these defects generate
intrinsic stress. Depending on the height and the type of intrinsic stress (i.e. tensile or

compressive), cracks or delamination effects can occur [25].

2.1.4 Optical Lithography

Optical lithography is one important process step to pattern thin films. In the semicon-
ductor fabrication, this technique is used multiple times until a device is finished. The
pattern to be transferred is written into a chrome layer on a flat quartz glass mask tem-
plate. This mask is transparent for deep ultra violet (UV) light. If UV light irradiates
the mask, the light is absorbed in those areas covered by the remaining chrome layer.
The remaining light exposes an UV sensitive film or photo resist. The base component
of such photo resists is a UV-sensitive polymer. The polymer changes its structure
when exposed to UV radiation. Two basic types of photo resist exist, which are called
positive and negative resist. Figure 2.4 shows the difference between both after devel-

opment of the resists and etching of a thin film arranged below. The area of a positive

LU

Exposed Area I | <— Chrom Mask

= «— Resist
~— Film Layer

~— Substrate

Positive Resisi/ egatlve Resist:

Etched Film Patterns

Figure 2.4: Schematically process flow with final structures if positive and negative

resist are applied for etching of the thin film.
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resist exposed to UV light changes its chemical structure and becomes soluble by the
developer. Two families of positive resist exist, one of which is the one-component
polymethylmethacrylate (PMMA) and the other the two-component so called DON
resist, which consists of a photoactive diazoquinone ester (DQ) and a phenolic no-
volak resin (N). In the PMMA resist the molecular chains are destroyed under deep
UV light. These areas are then soluble, whereas the unexposed area are still insoluble.
In DON resists the DQ parts undergo a photolysis during UV exposure and produce
cabene, which rearranges in so-called ketene, which are finally soluble. Negative re-
sists consist of bis(aryl)azide and generate highly reactive nitrene upon photolysis. The
nitrene undergoes several reactions so that a cross-linking of the reactant occurs. These

cross-linked areas are then insoluble [18].

2.1.5 Lift-Off

An advanced patterning technique is the so-called lift-off process, where no additional
etching of the thin film is needed. For this approach, a specific type of resist is needed,
a so-called image reversal resist, such as AZ 5214E from MicroChemicals. In Figure 2.5,
the most important process steps are illustrated. After cleaning of the substrate surface
the resist is deposited through a spin-on process on top of the surface. If the resist
does not adhere sufficiently, hexamethyldiszilane (HDMS) can be used as an adhesion
promoter. With 4000 rpm a typical resist thickness of 1.4 um is achieved. Afterwards, a
pre-bake step is needed to vaporize the solvent in the resist film. The temperature for
this step is in the range between 100 °C and 110 °C for several minutes. Subsequently,
the resist is exposed to UV light through a mask for several seconds (see Figure 2.5a).
Due to shadowing effects during the exposure, the flanks are not perfectly perpendic-
ular to the surface. Depending on the desired slope of the side walls and the surface
material property such as the reflectivity the exposure time is adapted. The resist gets
soluble in these areas exposed to UV-light, which has now the same side wall charac-
teristics than a positive resist.

The most critical step is the reversal bake step, which is around 120 °C for several
minutes. The previously exposed areas undergo an additional cross-linking modifi-
cation so that these areas are no longer soluble. The time for the reversal bake step
should not be longer than necessary, because the temperature affects also these areas
not being exposed to UV light before. The next step is a flood exposure of the resist
with UV light without using a mask. With this step the previously not exposed areas
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Figure 2.5: Typical process steps during a lift-off procedure.
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Figure 2.6: Typical problems arising either with positive (a) or negative (b) flank
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characteristics.

become soluble. A standard developer, for example AZ 726 from MicroChemicals, can
be used to dissolve the soluble areas, resulting in the final patterns (Figure 2.5b). After
depositing of the desired material by evaporation or sputtering technique (Figure 2.5c),
the resist is dissolved with a solvent like acetone so that the deposited material on top
of the resist is removed (Figure 2.5d), thus leaving the desired pattern on the surface
(Figure 2.5e) [18, 26].

The slope of the walls is a critical factor for the lift-off process, indicated by the angle
«. If the walls, as illustrated in Figure 2.6a, feature positive flanks, the deposited mate-
rial covers the resist completely and the solvent cannot attack the resist. This unwanted
behavior occurs when the first exposure was too long. For the so-called negative flank
characteristics, other problems emerge in the case, when two walls are too close to each
other. Then the contact area between resist and surface becomes so small that both side
walls touch as indicated in Figure 2.6b, and the whole resist is removed. To avoid such

behavior the side wall angle a of the slope can be increased, with the parasitic effect
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that parts of the side wall area will be coated. Another method is to reduce the total
thickness of the resist. This can be achieved by choosing higher spin-on speeds or by
adding a thinner, for example AR 300, to the resist. As a consequence, a carefully se-
lected trade-off between the slope of the side walls and the total resist thickness has to

be chosen for each lift-off scenario.

2.1.6 Etching

Etching comprises techniques to remove material from a surface with either a chemical
or physical approach or a mixture of both. Depending on the used method and reac-
tants, the etching of different materials can be very selective. Basically, etching itself is
divided into dry and wet chemical processes, which are explained shortly in the fol-
lowing. A comprehensive overview of etch rates for different methods and materials
is published by Williams et al. [27].

Dry Etching

Dry etching process is a method to remove solid material in a gas or vapor atmosphere.
For purely physical etching, high energy ions are accelerated by an applied electrical
tield towards the substrate. Due to the transfer of kinetic energy upon impact, atoms
from the surface are knocked out. Consequently, the process is not highly selective to
different materials. Purely chemical etching on the other hand uses chemical reactions
between etchant and the material to be removed. In contrast, this process is very selec-
tive with respect to different materials, as the kinetic energy transfer is low [18]. After
the etch attack, the vaporized reaction products are removed by a pumping system. In
this work, the combination of both, reactive ion etching (RIE) and a purely physical

procedure, namely the inverse sputter etching (ISE) are used.

Reactive Ion Etching

During reactive ion etching (RIE), the ion bombardment damages the surface resulting
in weakened or destroyed molecular bonds. As a result, the surface is consequently
more reactive towards chemical attacks by the reactive species from the gas atmo-
sphere. Depending on the material to be removed, fluorine or chlorine based reactive
gases are typically used. The selectivity and anisotropy of the etching can be adjusted

by the energy of the ions during bombardment and the chemical reactants [18].
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Inverse Sputter Etching

The inverse sputter etch (ISE) process is a pure physical etching and cleaning process
of the surface. Ar" ions are generated in a plasma and accelerated towards the surface.
Through a transfer of kinetic energy, surface atoms are removed. Doing so, the surface
may also get damaged during this cleaning step. This method has only very poor etch
selectivity between different materials. Additionally, a surface-near implantation of
the ions can occur, if the kinetic energy of the ions is too high. The advantage of this
approach is that the surface of the substrate can be cleaned in situ without breaking
the vacuum prior to the sputter deposition of the thin film material. Therefore, most
commercially available sputter machines are equipped with ISE etching systems for

cleaning purposes [18].

Wet Chemical Etching

Wet chemical etching is a technique to remove a material from a solid surface in a liquid
environment, thus being typically highly selective to different materials. The process
involves in most cases multiple chemical reactions that consume the original reactants
resulting in the corresponding reaction products. The etching itself can be generally

described by the following main steps [18]:

1. diffusion of the etchant to the surface

2. reaction between the etchant and the material to be removed

3. diffusion of the byproducts from the reacted surface

Typically chemical etching is isotropic, leading to large under etch when etching thick
films. Some etchants offer different etch rates depending on the exposed crystallo-
graphic face. Seidel et al. showed that potassium hydroxide (KOH) etches the <100>
direction 400 times faster than the <111> direction of a single crystalline silicon wafer
[28].
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2.2 Experimental Methods

2.2.1 Mechanical Stress in Thin Layers

The knowledge of the residual stress inside of deposited thin films is very impor-
tant when integrating into MEMS devices. High tensile stress values usually result in
cracks, whereas high compressive stress leads to delamination of the thin film [29, 30].

The total stress in a deposited thin film can be expressed by:
Otot = Oth + int + Oext, (2.1)

where 0y is the total, 0y, the thermally induced, 0;,; the intrinsic and oy the externally
applied stress component. The origin for thermally induced stress has several origins.
Firstly, due to the difference in the temperature coefficients of expansion between two
different materials (e.g. layers or between layer and substrate) and secondly due to a
difference in the sample temperature during deposition and the temperature during
observation, if the materials are in the elastic deformation range. Furthermore, stress
is generated in a material of a homogeneous crystal structure, which is exposed to a
thermal temperature gradient or in a structure with inhomogeneous thermal expansion
coefficients to a uniform temperature change. The intrinsic stress reflects the internal
structure of the material and depends on the thickness, deposition rate, deposition
temperature, lattice mismatch or incorporation of impurities [18, 31]. For example,
the energy of the deposited atoms has a direct effect on the surface mobility of ad-
atoms, where a low surface mobility results in an enhanced pinning probability of
atoms next the impact site resulting in a defect-rich microstructure. With higher energy,
the atoms are able to move easily across the surface, thus increasing the probability to
find an energetically preferable lattice site. In thin films the intrinsic stress is either
compressive (0j,;; < 0) or tensile (0j,; > 0). In the following some factors causing

intrinsic stress are listed [18]:

¢ Doping (0j,,; < 0 or 0;,; > 0) can cause both compressive and tensile stress. If
the radius of the dopant atoms is larger compared to the doped material (e.g.
phosphor in silicon) the resulting stress is compressive, whereas dopants with a

smaller atom radius result in tensile stress (e.g. boron in silicon).

¢ Atomic peening (;,; < 0), which is for example ion bombardment by the sputter

process, densifies the deposited thin film and results in compressive stress.
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* Microvoids (¢j,; > 0) may be generated, when ad-atoms are not able to over-
come the surface topography during the deposition process due to a low surface

mobility.

¢ Gas inclusions (0j,; < 0) occur, when gas molecules (e.g. hydrogen during Siz Ny

deposition with a CVD process) are trapped.

Finally, externally stress is applied for example by mechanical bending of the material.
Assuming that a thin film leads to a bending of a substrate, the residual stress can be
determined by measuring the curvature. Basically, if the substrate is flat without a thin
tilm, tensile stress results in a concave and compressive stress in a convex curvature.
Since most wafers are not inherently flat, but feature some initial bow. The change in
curvature before and after thin film deposition has to be evaluated. A commonly and
commercially available technique is to measure the curvature with an interferometer
or with a capacitive system. As a result a mean stress value integrated over the whole
walfer is determined [18, 32, 33].

In this work, an equipment from E+H (MX203) was used. This technique uses two
heavy plates mounted parallel to each other. 15 capacitive distance sensors are em-
bedded in the plates to measures the curvature of a 100 mm wafer. The sensors are
homogeneously distributed over the whole area to evaluate the stress of the layer in

two directions. The residual stress itself is calculated by the Stoney equation:

1 E T2,
_ 1B L 2.2
T T Re(1—v) 4 @2)

where R is the measured radius of the curvature, % the biaxial modulus of the sub-

strate, Ty, the thickness of the substrate and t; the thickness of the deposited thin film,

respectively.

2.2.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) uses high voltages up to several kV to accelerate
and to focus an electron beam from an electron emitter toward the sample. The elec-
tron beam is scanning line by line over a defined area. The electrons interact with the
sample surface up to a depth of about 1 ym depending predominantly on the acceler-
ated voltage, thus back-scattering or emitting electrons and also X-ray radiation. Due

to this interaction, several different detectors provide an image of the sample surface
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or in the case of X-rays chemical informations. The lateral resolution of such measure-
ments depends on the penetration depth of the beam and the area of interaction (which
is related to the magnification). Secondary electrons (SE) are emitted from very close
to the surface and are used to analyze the topography of the sample. Back-scattered
electrons (BSE) are those electrons from the beam that are reflected in volume that is
located deeper in the sample. An image generated from mapping based on BSE fea-
ture a reduced lateral resolution compared to that gained from SE, but the intensity of
the BSE signal is strongly related to the atomic number of the analyzed material and
hence, can be used to analyze the local distribution of different sample elements [34].
In this work an SEM from Hitachi (SU8030) with an acceleration voltage of 5 kV with

a current of 2 pA was used.

2.2.3 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is another important analysis technique based
on an electron beam. Given a lateral image resolution down to the Angstrom range,
even the distances of the atomic lattice can be measured. A disadvantage of this
method is that an electron-transparent sample has to be prepared, so that it needs to
have a thickness of around 100 nm. The electrons are accelerated by voltages up to
200 kV. The detection and imaging is done by a fluorescent screen or a CCD camera.
The focus can be adjusted by using an electromagnetic lens system. Depending on the
focal plane, an image or diffraction pattern can be seen [35]. For high-resolution im-
ages, an equipment from FEI (TECNAI F20) with 200 kV and 20 mA was used in this

thesis.

2.2.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a standard approach to measure and analyze surface-
related features as the topography or morphology. A tip with diameter of few nm is
fixed to a cantilever. The bending characteristic of the cantilever depends on the inter-
action between the tip and the surface, which reveals the relative height of the sample
[36]. With several line scan measurements an image of the surface is generated with
a lateral resolution even in the atomic range. The two standard measurement modes
for topography are contact mode and tapping mode. In contact mode, the tip will remain

in constant contact with the surface, whereas in tapping mode the cantilever is oscillat-
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ing in some distance to the surface. During a line scan in contact mode, the cantilever
deflection is kept constant by moving the cantilever perpendicular to the surface thus
generating a map of the surface topology. In tapping mode the amplitude of the os-
cillation is kept constant, resulting in a similar closed loop control. The deflection of
the cantilever is measured by the position of a reflected laser beam on a four-segment
diode [37]. In this work an equipment from Bruker (Dimension Edge) with a RTSPA
tip at 300 KHz was used.

2.2.5 X-Ray Diffraction

X-Ray Diffraction (XRD) is used to measure lattice parameters like lattice plane dis-
tances or the crystallographic lattice structure, but also textures or residual stress. The
advantage of such measurement method is that the preparation is fast, simple and non-
destructive. The method makes use of constructive interference from patterns obtained
from diffracted X-rays at atomic lattice planes. Positive interference appears when the
traveling path is a multiple integer n of the wavelength A of the X-ray. The condition

is called Bragg-Brentano law and described in the following equation:
2d;44tice SiNO = nA (2.3)

where dj;4ic. is the distance between two atomic layers. The peak position and the
width of the XRD measurement contain additional information about the average grain
size dgpqin normal to the surface. By using the Scherrer equation dg,;,, can be calculated

according to [38]:
A

bXRD cosf (24)

dgrain =

where 6 is the peak position and bxrp the integrated width of the peak. In the follow-
ing Figure 2.7a the angles between source, sample and detector are defined. 1 is the tilt
of the sample and is kept constant and ¢ is the rotation angle. To measure the <002>
peak of AIN, ¢ has to be zero. In the Bragg-Brentano setup only the lattice planes par-
allel to the surface can be measured, see Figure 2.7b. It is a special configuration of the
w — 20 scan with w = 0. To measure the misalignment of the grains (i.e. to analyze
the angle of the grains with respect to the surface normal), this straight-forward mea-
surement approach needs to be expanded, resulting in is the so-called rocking curve or
w-mode. In this configuration, the 20 value is kept constant. If several w scans with dif-

ferent 26 values are made, a reciprocal space mapping can be generated. The position
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Figure 2.7: Definition of the angle between source, sample and detector (a),

Bragg-Brentano configuration with incoming wave angle 6 = w (b).

of each point in the reciprocal space is calculated according to the following equations
[39]:

q = % (cos(20 — w) — cos(w)) (2.5)
g, = % (sin(20 — w) + sin(w)) (2.6)

If the values in the reciprocal space are integrated radially across the whole range, the
result is equal to an w — 26 scan. The XRD analysis in this work were done by a PAN-
alytical X'Pert Pro Bragg-Brentano and a PANanalytical Empyrean system. The source
was operated at 40 kV and 40 mA. The source emits CuK, X-rays with A; = 1.5406A
and A, = 1.5444A. In the Empyrean equipment the CuKp, line was filtered out by
mono-crystalline graphite.

In this thesis, Bragg-Brentano measurements were also done at elevated tempera-
tures. A PANalytical X'Pert Pro equipment with a heating chamber (HT1200 from An-
ton Paar) was used. The sample was heated up to 1000 °C., whereas small windows in
the chamber enable the X-ray exposure of the sample. Additionally, the atmosphere of
nitrogen or oxygen in the measurement chamber was controlled by a constant gas flow
of around 100 sccm, thus mimicking harsh environmental conditions for the evaluation

of key materials.

2.2.6 Piezometer

The piezoelectric effect is a property of certain materials to transform electrical into
mechanical energy and vice versa. A material is piezoelectric if the atomic lattice is
non-centrosymmetric. If this condition is fulfilled and the material is an isolator, an

electrical charge can be measured if mechanical strain is applied to the lattice (direct
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piezoelectric effect). The indirect or inverse piezoelectric effect describes the mechani-
cal deformation of the lattice due to an external applied electrical field. Two equations
are necessary to describe the mechanical and electrical behavior. Equation 2.7 gives
the correlation between the mechanical strain S; and the electrical field E,, and equa-
tion 2.8 that for the inverse piezoelectric effect, linking the dielectric charge density D,;,

with the mechanical stress T; through the piezoelectric constant d,,;; [40, 41]:

Si = s:Tj + duiEm (2.7)
Di = dyiTj + €y En (2.8)

with the elasticity tensor Sij and the dielectric tensor e;;;. These equations are written
using the Voigt notation [42]. Piezoelectric AIN features the hexagonal wurtzite lattice

and is described by the following piezoelectric tensor :

0 0 0 0 d5 0
dj=40 0 0 dy 0 0 (2.9)

dy1 dzp dz 0 0 0
with d3; = d3 and di5 = dp4 [43]. For thin film MEMS applications, the piezoelectric
constant d33 and ds; are important. The parameter unit is either in pm/V or pC/N.
The unit pm/V is for the inverse and pC/N for the direct piezoelectric effect. The first
index of d indicates the direction of the polarization generated by an electric field. The
second index is the direction of the applied stress or induced strain. A method to deter-
mine the piezoelectric constant uses the Berlincourt approach [44]. With a commercial
equipment PiezoTest PM300, a fast characterization of the piezoelectric material is pos-
sible. Contact areas on both sides of the piezoelectric layer are needed to measure d33.
Therefore, pads with a diameter of 1000 um were deposited on top of the AIN layer.
The second electrode is the silicon substrate itself. First, the native oxide on the back-
side of the silicon substrate was removed. Next, as an electrode material consisting of a
bi-layer of 10 nm titanium and 50 nm platinum for an enhanced electrical contact was
sputter-deposited. During the measurement procedure the contact pads are clamped
between two needles with a constant force of 1 N. Additionally, an AC force of 0.25 N
at 110 Hz is applied. The measured area is defined by the contact area of the needles,
which both have a curvature radius of 500 pm. With this applied force an electrical

charge is generated, according to the following equation 2.10:

0= / 33T dA = dssT Ag = dss F (2.10)
Ag
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The generated electrical charge is compared with that provided from a reference sam-
ple with known ds3 value. The electrical field, however, induces in the piezoelectric
material a lateral force and hence, a lateral bending, leading to an influence of d3; on
the measured d33 value [45-47]. The equation 2.11 allows an estimation of the piezo-
electric value d3; [48]:

das +2d5; = 0 (2.11)

Reactively sputtered AIN used in this work, was already investigated by Schneider et.

al, which showed a relation of [49]
dy = —0.39 - ds3 (2.12)

Based on this knowledge, only the d33 value was measured in this thesis.

2.2.7 Electrical Characterization
Leakage Current Mechanisms

The charge transport mechanism in dielectric thin layers can be determined by mea-
suring the dependency of the leakage current density | of both temperature and of the
applied electrical field E. There are several typical mechanisms, which can appear in
thin films like Ohmic, ionic, tunneling, Schottky and Poole-Frenkel. In the following

the different mechanisms are summarized listing their most important features.

Ionic and Ohmic Transport
Basically, the ionic charge transportation can be compared with a diffusion process.
Mobile ions are traveling through the material driven by an external electrical field.
The current decreases over time, because there is no injection of new ions into the

layer. The ionic transport mechanism can be described by [50]:
E
J T—exp[—Ea/kBTM] (2.13)
M

with the activation energy E;, Boltzmann constant kg and temperature during mea-

surement Ty [50]. The mechanism is quite similar to ohmic conduction:
J < Eexp[—Eq/kpTp] (2.14)

Tunneling

Tunneling is the most important mechanism through very thin insulators (several nm)
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under high electrical fields. Tunneling is explained in the frame of quantum mechanics
as the electron wave function penetrates a thin potential barrier under a strong external
electric field. From pure theory the mechanism is independent of temperature and can
be described by [50]:

(2.15)

J & E2exp [—4 2m*(q¢3)3/2]

3qhE

with the effective mass m*, barrier height ¢p, Dirac constant 7 and the elementary
charge .

Schottky emission
The Schottky effect describes the reduction of the metal-insulator barrier height when
applying an electrical field. With a lower barrier height, more electrons are injected

into the insulator. The current density can be calculated by [50]:

J o< A*Tyf%exp 1 (95 _k VTqE/47(e) (2.16)
Blm

with the Richardson constant A*.

Poole-Frenkel emission
Poole-Frenkel mechanism is due to the emission of trapped electrons into the con-
duction band of the electrode. The supply of electrons from traps is through thermal
excitation. In this case the barrier height is the depth of the trap. The effect is increased
by applying an electrical field, because with a higher field the trap barrier height is de-
creased. In addition, the effect is more dominant at higher temperatures. The current
density is described by [50]:

(2.17)

[ Eexp !_MB ZBW)] .
The current density for each applied electrical field can be arranged in an Arrhenius
plot enabling to extract the activation energy E, = —q(¢p — /E/me). Next, the elec-
tron barrier height can be determined by fitting the measured activation energy with
the formula from equation 2.17. The AIN investigated in this work is a dielectric mate-
rial with piezoelectric properties. Schneider et al. showed that the main electric trans-
port mechanism is ohmic at electrical fields < 0.1 MV/cm and dominated by Poole-

Frenkel emission at > 0.3 MV /cm independent of temperature up to 300 °C [51].

24



2.2 Experimental Methods

Four Wire Measurements

In this work, the resistance is measured with a Keithley 2400 source measurement unit
and a Keithley 3706A system switch with integrated digital multimeter using the in-
tegrated four-wire measurement technique. The four-wire measurement method or
Kelvin sensing is a technique to make more accurate measurements than with two-
wire sensing technique. A constant current is applied to the sample with two wires.
The voltage drop at the sample is measured with two independent wires, so that the
error generated by the wire resistance are negligible. The measurement current are

between 10 pA up to 100 pA to avoid any damage of the sample.
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3 ALUMINUM NITRIDE

Parts of this chapter have been published in [29, 52, 53]

3.1 Basic Information

In the year 1880 the piezoelectric effect was found by the Curie brothers. The direct
effect is based on the generation of electrical polarization charges due to mechanical
deformation [54]. The indirect effect is the mechanical deformation caused by applying
an electrical field. Nowadays both effects are utilized in micro electro-mechanical sys-
tems for sensor or actuator applications [55].

Aluminum Nitride (AIN) is a group III-V material. Depending on the fabrication con-
dition, AIN can be deposited in cubic or wurtzite crystalline structure. The cubic phase
does not feature piezoelectric properties and is mainly used for hard coatings (e.g. for
cutting tools or drilling applications) [56]. The wurtzite phase provides the piezoelec-
tric effect and hence, is beneficial for implementation into MEMS sensors and actua-
tors. But, the piezoelectric coefficient d33 being an important parameter for MEMS is
lower compared to other materials like PZT (lead ziconate titanate). The d33 value of
AIN is about 6.5 pm/V, whereas it is about 215-575 pm/V for PZT [57]. Under proper
deposition conditions, AIN thin films feature piezoelectric properties in the as deposited
state. It is an advantage compared to PZT, where a post process step is needed to
polarize the layer. A major advantage of AIN is the CMOS (Complementary Metal
Oxide Semi-conductor) compatibility, which allows the integration of AIN thin films
in MEMS production lines with moderate effort [58]. A more detailed influence of
the sputter parameter on the AIN quality is given in the work of Ababneh et al. [59].
The disadvantage of the low piezoelectric constant d33 can be mitigated by doping the
layer with scandium, which increases the value up to about 19 pm/V [60]. Further-
more, pure aluminum nitride has a high electrical resistance due to its wide band-gab

of 6.2 eV, good thermal conductivity of ~300 W/m:-K, chemical resistance and a high
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Table 3.1: Material-related properties of monocrystalline AIN.

Property Value Reference

Density p (single crystal)  3.255 g/cm? [64]

Piezoelectric constant dzz3 6.5 pm/V [59]
Dielectric permittivity e, 10 [65]
Thermal conductivity A;, ~300 W/mK [61]
Hardness H 16.2 GPa [66]
Bandgap 6.2 eV [64]
Young’s Modulus Y 225 GPa [66]
Melting Point ~2700 °C [63]

melting point of ~2700 °C [61-63].

Important material parameters of monocrystalline AIN are listed in Table 3.1.

In opto-electronic applications, monocrystalline AIN thin films are nowadays e.g.
used as nucleation layer for gallium nitride GaN based photo detectors or on rhodium
for UV mirrors [58, 67, 68]. In MEMS devices, AIN is often integrated in its polycrys-
talline form in gyroscopes, microphones or cantilever devices for density/viscosity
sensing liquids or as ultra-precise mass sensor [69-73]. For high temperature applica-
tions, the layer is beneficial in hydrogen sensors up to 300 °C and in a strain gauge op-
erating at elevated temperatures up to 1000 °C [74, 75]. In combination with sapphire
substrates, SAW devices with high phase velocities were realized [76]. Both materials
promise high temperature stability and are therefore well suited for operation in harsh

environments [77].

A commonly used technique to deposit AIN is reactive DC sputtering in pure nitro-
gen or mixed nitrogen/argon atmosphere. With this technique, AIN is deposited with
good piezoelectric properties on a large variety of different substrate materials such as
silicon or even on glass ceramics (e.g. LTCC) at deposition temperatures below 150 °C
[65, 78, 79]. As a consequence, it is possible to deposit this active layer material above
other temperature sensitive systems. Despite this moderate deposition temperatures
many application scenarios request a high temperature stability even in chemically ag-

gressive environmental being targeted in this thesis. The deposition parameters for
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Table 3.2: Sputter parameters for AIN thin film synthetization

Parameter Value
Target 100% Al
Purity 5N
Target & 150 mm
Power 800 W
N, flow 60 sccm

Back pressure 2 pbar
Target distance 65 mm

Deposition rate  0.44 nm/s

AIN thin films used in this work are summarized in Table 3.2.

To analyze the mechanical and electrical properties, two different methods of sam-
ple preparation for different gas atmospheres and temperatures were used. The first
method is based on a full 100 mm wafer process, because the measurement equipment
to determine the intrinsic stress needs a full wafer. The second method is based on
small sample with an area with outer dimension of 12x12 mm?. To have a good com-
parability between each analysis, the samples were used only for one analysis (e.g.
leakage current, XRD etc.), but from the same wafer. Hence, the samples were an-

nealed and afterwards electrodes were realized, if needed.

3.2 Microstructural and Mechanical Properties

In the following section, the mechanical properties of the deposited AIN thin films are
investigated. An important property of the deposited AIN layer is the uniformity of the
c-axis orientated AIN grains. Therefore, two different pre-conditioning procedures of
the substrate surface are performed and evaluated. An additional important parameter
is the residual intrinsic stress of the deposited thin film. High tensile stress values
can cause cracks, whereas high compressive stress values may result in delamination

effects, both of which degenerate the device performance.
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3.2.1 Pre-treatment of the Substrate Surface

To improve the c-axis orientation of the AIN layer, two different surface modification
methods of the substrate prior to sputtering were investigated. Sapphire was chosen
as robust substrate targeting the fabrication of high temperature SAW sensors in the
next step (see chapter 5). By the first method, the substrate surface was subsequently
cleaned in isopropanol and acetone ultrasonic baths for 5 minutes each. By the second
method, an ISE step at 500 W for 5 minutes in pure argon atmosphere at a pressure of
6 pbar was performed prior to deposition of the AIN thin film layer, without breaking
the vacuum condition in the sputter deposition chamber.

Figure 3.1 shows high-resolution TEM (HRTEM) cross-section images of samples
pre-conditioned in an ultrasonic bath (a) and with an ISE process (b). For the ultra-
sonic sample, the first 2-3 nm of the AIN thin film close to the sapphire substrate have

a fine polycrystalline structure. Basically, the interface stays almost unaffected what is
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Figure 3.1: High-resolution TEM images of the interface between sapphire and
aluminum nitride layer applying either an ultrasonic bath (a) or ISE (b)

before AIN deposition.

in contrast, to the second approach, where the sapphire substrate becomes amorphous,
due to the ion bombardment during ISE treatment. The penetration depth of about 3-
5 nm of the amorphorised surface-near layer is in good agreement with the stopping
range of ions in matter simulations using the tool SRIM from Ziegler et al. with a

reasonable argon energy of 1.5 keV [80]. Figure 3.2 shows the simulated Ar™ ions pen-
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Figure 3.2: Simulation of Ar™ ion distribution with an acceleration energy of

1.5 keV in a sapphire substrate using the SRIM tool [80].

etration distribution in the sapphire substrate. This generated amorphous layer inside
the substrate is clearly visible in Figure 3.1b. The AIN film itself growths in a highly
ordered crystalline microstructure from the substrate interface. By applying this pre-
treatment, Schneider et al. achieved on silicon substrate an increase in d33 by about
20% compared to a pure hydrogen fluoride HF dip for surface cleaning purposes [49].
As on silicon, the reason for the beneficial growth characteristic is the significantly in-
creased structural defect density associated with the amorphorised sapphire surface,
which provides a large number of nucleation sites for the subsequent AIN deposition
compared to the almost featureless surface characteristics after ultrasonic cleaning due

to the high sapphire substrate quality.

For a more in-depth analysis of the crystalline structure of the samples shown in
Figure 3.1, diffraction patterns at different positions in distances of 40 nm and 400 nm
from the interface were recorded for both sample types, as illustrated in Figure 3.3.
For the ultrasonic sample the measurement at about 40 nm from the AIN/sapphire
interface shows that the AIN grains are not perfectly aligned (see Fig. 3.3a), which
is in good agreement with the observations in Figure 3.1a. When moving to a po-
sition 400 nm from the interface into the AIN layer film, the grains are showing an
increased misalignment, due to the presence of many points with a blurred character-
istics in the diffraction pattern, as shown in Figure 3.3b. Given this result, it cannot

be completely excluded that other crystallographic phases are present. With the ISE
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Figure 3.3: Diffraction patterns of the AIN thin film taken from the ultrasonic
sample at 40 nm (a) and at 400 nm (b) from the interface compared to
the sample with ISE pre-treatment at 40 nm with the main lattice planes
(c) and at 400 nm (d).

process, the interface-near microstructure of the AIN film is completely different. Due
to the amorphization of the sapphire surface, more nucleation sites are offered in the
early stage of film growth without any impact that may arise from the substrate lattice
and hence, the layer can grow more uniform, as seen in Figure 3.3c. Furthermore, with
increasing thickness the AIN <002> crystallographic direction becomes more c-axis ori-
ented leading to reduced diameter in the spot size and a sharp edge characteristics in

the diffraction pattern (see Fig. 3.3d).

Figure 3.4(a) shows XRD measurements in Bragg-Brentano configurations of sam-
ples being either pre-treated with an ultrasonic or with the ISE process. The measured
AIN (002) peak position is at about 36.1° , although this parameter is slightly shifted
to lower values for the ultrasonic sample compared to the ISE pre-treated sample. The
literature value of the peak position extracted from the powder diffraction file PDF is
at 36.0401°. The determined Full Width at Half Maximum (FWHM) of the AIN (002)
peak is 0.30° for the ultrasonic and 0.19° for the ISE sample. The FWHM is an indica-
tor of the grain size and the uniformity of the lattice distances parallel to the surface.
A lower value indicates the presence of larger grains and lower deviations from the

parameters expected from a monocrystalline sample. Additionally, a second peak is
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Figure 3.4: XRD measurements in Bragg-Brentano mode (a) and the corresponding
rocking curves (b) for the samples cleaned in ultrasonic bath (black) and

ISE process (red).

measured at 37.55° for the ultrasonic sample, indicated with an arrow. This peak origi-
nates most likely from the (111) orientation of the cubic or from the (101) orientation of
the hexagonal lattice. The 26 value deviates 0.23° and 0.36° from the powder diffrac-
tion value. The corresponding powder diffraction file (PDF) numbers are 00-025-1495
for the cubic and 00-025-1133 for the hexagonal system. This peak can also explain the
additional diffraction spots in Figure 3.3b. It is reasonable to assume that without the
ISE pre-treatment, local stress is generated by lattice mismatch between substrate and
deposited film, leading to a pronounced growth in other crystallographic directions
and hence, to a distorted c-axis orientation of the grains inside the deposited thin film.
Similar behavior was reported by Pelleg et al. for TiN thin films [81]. Figure 3.5 shows
a reciprocal space mapping measurement realized with a PANalytical Empyrean of the
(002) AIN peak on top of silicon for a sample pre-treated with ISE. In this case the reflec-
tion from the (002) plane is more extended in q)-direction, what means that the grains
are not uniformly aligned perpendicular to the surface along the measurement angle
@ = 0°, which is in good agreement with Bragg-Brentano measurements. An angle of
¢ = 0° corresponds to the (1120) direction of the sapphire substrate. The scatter in g |
indicates a variation of the atomic lattice distances dj,;ic, along the c-axis. To analyze
the spatial alignment of the grains, the rocking curve method is used. The values for
the rocking curve are extracted from reciprocal space mapping measurements, where

the values are integrated between 6 = 35° and 6 = 37°. Figure 3.4(b) shows the result
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.

Figure 3.5: Reciprocal space map for the (002) peak of a 500 nm thin AIN layer on

top of sapphire after an in situ ISE surface pre-treatment process.

of the intensity distribution I(w) for both samples. The resulting angle between source
and detector is fixed according to w + 0 = 36.1°. The value w = 18° is equivalent to
the angle of 36° in the Bragg-Brentano configuration. It can be seen, that the intensity
for the ISE sample is much larger, which means that more (002) planes are arranged
parallel to the surface.

To verify the assumption, that with the ISE pre-treatment no lattice information is
transferred from the substrate into the deposited AIN layer, additional reciprocal space
mapping measurements with ¢ = 45° and 90° are performed. Figure 3.6 shows the ex-
tracted rocking curves from the reciprocal space for the ISE sample. The intensity is
larger compared to these measurement results presented in Figure 3.4, because the
component for generating the X-rays was replaced between both measurement cycles.
Figure 3.6 exhibit the grain orientation distribution for different rotation angles ¢. The
intensity at a given angle w in comparison to the peak position indicates the amount of
different grain orientations. The measurements show that the grain orientation distri-
bution is rotation symmetrically for all ¢ angles with respect to the c-axis direction. In
addition, it can be seen, that the peak position differs slightly for each ¢, which can be
explained by the not perfectly prepared sample. For example, if the angle 1 is not zero,
a rotation of the sample around ¢ causes a peak shift in the rocking curve. Overall, the
in situ ISE pre-treatment of the surface has to be preferred, because the direction of
the growing grains becomes more homogeneous and additionally gets better vertical
aligned with respect to the substrate surface. A similar effect was observed by Schnei-

der et al. on silicon substrates [65]. Therefore, all substrate surfaces were pre-treated
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Figure 3.6: Rocking curves for the ISE process at different ¢ values.

with an ISE step prior to the AIN deposition.

3.2.2 Intrinsic, biaxial Stress

AIN samples with thicknesses between & 4;5y = 100 nm and 2000 nm were deposited on
silicon substrates, because the measurement equipment for film stress determination
needs a conductive or at least semi-conductive material. Before the deposition process
the bow of the silicon substrate was measured. After the deposition process, the bow
of the wafer was measured again and the average stress was determined using the

method explained in section 2.2.1.

Without Mechanical Stress Compensation during AIN Deposition

Figure 3.7 shows the average stress of AIN thin films sputter-deposited on 100 mm sil-
icon wafers with respect to the layer thickness. The wafer was placed in the middle of
molybdenum holder without any mechanical clamping of the substrate. With a layer
thickness of /14,5y = 100 nm the film has a compressive stress of 0y, = —565 MPa.
When increasing the layer thickness the stress changes from compressive to tensile
and shows a maximum of 0;,¢ = +517 MPa at h4;y = 1000 nm. At h4;y = 1500 nm,
the formation of cracks is observed in the AIN layer, what results in the decrease of the
average stress inside the layer due to relaxation effects. This characteristic can be ex-
plained with the Volmer-Weber (VW) growth mechanism, which is based on the grain
growth behavior. The mechanism describes several steps [82]. At the beginning, the

layer starts at several nucleation islands. These islands of the thin film feature compres-
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Figure 3.7: Influence of the sputtered AIN thickness on the intrinsic stress. Above
1000 nm with the presence of cracks the stress value drops. The inserted

lines serves as guide to the eyes

sive stress due to imperfect crystalline microstructure of the deposited layer. Tensile
stress starts to be generated, when the islands coalesce among each another. When
the layer becomes thicker, relaxation mechanisms start to occur. One possible mecha-
nism is that atoms diffuse into grain boundaries and generates compressive stress, due
to the additional space needed by the atoms. A second mechanism may be inter fa-
cial shearing, where inside the crystal structure, different planes of the lattice or grain
boundaries are shifted with respect to each other [82-84]. This shear mechanism leads
to cracks in the layer. As a result, only AIN thicknesses ranging up to /1 4;5 = 1000 nm
can be fabricated. A workaround to increase the total AIN layer thickness is to de-
posit sequential several thin AIN layers with a maximum layer thickness of 1 pm. In
this work, between each sub-deposition step a dwell time of around 30-45 minutes is
inserted to cool down the self-heated substrate. Figure 3.8(a) shows a TEM image of
the interface between two deposited layers. The interface itself can clearly be detected.
When analyzing an even higher resolution of the interface, the second layer grows di-
rectly in crystallographic c-axis orientation as seen in Figure 3.8(b). Related diffraction
patterns for both layers just below and above the interface indicate this conclusion,
which can be seen by the sharper and less blurred diffraction pattern. Due to the ad-
ditional time caused by the dwell time during fabrication of a 2 pm thin AIN layer, an
other approach with a tailored wafer holder is evaluated allowing a defined stress state

of the wafer during AIN deposition by clamping. This approach will be explained in
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Figure 3.8: TEM images of the interface between AIN sublayers sputter deposited

in direct sequence to each other (a). HRTEM image with the
crystallographic planes showing the corresponding diffraction patterns

of the two sublayers (b). The red lines indicate the interface area.

the following section.

Controlling the Layer Stress

To counterbalance the negative impact of too high tensile AIN stress and hence, the film
failure due to crack formation, the wafer was clamped by a ring-shaped arrangement to
a flat holder during deposition. Figure 3.9 shows a schematic of the wafer holder with-
out (a) and with a clamping (b) system. It can clearly be seen that without a clamping
system, the wafer bow before and during the position process is undefined. With the
ring, which presses the wafer flat to the substrate holder, this clamping system leads to
a specific bending of the wafer during the deposition process as well the substrate gets
in good thermal connection to the holder. The holder material was aluminum because
of the good heat capacity ¢, = 0.897 ]/gK and thermal conductivity A, = 237 W/m-K
[17]. With these approach a defined self-heating of the substrate during deposition is
ensured [85]. Figure 3.10 shows the average stress in the deposited layers as a function
of their thickness. With this wafer clamping system even layer thicknesses up to 10 pm
can be deposited without delamination effects of the AIN thin film. To verify the devia-
tion of the stress values by clamping of the silicon wafer during the sputter deposition

process, additional samples of selected layer thicknesses were fabricated. Due to the
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Figure 3.9: Schematics of the wafer status during the deposition process without (a)

and with a clamping (b) system.
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Figure 3.10: Average intrinsic stress of AIN thin films deposited on silicon with and

without a clamped wafer configuration.

later target layer thicknesses for SAW devices, thicknesses of up to 4 pm were prefer-
able selected. For a 100 nm thin layer the intrinsic stress starts at the same compressive
stress value compared to a deposition without clamping. If the layer thickness is in-
creased, the compressive stress decreases in the clamping configuration. Nevertheless,
at thicknesses values of about 5 pm the layer still features compressive stress, com-
pared to samples without clamping, where the sample already reaches tensile stress
with a layer thickness of 500 nm. Also at 114;y = 10 pm the stress remains at very low
compressive values, only some cracks at the edge of the substrate wafer are observed.
It is also likely, that with the clamping of the wafer, additional mechanical stress is in-
duced during the deposition process, which leads to an overall compressive stress. For
turther analysis the temperature during the sputter process was evaluated, because
the chamber and the holder are self-heated by the plasma. To measure the temperature

of the wafer, a pyrometer was placed right below the holder. The pyrometer starts to
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Figure 3.11: Substrate temperature at the end of the sputter process for different
AIN thicknesses.

measure at around 90 °C and measures up to 850 °C. Figure 3.11 shows the holder tem-
perature values at the end of the sputter process. With 1 4; = 100 nm the temperature
is around 90-100 °C. For layer thicknesses of h 4;y = 2 pum the values is increased and
in the range of 140-150 °C. If Figure 3.10 and Figure 3.11 are compared, it is indicated
that with thicker AIN layers the compressive stress is reduced, while simultaneously
the maximum substrate temperature increases. At first, it looks as if with increasing
substrate temperature more tensile stress is generated. But an additional effect starts
to occur with higher temperatures, as the holder including the clamping ring expand
and the edge of the ring, where the silicon wafer is clamped, bends upwards. As a
result, the clamping force is reduced and the substrate can slightly move and hence,
the effect of the clamping decreases. Figure 3.12 shows the influence of intrinsic stress
on the lift-off process used for pattering the electrode layer. It can be seen that with a
tensile stress of +302 MPa, some regions of the wafer are still covered completely with
the electrode material and hence, are not removed during the acetone dissolution step
(see Fig. 3.12(a)). This negative impact is reduced if the intrinsic stress changes from
tensile to compressive stress, which can be seen in Figure 3.12(b). With a compressive
stress of -202 MPa the whole layer is well patterned across the wafer surface without
any residuals (see Fig. 3.12(c)). It is reasonable to assume, that due to the tensile stress
of the AIN layer, the UV light needed for the exposure gets scattered in an unwanted
way, so that it is reflected inside the AIN layer. This in turn, leads to an exposure of

resist in areas originally shadowed by the mask during the first UV exposure step of
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a) 302 MPa b)-90 MPa  c)-202 MPa

Figure 3.12: Impact of the intrinsic stress with +302 MPa (a), -90 MPa (b) and
-202 MPa (c) of a 1 um thin AIN layer on the lift-off process of the

electrode material.

the lift-off process and hence, the electrode material is not lifted in a all areas where the
metallic film should be removed.

Therefore, to improve the approach with the clamping system, so that even thicker
layers with compressive stress between -150 MPa and -300 MPa can be fabricated, other
materials like tungsten (« = 4.5-107% K1) or molybdenum (« = 4.8-107° K~1) are
currently under test, as they both feature nearly the same linear thermal coefficients of

expansion as silicon [17].

3.3 Investigations under Harsh Environmental

Conditions

For operation of the AIN layer at elevated temperatures up to 1000 °C in different atmo-
spheres such as vacuum, inert gasses like argon or nitrogen or even aggressive gasses
like oxygen, additional investigations are performed. When enhancing the tempera-
ture loads, due to crystallographic and chemical modifications (e.g. diffusion of atoms
inside the layer, or oxidation processes in an oxygen atmosphere) the electrical and
mechanical properties of the thin film change. As a consequence, the AIN layer may
lose its piezoelectricity, which would mean a failure of the device. Furthermore, if the
intrinsic stress changes too much, delamination effects or cracks inside the layer can
arise, which would destroy the device mechanically. For operation of AIN thin films
under such challenging conditions, a maximum temperature has to be determined for
each gas atmosphere separately before degeneration of the active thin film element lead

to device failure. For this purpose, the impact of post-deposited annealing tempera-
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tures up to 1000 °C on the mechanical (i.e. intrinsic, biaxial stress), electrical (i.e. leak-
age current behavior), electro-mechanical (i.e. piezoelectric constant) properties were
measured and correlated with the change in film morphology applying techniques
such as XRD and AFM.

3.3.1 Intrinsic Stress

Especially for reliable operation, a constant or at least predictable intrinsic stress level
is of utmost importance for key components in MEMS devices during high tempera-
ture loading. Therefore, AIN layers with thickness of & 4;y = 100 nm and 500 nm were
selected as representatives for compressive and tensile stress values (see Figure 3.7).
The samples were placed in an oxidation furnace for 2 hours. The temperature was
increased in one step from room temperature 25 °C to 100 °C and subsequently up to
1000 °C in 100 °C steps. Between each annealing step the biaxial film stress was mea-
sured at room temperature. As annealing atmosphere, either 100 % nitrogen or 100 %
oxygen at atmospheric pressure was chosen, with a constant gas flow of 100 sccm. Ar-
gon as an inert and reference gas could not be applied, because the used oxidation
furnace for 100 mm wafers was not equipped to feed in this noble gas. Figure 3.13
shows the absolute change of the intrinsic stress influenced by both the temperature
and the gas atmosphere. The absolute stress change 0,,; was determined according
t0 Oavg = Oufier annealing — Uas deposited- Independent of the atmosphere the intrinsic film
stress remains constant up to an annealing temperature T4 = 600 °C for all samples.
After T4 = 700 °C, however a shift towards compressive stress is observed. This ef-
fect can be attributed to the diffusion of gaseous atoms (i.e. nitrogen or oxygen) into
the AIN thin film. This additional atoms in the layer needs volume inside the atomic
lattice leading to additional compressive stress. Basically, this diffusion-based effect
is stronger for oxygen than for nitrogen. A reason is that an oxygen atom is bigger
than nitrogen. Furthermore, oxygen has a higher chemical affinity to aluminum than
nitrogen, leading to a replacement of nitrogen by oxygen. As a result, AIN oxidizes to
an alumina compound, where an additional oxygen atom is needed for each two alu-
minum atoms to reach a stoichiometric composition. Lin et al. showed that AIN films
oxidize in different modifications like the intermediate § — Al,O3 and the thermody-
namically stable &« — Al,O3, when exceeding temperature of 850 °C [86]. The 100 nm
thin AIN sample in oxygen atmosphere after the T4 = 1000 °C annealing step does

not follow this trend. It is reasonable to assume, that this effect is due to a complete
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Figure 3.13: Influence of temperature and gas atmosphere on the absolute intrinsic

stress change of thin AIN layers.

oxidation of the AIN layer, whereas during the chemical and structural modifications

relaxation effects may occur.

3.3.2 Surface Roughness

A low surface roughness independent of temperature load is important for the subse-
quent deposited thin film electrode, which has a total desired thickness of ~50 nm.
Figure 3.14 shows AFM measurements of AIN thin film samples with a thickness
of 500 nm, in the as deposited state as well as after annealing at T4 = 600 °C and
T4 = 1000 °C in argon, nitrogen and oxygen atmospheres, respectively. The surface
topography of as deposited films and that of samples after annealing at T4 = 600 °C are
smooth and show similar features. After an annealing temperature of T4 = 1000 °C,
however, the surface shows hillocks with heights up to 40 nm independent of the gas
atmosphere. The surface roughness R, at varying annealing temperatures for AIN
thicknesses h 4;y of 100 nm, 500 nm and 1000 nm is shown in Figure 3.15. As expected,
the surface roughness in the as deposited state depends on the thickness of the AIN
layer. Independent of the AIN thickness and the gas atmosphere, R, is within the mea-
surement accuracy constant up to T4 = 800 °C at around 1 nm. At T4 = 900 °C the
surface roughness increases up to 2-3 nm, by increasing the temperature to 1000 °C the
surface roughness reaches a value of 4-7 nm with local height maxima of ~40 nm inde-
pendent of the gas atmosphere. Lee et.al showed that the surface roughness increases

even more dramatically up to R, values of 130 nm at temperatures above 1200 °C [87].
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Figure 3.14: AIN surface morphology in the as deposited state and after T4 = 600 °C
and T4 = 1000 °C in argon, nitrogen and oxygen atmosphere
(hAlN = 500 nm).

This can be a problem for thin electrode materials, where the growing hillocks can
penetrate into the thin layer resulting in electrical short-cuts or interruption. Their for-
mation is due to the high thermal energy, favoring reorganization and recrystallization
processes especially at the top surface and at the grain boundaries. For the sample
with a thickness of h4;ny = 100 nm in oxygen atmosphere the behavior looks differ-
ent. At first the formation of the hills are the same, but at an annealing temperature of
1000 °C the layer has nearly the same surface roughness value of about 3 nm as at an
annealing temperature of 900 °C. The surface roughness after the temperature load at
1000 °C is half the value compared to the nitrogen or argon atmosphere. A reason for
this behavior can be the completely oxidation of the thin film AIN layer. As a result,
no further increase in roughness was observed. A second effect may occur, where the
thin oxide layer during the temperature load smooths the surface, a similar behavior
was observed by the oxidation of tantalum [88]. Ababneh showed in his thesis, that
during the temperature load, the increasing compressive intrinsic stress leads to de-
lamination effects and hence, to an increase in surface roughness [89]. Additionally, to
the behavior he showed, that micro-pores are forming inside the layer at temperatures
of 1000 °C, leading to a porous, nitrogen-containing Al,O3 layer with a closed alumina

surface .
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Figure 3.15: Influence of annealing temperature and gas atmosphere on the surface
roughness of AIN films with a thicknesses of 100 nm (a), 500 nm (b)
and 1000 nm (c).
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3.3.3 X-Ray diffraction

Figure 3.16 shows XRD measurements of AIN samples after different annealing tem-
peratures. The time for all samples was 2 hours in different atmospheres (nitrogen and
oxygen). The (002) peak at around 36° corresponds to the c-axis orientated AIN and re-
mains stable up to T4 = 1000 °C except for h4;5 = 100 nm in oxygen atmosphere (see
Fig. 3.16(a)). During thermal load at this temperature level in oxygen atmosphere, the
sputtered AIN thin film oxidizes and forms an amorphous aluminum oxide, as demon-
strated by XRD measurements. The complete oxidation and additional relaxation ef-
fects of the layer can explain why the intrinsic stress of the thin film does not follow
the trend, as illustrated in Figure 3.13. The FWHM of the (002) peak is for all samples
between 0.20° and 0.24°, except for h 4y = 100 nm and T4 = 900 °C in oxygen atmo-
sphere, which is around 0.31°. It is reasonable to assume, that this can be attributed
to partial oxidation of the layer, which has a direct influence on the lattice parameter.
In contrast, complete oxidation is not observed after 2 hours (see Fig. 3.16(b)) for sam-
ples with a thickness of h 4y = 500 nm, which does not mean that the surface is not
oxidized. Figure 3.17 shows the 26 peak position gained from XRD measurements as
a function of intrinsic stress. Basically, the XRD position is strongly dependent on the
intrinsic stress of the thin film layer. The diffusion and oxidation of the layer during
the temperature load induce additional compressive intrinsic stress, which results in
a shift of the (002) peak to lower values. Up to T4 = 900 °C, the position is nearly
constant except for the separately labeled temperatures. At higher temperature load
the compressive stress shifts the position of the XRD peaks toward lower values, as the
lattice distance in c-axis direction is increased. Except for the h4; = 100 nm sample
at T4 = 900 °C in oxygen atmosphere, all points are in the corridor indicated by two
brown solid lines. After 2 hours, an AIN thin film of /1 4;5 = 100 nm is completely oxi-
dized. To evaluate how long it will take for different AIN thicknesses to get oxidized,
high temperature XRD measurements were performed for 24 hours in pure oxygen at-
mosphere. Figure 3.18(a) shows continuous XRD measurements at T4 = 1000 °C for
an AIN sample with h 4;y = 100 nm. It can be seen that the (002) peak vanishes in less
than 60 min, whereas AIN films with a thickness of h 4;y = 500 nm (see Fig. 3.18(b))
need ~3 hours to oxidize completely. Additionally after ~5 hours an alumina peak is
measured at 37.4°. It seems, that for the formation of the crystalline alumina phase a

minimum thickness of the AIN layer is required. For AIN thicknesses h 4;y = 1000 nm
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Figure 3.16: XRD measurements of /1 4;y = 100 nm (a) and /1 4;y = 500 nm (b) after

annealing at high temperatures and in different gas atmospheres.
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Figure 3.18: Continuous XRD measurements at high temperatures at AIN samples

of different thicknesses in oxygen atmosphere.

(see Fig. 3.18(c)) the behavior is similar. As expected, the layer needs again more time
to become completely oxidized, but the crystalline alumina phase is measured after ~5
hours. It is reasonable to assume, that due to the polycrystalline microstructure of the
AIN also poly crystalline alumina is generated. To analyze the maximum temperature
stability of AIN layers in oxygen atmosphere, high temperature XRD measurements
were also performed at different temperature levels. An oxidation process is also ob-
served for samples with a thickness h4;n = 500 nm at T4 = 900 °C (Fig. 3.18e). The
(002) peak gets weaker but is still measured after 24 hours, but no formation of the
alumina peak at 37.4° is detected. At T4 = 800 °C (see Fig. 3.18d) no measurable
degeneration was observed after 24 hours. Similar behavior of the decrease in inten-
sity in the spectra at 800 °C and 900 °C was reported by Kolodzey et al. after 1 hour,
even the formation of Al,O3 was observed after 1 hour at an annealing temperature
of 1000 °C [90]. The difference in the time, when the Al,O3 peaks rises is more than
4 hours earlier compared to AIN layers investigated in this work. A hint can be the
difference in the deposition process. Kolodzey et al. uses a UHV magnetron sputtering

system (Denton Vacuum Discovery 18) with a operation power between 200400 W
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with a N,/ Ar gas mixture [91]. Compared to parameters used in this work with DC
power of 800 W and pure nitrogen atmosphere, the AIN thin film is longer stable in
pure oxygen atmosphere. A reason could be a denser thin film morphology and hence,

a higher oxidation resistance.

3.3.4 Piezoelectric Constants d33

The piezoelectric constant dz3 is an important parameter of the AIN thin film layer.
The d33 values after deposition process are between 5.1 to 6.6 pm/V across a 100 mm
wafer. A degeneration of the d33 due to thermal load will have a negative impact
on the efficiency when converting electrical to mechanical energy and vice versa, thus
having a direct influence on the SAW performance. Figure 3.19 shows the piezoelectric
constant d33 of AIN layers with a thickness % 4;y of 100 nm and 500 nm after annealing
at varying temperatures up to 1000 °C for two hours in different atmospheres. For
each temperature value and gas atmosphere, a separate sample from the same wafer
is used. The ds3 value of sputtered AIN with the parameter set given in Table 3.2
is in the range between 5.1 and 6.6 pm/V, which is in good agreement with values
between d33 = 5.15 pm/V and d33 = 6.5 pm/V reported in the literature [92-94]. After
thermal load, a lithography step is used to define electrode structures on top of the
piezoelectric film. The results show that the temperature load has only low influence
on the piezoelectric parameter. Only for oxygen atmosphere the piezoelectric effect
decreases at higher temperatures, because alumina does not feature the piezoelectric
effect. For an AIN thickness of hi4;ny = 100 nm this effect starts at 800 °C, whereas
for hyny = 500 nm at T4 = 1000 °C The degeneration of the d33 value is in good
agreement with in situ high temperature XRD measurements (see Figure 3.18), where
the degeneration of the AIN, indicated by the decrease of the reflected (002) peak at

260 = 36°, is observed at the same temperature.

3.3.5 Leakage Current

Figure 3.20 shows a measured leakage current characteristics at Tj; = 25 °C as a func-
tion of a positive electrical field E for a 500 nm thin AIN layer. When applying a fitting
procedure to the measurement data it is demonstrated that for low electrical fields
E < 0.1 MV/cm, the leakage current is dominated by an ohmic conduction mecha-

nism. For fields E > 0.3 MV /cm the dominating mechanism changes from ohmic to a
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Figure 3.19: Influence of annealing temperatures and different gas atmospheres on
the piezoelectric constant ds3 at room temperature with an AIN
thickness of 100 nm (a) and 500 nm (b).

Poole-Frenkel behavior. In between, a combination of both leakage mechanisms fit the

measurement data well. Similar results are reported by Schneider et al. [51].

During the exposure of the sample in harsh environments, diffusion or oxidation
processes starts to occur, which can change the leakage current mechanism. Different
AIN samples, for each temperature and atmosphere (nitrogen or oxygen), one device
were annealed for 2 hours. After the annealing step electrodes with a diameter of 1 mm
were deposited on the surface. To remove the native oxide on the backside of the sil-
icon substrate, an ISE step was performed, before metallization. The leakage current
measurements were done at temperatures starting at Tj; = 25 °C and from 100 °C on-
wards to 300 °C in steps of 50 °C. To evaluate the electrical stability of the thin film layer
in harsh environment, the electron barrier height was extracted from Poole-Frenkel fits
by analysing the activation energy at electrical fields E > 0.3 MV /cm. Additionally, to
the Poole-Frenkel evaluation and the extraction of the barrier height, investigation on
the ohmic transport mechanism for electrical field values up to 0.1 MV /cm was done.
Figure 3.21(a) shows a typical leakage current density | versus electrical field E mea-
surements up to 300 °C in air of the samples with h4;5 = 100 nm after annealing in
nitrogen atmosphere at T4 = 600 °C. It features symmetrical characteristics when com-
bining | as positive and negative applied field values. Furthermore, the measurement
at room temperature shows a low hysteresis. The hysteresis originates from the impact

of the rest polarization in the AIN thin film, which occurs by changing the applied
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Figure 3.20: Measured leakage current density | versus electrical field E at
Ty = 25 °C with fitted ohmic and Poole-Frenkel conductive

mechanism.

electrical field [95]. Its impact is decreased when using smaller electrical field steps
and longer measurement times (i.e. 30 s). Basically, the hysteresis is more dominant
at temperatures below 100 °C. A similar leakage current characteristic is measured for
a sample in oxygen atmosphere after 600 °C load (see Fig. 3.21(b)). The leakage cur-
rent density changes dramatically after higher annealing temperatures. Figure 3.21(c)
shows a leakage current measurement after the annealing at T4 = 1000 °C in nitrogen
atmosphere. The leakage current density decreases compared to the sample annealed
at 600 °C, but the hysteresis gets more dominant up to a measurement temperature of
200 °C. Whereas, a typical leakage current measurement for T4 = 1000 °C in oxygen
atmosphere is shown in Figure 3.21(d) yielding an asymmetrical behavior for positive
and negative applied field values with a more pronounced hysteresis. Therefore, to
improve the evaluation of the electron barrier height, only these current values with a
very small hysteresis at a given temperature are used for further evaluation (e.g. 100 °C
and onwards for the 100 nm sample at T4 = 600 °C in nitrogen atmosphere). The leak-
age current as a function of the electrical field E and measurement temperature Ty,

follows Poole-Frenkel [95, 96], according to the equation
J(E, Tag) o E - e~ Ea/ksTwm (3.1)

where k is the Boltzmann constant [50]. Arranging these data in Arrhenius config-
uration, the activation energy E, can be determined for each value of E. Figure 3.22

shows an Arrhenius plot for h4ny = 100 nm and an applied electrical field of E =
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Figure 3.21: Current density | versus applied electrical field E for a 100 nm thin
AN layer after annealing at T4 = 600 °C in (a) nitrogen and (b) in
oxygen atmosphere as well after T4 = 1000 °C in (c) nitrogen and (d)
oxygen atmosphere for 2 hours for different measurement

temperatures up to 300 °C.

0.45 MV/cm. With the dataset E,(E), the Poole-Frenkel barrier ¢ height can be ex-
tracted. Figure 3.23 shows extracted E,(E) curves with Poole-Frenkel fits, according to

the following equation
Eq(E) = q(¢p — /qE/ 7teper), (3.2)

where g is the elementary charge and €y is the vacuum permittivity [50]. Schneider et
al. showed, that the relative permittivity of AIN can be assumed to €, = 10 [65]. Due
to the same deposition equipment used for AIN layer in the latter and in this work, the
same value was used for further data evaluation. For temperatures up to T4 = 700 °C,
the measured data are in excellent agreement with Eq. 3.2, which confirms the assumed
Poole-Frenkel behavior for E > 0.3 MV /cm. Figure 3.23 shows this for AIN thickness
of 100 nm (a) and 500 nm (b) for an annealing temperature of T4 = 600 °C in nitro-
gen and oxygen atmosphere. Above T4 = 700 °C, the behavior of the leakage current
mechanism changes as can be seen for an annealing temperature of T4 = 900 °C in Fig-
ure 3.23(c) and 3.23(d). It is assumed that several mechanisms superimpose, especially
as strong modifications occur in the thin film, like changing of the intrinsic stress (sec-

tion 3.3.1) or oxidation of the layer (section 3.3.3). Additionally, Figure 3.23 shows that
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Figure 3.22: Current density | versus 1/kpT)s at an applied electrical field
E = 0.45 MV /cm for a 100 nm thin AIN layer after annealing at
T4 = 600 °C.

the oxidation of the AIN significantly decreases the activation energy. Table 3.3 shows
the calculated barrier heights ¢p based on Poole-Frenkel behavior for 1 4;y = 100 nm
and h,;y = 500 nm thin AIN layers after annealing at different temperatures up to
T4 = 1000 °C in nitrogen and oxygen atmospheres for 2 hours. It shows that the bar-
rier height for AIN is in the range between 0.60 and 0.72 eV. This range matches well
with data reported in literature for similar sputter deposited AIN films [65]. Ouisse
et al. showed that by heating up the substrate to 800 °C and exchanging the sputter
equipment by an evaporation system with an additional RF plasma source, deposited
AIN reaches an electron barrier level of 0.815 eV [97]. Furthermore, ¢p values decrease
for samples annealed in oxygen. For the 100 nm thin sample, it starts at T4 = 800 °C
and for 500 nm at T4 = 900 °C. The difference can be attributed to the not fully oxi-
dized layer and remaining AIN compounds. The final barrier height between 0.30 and
0.40 eV is lower than reported for sputter-deposited Al;O3z, which is in the range of
0.6 eV [96]. Compared to reported atomic layer deposited Al,0;3, it is slightly higher,
which is in the range of 0.26 eV [98, 99].

To evaluate the change in leakage current mechanism at electrical fields E < 0.1 MV /cm,
ohmic leakage current densities were calculated and compared to selected samples.
The ohmic transport density was calculated according to Equation 2.14 for each mea-
sured temperature and multiplied with a pre-factor {. This pre-factor was needed to

adjust the calculated ohmic transport density to the measurement values in the electri-
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Table 3.3: Electron barrier heights ¢ for 100 nm and 500 nm thin AIN samples

annealed at different temperatures in nitrogen and oxygen atmospheres.

100 nm 500 nm
N, 0)) N, 0
neg. E pos. E neg. E pos. E neg. E pos. E neg. E pos. E

Ta of ¢B ¢B ¢B ¢B 0f o8 of

[°C] [eV]  [eV] [eV]  [eV] [eV]  [eV] [eV]  [eV]
25 0.65 0.65 0.65 0.65 0.70 0.70 0.70 0.70
250 0.60 0.58 0.61 0.62 0.73 0.72 0.66 0.63
500 0.63 0.64 0.63 0.58 0.69 0.70 0.68 0.68
600 0.71 0.71 0.70 0.69 0.67 0.66 0.69 0.67
700 0.67 0.67 0.62 0.63 0.65 0.63 0.67 0.67
800 0.62 0.63 0.41 041 0.71 0.69 0.68 0.70
900 0.56 0.56 0.36 0.40 0.66 0.69 0.39 0.48
1000  0.53 0.53 0.33 0.34 0.54 0.52 0.33 0.36
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cal field range E < 0.1 MV /cm. Figure 3.24 shows the J-E characteristic for a 100 nm thin
AIN layer in the as deposited state (a), and annealed at 600 °C in nitrogen (b) and oxygen
(c) as well at 1000 °C in nitrogen (d) and oxygen (e) atmosphere. The measurement and
the according ohmic transport calculation exhibit that the thin film does not change the
electron transport mechanism independent of the gas atmosphere up to an annealing
temperature of 600 °C. For an annealing temperature of 1000 °C in nitrogen, the ohmic
transport mechanism is dominating, but the overall current level is decreased. This can
be an indicator, that defects get annealed inside the layer during the high temperature
load. For the oxygen atmosphere at 1000 °C the behavior looks different. The leak-
age current decreases even more compared to the sample annealed in nitrogen atmo-
sphere. Furthermore, the influence of the measurement temperature decreases. This
means that the dominant Poole-Frenkel mechanism, which is sensitive to the measure-
ment temperature for electrical fields E > 0.3 MV /cm loses the dominant role. This
is in good agreement to the Poole-Frenkel evaluation as discussed above. Therefore,
the dominant Poole-Frenkel mechanism for E > 0.3 MV /cm is mainly exchanged by
the ohmic transport behavior for a 100 nm AIN layer. For an AIN thickness of 500 nm
the leakage current mechanism characteristic looks similar as to the 100 nm samples
independent of the gaseous atmosphere up to 600 °C, which can be seen in Figure
3.25(a-c). As expected for the 1000 °C in nitrogen annealed sample, the leakage current
density decreases, but the dominating ohmic conduction mechanism for an electrical
tield E < 0.1 MV /cm decreases. For the annealed sample at 1000 °C in oxygen atmo-
sphere the influence of the Poole-Frenkel mechanism is still presented, due to the not
completely oxidized AIN layer compared to the 100 nm samples, where the influence
of the Poole-Frenkel behavior gets negligible. Therefore, the deposited thin film can be
assumed to be a mixture of alumina and AIN-rich regions, where in the first mainly
an ohmic mechanism is presented and in the latter still the Poole-Frenkel mechanism

dominates.
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Figure 3.25: J-E characteristics of calculated ohmic transport mechanism compared
to 500 nm thin AIN samples after deposition (a), after an annealing at
600 °C in nitrogen (b), oxygen (c) and after an annealing at 1000 °C in

nitrogen (d) and oxygen (e) atmosphere.

3.4 Conclusions

Sputter deposited AIN thin films offer high potential as piezoelectric material for SAW
application in harsh environments. The thickness of the AIN layer for SAW devices
is typically several um, which can be fabricated with deposition temperatures below
150 °C. To reduce the probability of failure for SAW devices due to crack and delam-
ination effects, the intrinsic stress can be adjusted with a custom-built clamping tool,
thus fixing the wafer during film synthetization. Additionally, with this approach,
piezoelectric layers up to a thickness of 10 pm can be deposited. Furthermore, an

ISE process prior to the sputter deposition process improves the alignment of the AIN
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grains, which results in an improved c-axis orientation in the thin film. The AIN layer
is stable up to 600 °C in various gaseous atmospheres (nitrogen, oxygen) and does not
change any properties (e.g. intrinsic stress, surface roughness or leakage current mech-
anism). Above, compressive stress is generated, due to diffusion of gaseous species
from the atmosphere into the layer. Above 800 °C, the leakage current, intrinsic stress
behavior and surface roughness are strongly modified. The increased roughness at
such high temperatures due to hillock formation with a maximum height of 40 nm can
cause problems in the electrode layer (for example short-cuts or failure in metallization
lines). Additionally, the layers will start to oxidize at temperatures above 900 °C in
oxygen-contained atmospheres. In parallel, at higher electrical fields the leakage cur-
rent mechanism changes from Pool-Frenkel to a dominating ohmic mechanism or by
partially oxidation to a superposition of several mechanism. Furthermore, the oxidized
AIN layer loses the piezoelectric property. Therefore, to use AIN for SAW applications
at higher temperatures in oxygen atmosphere the surface needs to be protected. For
this purpose, the following chapter 4 investigates appropriate electrode materials as

well coatings for passivation.
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4 ELECTRODES AND PASSIVATION

Parts of this chapter have been published in ...

4.1 Basic Informations

Conductive materials are important parts of microelectronic or MEMS devices. They
connect different components within a device electrically for e.g. signal or energy
transport. Depending on the application, different materials are required. In the fol-
lowing Table 4.1 selected conductive materials are listed, which are typically used in
MEMS devices as electrode material. Each possible electrode material has its individ-
ual melting point, electrical resistivity and standard atomic weight. Metals with very
low electrical resistivity are silver, copper or gold. Aluminum also has a very low elec-
trical resistivity, but additionally it features a low density compared to materials like
platinum. In addition, the melting point has to be taken into account for high tem-
perature applications. Iridium features a melting point of Ty;p = 2446 °C followed by
platinum with Ty;p = 1768 °C and palladium with Ty;p = 1554 °C. Aluminum has in
this selection the lowest melting point with Ty;p = 660 °C. Furthermore, the atomic
density is important for SAW devices, since higher density values lead to a resonance
frequency shift, see section 5.4. This can be compensated by an optimized device de-
sign (e.g. changing the pitch of the interdigital transducers). Besides these pure ma-
terials for the electrode, also intermetallic alloys can be used like iridium-aluminum.
With a minimum of 60 at.% aluminum a stable self-passivation layer without losing
material to the gaseous oxide phase is ensured [100]. A disadvantage of this material
is the extreme oxide thickness of 30 pm, which is not useable for SAW devices where
the electrode material should be as thin as possible to avoid negative effects on the
performance (e.g. resonance shift) [101]. Therefore, each material has its advantages
and disadvantages as electrode material. In this work, mainly platinum, iridium and

aluminum are used as electrode material. An advantage of these three materials is a
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Table 4.1: Properties of selected conductive materials [17].

Material Melting Point  Electrical Resistivity ~Standard Atomic Weights

[°C] 108Qm
Platinum 1768.20 9.78 195.08
Iridium 2446.00 4.70 192.21
Gold 1064.18 2.05 196.96
Palladium 1554.80 9.78 106.42
Silver 961.78 1.47 107.86
Copper 1084.62 1.54 63.54
Aluminum 660.32 2.42 26.98

straight-forward deposition with a MEMS technology compatible sputter equipment.
Besides the high temperature load further challenge for these materials is the ag-
gressive oxygen atmosphere. Bartlett ef al. showed that even platinum oxidizes at high
temperature above 1060 °C in air atmosphere with 107 cm/hr. It is reasonable to as-
sume, that with even at lower temperatures platinum will oxidize, but with a lower
rate. Therefore, an equilibrium condition will result at the platinum surface due to the

reversible oxidation reaction [102]:
Oz(g)—f—Pt\:‘PtOz(g) 4.1)

It yields an oxidation of platinum and simultaneous desorption of gaseous platinum
oxide from the surface and therefore a loss of the conductive material. This behavior
was first reported by Fryburg et al. [103, 104]. Even iridium, which has a higher melt-
ing point, forms volatile oxides such as IrO; and IrO3 at temperatures above 600 °C
[105, 106]. Aluminum with its low melting point of Ty;p = 660 °C, features at room
temperature a native oxide thickness of ~0.5 nm, whereas at 300 °C this oxide thickness
is increased to 0.9 nm. At temperatures above 400 °C no constant oxide layer thickness
could be reached by Juergens et al., because the layer oxidizes completely [107]. In
addition to the oxidation, thin platinum and iridium layers show recrystallization and
de-wetting effects during high temperature loads above 700 °C, which can result in loss
of the electrical conductance and hence, to a complete device failure [108-111]. Also
the adhesion layer can have an influence on the film resistance. For example, pure tita-

nium as adhesion layer starts to diffuse at temperatures above 450 °C predominantly

60



4.2 Test Structure Design

along platinum grains [112]. This means that thin conductive paths in SAW devices
with a typical lateral dimension of 0.5 to 6 pm and some 50 to 100 nm thickness, have
to be protected carefully before high temperature loading to prevent oxidation and
dewetting effects. There are ongoing investigations into the passivation of electrodes
with ultra-thin SiAION or ZrSiON composite materials in the thickness range of ultra-
thin < 50 nm up to 1000 nm using reactive co-sputtering equipment [14-16]. Moulzolf
et al. showed that these materials can protect the SAW sensor surfaces from degenera-
tion and help to stabilize the IDT electrodes [113]. To adjust and vary the concentration
of the different elements, a special equipment with two simultaneously driven targets
is needed, which increases the complexity of the equipment and of the process.

In this work, AIN, AlOy and SiyN, with thicknesses up to 400 nm were investi-
gated. They are fabricated with a MEMS compatible reactive sputter deposition pro-
cess at temperatures below 150 °C. The purity of each single element target was 5N. The
low deposition temperature allows a resist based lift-off process for electrode pattering.
These layers should serve as an oxidation barrier and should also prevent the thin film
electrode from dewetting during high temperature load. Furthermore, the effective
temperature where dewetting occurs is decreased when targeting thinner electrodes
independent of the selected material [114]. Therefore, to decrease negative influence
by mass loading effects of SAW devices, the thin electrode paths have to be protected
against dewetting. AIN was selected to reduce the number of different materials in the
SAW architecture. Zhu et al. showed that reactively sputtered Al,O, reduces the ox-
idation process of Ni-based superalloys to rate of 3-8 times for temperatures between
800-1100 °C [115]. LPCVD deposited Six Ny is used in the so-called local oxidation of
silicon (LOCOS) process as oxidation barrier during the oxidation process of the silicon
wafer, which was first introduced by Appels et al. [116]. Therefore, it was of interest if
even RF reactively sputtered SixN, would fulfill the requirement as an effective oxida-

tion barrier layer.

4.2 Test Structure Design

The high temperature performance of sputter deposited electrode materials was inves-
tigated on a 1 um thick AIN thin film deposited on a silicon substrate. The purpose of
this AIN layer is to isolate the different electrode paths from each and provide a test

system close to the final SAW device architecture. Furthermore, the adhesion between
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Contactpads

Passivation (optional)
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Figure 4.1: Explosion illustration on the layer sequence for high temperature

stability testing.

the AIN layer and the electrode material under thermal stress could be evaluated. The
next layer is the electrode stack starting with an adhesion layer between 5 nm and
10 nm titanium nitride or tantalum. Titanium nitride was used in combination with
platinum and tantalum with iridium, respectively. Pre-investigation showed, that the
adhesion layer has a negligible influence on the electrical resistance in the as deposited
state, so that only those two bi-layer systems are tested. For aluminum no adhesion
layer was used. At a given length of 1450 pm the thickness of the metallization lines
was 50 nm at a width varying between 1 up to 50 um. Pads at the end of the lines were
designed for connecting and measuring the resistance of the individual metallization
lines. Optionally, a 100 nm thin passivation layer of either AIN, SiyN, or AlOy was
deposited and subsequently patterned to provide an opening for the contact pads. Fi-
nally, the pads were thickened in a final depositing process with an additional layer of
200 nm platinum. A schematic overview of the layer sequence is illustrated in Figure
41.

4.3 Metallization Layer

A proper electrode design is of utmost importance for surface acoustic wave devices

(e.g., the metallization ratio between electrode and free space is fixed to 50%:50%, see
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4.3 Metallization Layer

Table 4.2: Sputter parameters for electrode and adhesion materials.

Parameter Pt Ir Al TiN Ta
Target Pt Ir Al Ti Ta
Target [mm] 100 100 150 150 150
Power [W] 75 150 300 300 350
Ar flow [scem] 60 60 50 40 60
N> flow [scem] 0 0 0 40 0
O, flow [sccm ] 0 0 0 0 0

Back pressure [pbar] 3 3 3 8 3
Deposition rate [nm/s] 0.5 0.79 1.18 0.09 1.19

chapter 5). A lift-off process is used to pattern the electrode material. In Table 4.2
sputter deposition parameters for the electrode and adhesion materials are listed. The

adhesion layer thickness of TiN and Tz was between 5 nm and 10 nm.

The following Figure 4.2 shows a lateral thickness profile of lift-off processed metal-
lization lines with widths of 2 pm, 5 pm and 10 pm. Iridium with a nominal thickness
of 113 nm was deposited with 10 nm tantalum as adhesion layer. The figure shows
that lines with different widths have different heights and a non-rectangular profile,
which can be explained by shading effects of the tiny resist trenches. Due to the large
angle of incidence of impinging particles during sputter deposition, the side walls of
the resist are coated as well as the substrate. This hinders the lift-off of the resist and
results in teared-off edge characteristics remaining at the deposited structure. This can
cause problems when covering in a subsequent step the structure with additional lay-
ers. This is a general problem of sputter deposition in combination with a lift-off pro-
cess. Full wafer metallization and conventional etching would be another technique.
In comparison, wet chemical etching is quite difficult to control for noble metals like
platinum when e.g. applying aqua regia at elevated temperature of 65 °C. For iridium,
special methods such as high-density plasma etching in chlorine-oxygen-argon plasma
are needed with the additional drawback that the underlying AIN layer can be unin-
tentionally attacked [111, 117]. Another preferable technique would be ion etching,
where the surface is removed by pure kinetic energy, thus would damage also the un-
derlying layer. In this work, the straight forward lift-off method was used to fabricate

metallization lines to avoid any modification of the AIN surface.
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Figure 4.2: AFM profile measurements across metallization lines of different widths
fabricated by Ilift-off.

Furthermore, the focus of the high temperature electrode testing was on the temperature-
induced modifications and the maximum temperature stability of the deposited mate-
rial in pure nitrogen or oxygen atmosphere. All metallization lines had a length of
lep = 1450 ym and a thickness of ~ 100 nm. For further investigations, a sheet re-
sistance R value was determined for different metallization line widths d,, between
1 pm to 5 pm in 1 pm steps and at 10 pm, 20 pm and 50 pm. The sheet resistance R; is
calculated for all line widths with the following equation:

Rs = Rmeasured;l—w (4.2)

cp

Figure 4.3 shows averaged R; of the different metallization line widths for platinum,
iridium and aluminum thin films after annealing up to T4 = 1000 °C in nitrogen (a)
and oxygen (b) atmosphere for 2 hours. For each temperature and atmosphere a sepa-
rate sample was used. The different heights of error bars can be attributed to the vari-
ation of the manufactured inhomogeneities during fabrication of the test structures.
Aluminum is stable up to T4 = 500 °C in both atmospheres. Above this tempera-
ture, the metallization lines failed independent of line width, due to dewetting effects.
For platinum, the behavior is different. At temperatures between T4 = 400 °C and
T4 = 700 °C, a strong change of the resistance compared to the as deposited value is ob-
served. Itis reasonable to assume, that in this temperature range a reorganization of the
microstructure starts to occur. Given the low deposition temperature, the high melting
point of the material and the low sputtering power, the film morphology resembles

Zone T according to Thornton [22]. Furthermore, titanium diffuses along the grains

64



4.3 Metallization Layer

20 I I I T T T T T T

M ® Platinum ° T
16 H 4
6 = TIridium
14 H -
— 12 { 4 Aluminum I a
G
=10 . .
~ 8 -
6 I i i
4 s 4
=T :
N S S ST S
a) 0 100 200 300 400 500 600 700 800 900 1000
10 T T T T T T T T
9 u
8 .
7 .
[
I ERNN.
= 5 [ - .
[ 4
R Lo
2 = 4
ITEx = = *= = .
0 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
b) Annealing Temperature T, [°C]

Figure 4.3: R; of platinum, iridium and aluminum as a function of temperature and

nitrogen (a) and oxygen (b) atmosphere.

toward the surface, which leads to a higher electron scattering at the grain boundaries
and hence a higher film resistance [112, 118]. At T4 = 800 °C, most of the metalliza-
tion lines are broken indicated by a high resistance value above 60 k(). For Iridium,
the R; values are lower and more stable over a wider temperature range compared
to platinum. In nitrogen atmosphere, the resistance starts to increase at an annealing
temperature T4 = 800 °C. At T4 = 1000 °C, all metallization lines are broken. Even
in oxygen atmosphere, Iridium shows a stability up to T4 = 800 °C. Furthermore,
narrower electrode lines with a width of 1 ym, 2 ym and 3 pym show an earlier fail-
ure at temperatures above 700 °C. For those high temperatures, more than 80 % of the
metallization lines are broken and an error bar could not be calculated due to the lack
of measurable samples. Figure 4.4 shows surface images of TiN/Pt multilayer at the
contact areas with a thickness of 10/250 nm in the as deposited state (a) and annealed
layers in nitrogen (b) and oxygen (c) at 600 °C as well in nitrogen (c) and oxygen (d)
at 1000 °C after 2 hours in a furnace. The surface morphology looks for annealed sam-
ple at 600 °C similar to the as deposited thin film independent of the gas atmosphere.
At 1000 °C the behavior looks different. The metallization layer shows a strong ag-
glomeration with dewetting effects, so that even the surface of the bottom AIN layer
gets exposed. It is reasonable to assume, that the degeneration of the thin film during

hole forming can be described in a two stage process. In the first stage, grooves are

65



4 Electrode and Passivation

a)

Reference

2.5 um
b) 600°C - Nitrogen c) 600°C - Oxygen

e) 1000°C - Nitrogen f) 1000°C - Oxygen

Figure 4.4: SEM images of the TiN /Pt bi-layer surface in the as deposited state (a)
and exposed at 600 °C in nitrogen (b) and oxygen (c) and at 1000 °C in

nitrogen (d) and oxygen (e) after 2 hours.

formed at the grain boundaries, which was first reported by Mullins [119]. With time
at a given temperature load, the grooves deepen and may even penetrate through the
thin film leading to hole formation. In the second stage, the holes are growing, due
to surface diffusion until the complete thin film gets dewetted, so that the thin film
is transformed into unconnected island [109]. The presence of oxygen accelerates the
degeneration of the film, according to standard literature [120, 121]. To reach higher
resonance frequencies of e.g. 2.4 GHz in SAW devices, a metallization line width of
around 600 nm is required. Given these material-related results, these inter-digital
structure would fail under high temperature load due to the lower electrode width.
Therefore, a protective passivation layer is required to stabilize the metallic thin film
below. In the following section 4.4 selected passivation coatings are tested for this pur-
pose. Later in section 4.4.2, the effectiveness of passivation coatings in combination

with the electrode material are evaluated.
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4.4 Passivation Coatings

Table 4.3: Sputter parameters of the used passivation coatings.

Parameter AIN Al,O,  SixNy
Target Al Al Si
Target @ [mm)] 150 150 150
Power [W] 800 DC 800 DC 600 RF
Ar flow [sccm] 0 10 20
N, flow [scem] 50 0 60
O, flow [scem] 0 10 0
Back pressure [pbar] 2 2 5

Deposition rate [nm/s] 0.44 0.14 0.09

4.4 Passivation Coatings

In this section the impact of a passivation being either a sputter deposited Al,O,;, SixN,
or AIN film on the high temperature stability of the metallization lines is investigated.
All three passivation layers were chosen, because they are regarded as high temper-
ature stable materials (for AIN see also chapter 3) and can be easily fabricated using
sputter deposition process [100, 122]. Furthermore, with a deposition temperature be-
low 150 °C, electrical connection through the passivation layer coating can be realized
in a straight forward approach using a resist-based lift-off process. In the following

Table 4.3, the sputter deposition parameters for all three layers are listed.

4.4.1 High Temperature XRD

In this section results of pre-investigations on the temperature robustness of AIN thin
films are reported using in-situ high temperature XRD measurements up to 1000 °C.
Figure 4.5 shows the effect of oxygen on the (002) peak position of AIN layers with a
thickness of 500 nm during high temperature load. For each temperature, five XRD
measurements with 10 minutes delay between each measurement were performed, to
investigate the shift of the peak position over time. The (002) peak shifts linearly up
to Tpy = 800 °C toward lower angle values, which can be attributed to the thermal
expansion of the thin layer during temperature exposure. Basically, the peak position
remains constant over all 5 measurements for each temperature level. At T); = 850 °C

and above, however, the (002) peak starts to continuously shift with each measurement
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Figure 4.5: AIN (002) peak position from high temperature XRD measurements
from 25 °C up to 1000 °C and down to 50 °C measured at a 500 nm thin

film.

at a given temperature level. This can be attributed to the diffusion of oxygen into the
layer and thus oxidation of the AIN layer occurs, which expands the unit cell. The
shift even remains, when the sample is cooled down to Tys = 50 °C again, indicating a

non-reversible modification within the layer.

To test the effectiveness of Al;Oy and SiyN, as a coating material, a polycrystalline
AIN thin film below the passivation layer is used as an indicator. If the AIN layer
oxidizes like in section 3.3.3, it would mean that the passivation coating is not suf-
ficient enough as an oxygen barrier at the measured temperature. The passivation
layer thickness was set to 100 nm. Figure 4.6 shows continuous XRD measurements at
Tp = 1000 °C for several hours in oxygen atmosphere. Due to the temperature load
the AIN peak (002) is shifted from original ~36° (room temperature) by ~0.2°, as pre-
viously shown. An AIN film with a thickness of 4 = 500 nm without any passivation
coating oxidizes completely after t = ~2 hours, which can be seen in Figure 4.6a, as
the (002) peak completely disappeared. After t = 7 hours an Al ¢;O4 polycrystalline
alumina phase at 20 = 37.4° starts to form, indicating its growth with an increasing
intensity with time [123]. Figure 4.6b shows the corresponding measurement with an
additional d = 100 nm Al,O, passivation layer. The measured intensity of the AIN
(002) peak decreases significantly slower compared to the sample without passivation.
The AIN peak is not measurable after ¢ = 6 hours. Also the formation of polycrystalline

alumina phase out of the AIN layer starts later at t = 16.5 hours, indicated by the peak
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Figure 4.6: Continuous high temperature XRD measurements at 1000 °C of 500 nm
AIN with additional 100 nm passivation layer of AIN (a), Al,O, (b) and
SixNy, (c), whereas (d) represents the first and the last XRD measurement

of each sequence.

at 20 = 37.4° (Figure 4.6b). Figure 4.6c shows the same measurement with d = 100 nm
SixN, passivation coating, where the oxidation of the AIN thin film is completely sup-
pressed and no degeneration of the AIN layer after 24 hours at Tj; = 1000 °C in pure
oxygen atmosphere is observed. Figure 4.6d shows XRD measurements at the begin-
ning and the end of the high temperature measurement procedure. It can be seen that
for the AIN layer without and with an Al,O, passivation layer, the AIN (002) peak
vanishes and an Al 6O, polycrystalline phase starts to form. But, with SiyN, as pas-
sivation layer the maximum intensity of the AIN (002) peak remains constant during
the complete measurement cycle. As a result, Al,O, and AIN are not recommended as
efficient oxygen diffusion barrier. Therefore, SixN, should be preferred for operation
at high temperatures and in oxygen-rich atmospheres. AIN as passivation layer can be
used in inert gas atmospheres for electrode protection against dewetting and reduction
of induced thermal stress due to different thermal expansion coefficient of the involved

materials.
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FIB Protection

—————

Figure 4.7: Cross sectional image of a single platinum metallization line with a
width of 4 um and a thickness of 50 nm, with additional 50 nm SiyN,, as

passivation layer.

4.4.2 Impact of Annealing on Electrical Thin Film Resistance

To evaluate the robustness of the passivation coatings on top of the electrode material,
structures are fabricated as illustrated in Figure 4.1. Figure 4.7 shows a typical cross
section of a 5/50 nm bi-layered TiN /Pt electrode with 50 nm Si, N, as passivation. The
electrode is homogeneously covered by the thin passivation layer. On top of the pas-
sivation a bi-layer of 100 nm chromium as adhesion promoter and 400 nm palladium

was deposited to protect the sample during FIB preparation.

Due to the previous high temperature XRD measurements, only Al,Oy and SiyN,,
are selected as passivation layers. Figure 4.8 shows the average R value of different
line widths of platinum with and without passivation layer as a function of annealing
temperature in different atmospheres. Figure 4.8a shows that platinum without passi-
vation changes the resistance after T4 > 400 °C significantly, see also section 4.3. After
T4 = 800 °C, no current could be driven through the metallization line due to delam-
ination effects. With an additional passivation layer of Aley or SixNy, a reasonable
resistance of the metallization lines is measured even after an annealing temperature
up to 800 °C. After T4 = 900 °C, however, only test structures protected with Siy N,
could be measured. The variation in the resistance values are predominantly attributed
to fabrication intolerance’s in line width over the whole 100 mm wafer. Therefore, a
maximum error of 2 % in the calculation of the Rs occurs, but the method is sufficient
to measure the influence of harsh environmental conditions on the electrode resistance.

With an Al O, passivation layer, the metallization lines still worked after a maximum
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Figure 4.8: R; of platinum without and with Siy N, and Al,O, passivation layer as a

function of temperature and nitrogen (a) and oxygen (b) atmosphere.

annealing temperature of T4 = 800 °C in oxygen atmosphere. This is 100 °C higher
than without passivation coating. With a Si, N, protection, the metallization line sur-
vived even an annealing after T4 = 900 °C. When applying an annealing temperature
above, all these test structures designed as simple conduction paths failed.

A similar behavior is observed with iridium as an electrode material, see Figure
4.9(a). Without passivation the metallization is electrically measurable after an anneal-
ing up to a maximum temperature of T4 = 900 °C in nitrogen atmosphere. After
1000 °C all the metallization lines were broken, see also section 4.3. If a passivation
layer is used, test structures survived even an annealing step of T4 = 1000 °C inde-
pendent of the passivation layer in nitrogen atmosphere for 2 hours. In addition, the
sheet resistance remains constant in the range between 1-3 () even over this large tem-
perature range. It is reasonable to assume, that the passivation coating protects the
metallization lines most efficiently against delamination and dewetting. In oxygen at-
mosphere the metallization lines are intact after an annealing temperature of 800 °C.
At T4 = 900 °C the contact pads, which consist of an additional platinum layer oxidize
and /or delaminate.

Based on these results, both platinum and iridium electrodes with passivation layers
could be used for operations temperatures up to 800 °C even in oxygen atmosphere.

Above this temperature, the adhesion between the different layers (electrode and pas-
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Figure 4.9: R; of iridium without and with SiyN, and Al,O, passivation layer as a

function of temperature and nitrogen (a) and oxygen (b) atmosphere.

sivation coating) decreases. This can be seen by the partial delamination of the protec-
tion layer, see also section 5.5.4, Figure 5.28). With reactive sputter deposited SiyN,, as
coating, high temperature SAW devices can be fabricated, without degeneration and
oxidation of the thin electrode interdigital structure. A weak point are the contact ar-
eas needed for the electrical characterization, which are not covered by the passivation

and exposed to the surrounding atmosphere.

4.4.3 Intrinsic Stress

To estimate the influence of SiyN, passivation coating on the total stress of the de-
vices, SiyN, with a thickness of d = 100 nm was deposited on top of 500 nm AIN on
a 100 mm silicon wafer. This deposited layer on top of the AIN layer generates an
additional compressive stress of |o4,¢| = 150 MPa. The average intrinsic stress was
measured before and after each annealing temperature step beginning at 100 °C up to
1000 °C in 100 °C steps using an oxidation furnace. The atmosphere in the furnace was
either pure nitrogen or pure oxygen. The absolute stress change 0,,, was determined
according to Oavg = Oy fter annealing — Uas deposited- FOr comparison, wafers with AIN thin
tilms without additional passivation coating were fabricated and annealed under the

same conditions, as shown in section 3.3.1. Figure 4.10 shows the absolute change in
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Figure 4.10: Influence of annealing temperature and gas atmosphere on the
intrinsic stress of 500 nm thin AIN (see also section 3.3.1) and

AIN/Six N, bilayer (500 nm/100 nm).

average stress 0,y measured at room temperature as a function of annealing temper-
ature. For both thin film systems the film stress remains constant up to an annealing
temperature T4 = 600 °C independent of the atmosphere. At T4 = 700 °C, tensile
stress is induced into the AIN film without passivation. Above T4 = 700 °C, a shift
toward compressive stress is observed. This can be attributed to the diffusion of nitro-
gen and oxygen into the layer, whereas oxygen additional forms an alumina structure.
The behavior for AIN with SiyN, passivation coating is significantly different. Above
T4 = 600 °C the film stress continuously shifts towards tensile stress. A reason for this
can be the relaxation of the additional compressive film stress and further a prevention
of diffusion of nitrogen and oxygen atoms into the AIN layer, which would generate

additional compressive stress.

4.5 Conclusions

The functionality and stability of the electrode material at higher temperatures and in
aggressive atmospheres for high temperature sensors based on SAW devices is very
important. For this reason, materials were chosen, which have a high melting point
and are resistive against oxidation, like platinum or iridium. To increase the robustness
of the electrode against oxidation and dewetting, an additional passivation coating is

needed. AIN itself, which is also used as an active piezoelectric material, is not recom-
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mended, because the layer starts to oxidize in oxygen containing atmospheres at tem-
peratures of 900 °C and does not prove to be an efficient oxidation barrier. In oxygen
atmosphere also the reactively sputtered Al,O, does not show the required properties,
because the AIN layer arranged below the passivation coating gets oxidized. It may,
however, be used as a protection against dewetting. On the other hand, reactively
sputtered SiyN, proved to be the best solution for the desired operation under such
harsh environmental conditions. The contact pads are still a weak point, which are not
covered by the passivation coating to provide electrical access. They can still oxidize

during the high temperature load in aggressive gaseous atmosphere.
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5 SURFACE AcousTiC WAVE DEVICES

Parts of this chapter have been published in [53, 124, 125]

5.1 Theory

Surface Acoustic Waves (SAW) exist in different shapes in nature. Earthquakes are
one of them. Heavy damages can appear in distances of up to 50 km to the epicen-
ter, due to the low damping of such waves [126, 127]. First descriptions of this phe-
nomenon were done by Lord Rayleigh in the year 1885 [128]. In the year 1911, Love
discussed propagation of horizontal shear waves and Sezawa demonstrated in the year
1927 higher order modes of Rayleigh waves [129, 130]. First small-scaled SAW devices
were realized by White and Voltmer in the year 1965 [131]. They fabricated interdigital
transducers (IDT) with a wavelength of 203.2 ym and a constant distance of 50.8 pm
between each finger electrode. The IDTs generated and received the waves on a quartz
crystal. One decade later in 1977, SAW devices were widely used as bandpass filters,
delay lines, front-end filters, pulse compression filters or as TV broadcast filters [132].
Besides quartz other materials were also used, e.g. lithium niobate LiNbOj3 or lithium
tantalate LiTaO3. Nowadays, other promising materials are investigated like langasite
LazGasSiOq4, langanite LazGas 5 Nbp 5014 or gallium phosphate GaPO,. These materi-
als offer higher electromechanical coupling of k> = 0.44 % for (langasite) compared to
k* = 0.12 for ST-X quartz in combination with higher phase velocities of v, = 2700 m/s
(langasite) or v, = 2770 m/s (langanite) compared to v, = 2343 m/s for ST-X quartz
[133-136]. To increase the operation frequencies of SAW devices one approach is to
decrease the wavelength with the drawback that a more cost intensive lithography is
needed. A second disadvantage is the increase of the signal damping. For example,
langasite has a quadratic dependency on operation frequency [11]. An alternative to
increase the operation frequency at a given wavelength A = 2.4 ym from ~1 GHz to

~2.4 GHz, is to use materials with phase velocities above 5600 m/s. A promising solu-
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tion is the combination of a non-piezoelectric substrate with high acoustic velocity like
sapphire in combination with a piezoelectric thin film such as AIN or zinc oxide (ZnO)
[137]. ZnO/sapphire features a phase velocity of 5400 m/s and a temperature coef-
ficient of delay TCD of 43 ppm/°C compared to AIN/sapphire, which offers a phase
velocity of 5700 m/s and a TCD of 0 ppm/°C [138, 139]. In this work the SAW de-
vices made of AIN/sapphire are fabricated and evaluated with respect to robustness
and stability as they are targeted to operate under harsh environmental conditions. In
the following section, the architecture of the multilayer SAW devices fabricated in this

work is presented and the experimental results are discussed.

5.1.1 Wave Generation

There are different types of surface acoustic waves like Rayleigh, Love or Sezawa
waves. Rayleigh waves are vertical transversal waves perpendicular to the direction of
propagation, whereas Love waves are horizontal transversal waves also perpendicular
to the direction of propagation. The third type are Sezawa waves, which are Rayleigh
waves of higher mode order. The primarily excited wave type depends on the crystal
orientation and electrode design. This means that several wave types can be excited
at the same time with different phase velocities but with different electromechanical
coupling efficiency. A method from Campbell et al. can be used to verify the phase
velocities of the different excited wave modes [140, 141]. By comparing the phase ve-
locities from the theoretical model with the measured ones, it is possible to determine
the excited types. Due to the different electromechanical coupling for different wave
modes and additional signal damping, some waveforms can not be measured. Figure
5.1 shows an example for the configuration for AIN and sapphire to excite measurable
Rayleigh and Love waves. In Figure 5.1(a) the (002) plane of the AIN layer is parallel
to the (0001) c-plane surface of the sapphire substrate. In this configuration indepen-
dent on the wave propagation direction Rayleigh waves are generated predominantly.
Compared to Figure 5.1(b), where the (002) planes of the AIN layer is tilted by 26° to
the (1102) r-plane sapphire surface, additional to the Rayleigh waves also Love waves
with the highest signal magnitude are excited, but with a very poor electromechanical
coupling of < 0.05 % compared to the Rayleigh wave of ~0.1 % [141]. For this work a
device design was chosen to generate primarily Rayleigh waves. Figure 5.2(a) shows
calculated deflection of the material both parallel and perpendicular to the surface as

a function of substrate depth, which were simulated by Schropp in 1988 [142]. It can
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Figure 5.1: AIN-on-sapphire configurations to generate most effectively Rayleigh

(a) and Love waves (b).
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Figure 5.2: Deflection (a) and energy distribution (b) of a surface acoustic wave as a

function of substrate depth [142].

be seen that most of the deflection is concentrated near the surface, but the wave ex-
tends into the material by almost two times of its wavelength. The energy density
shows nearly the same behavior, as ~80 % of the energy is within a depth of half the
wavelength (see Figure 5.2b).

IDTs were fabricated, which consists of two interleaving finger or comb structures.
By applying an electrical signal with an arbitrary frequency spectrum, a mechanical
wave is generated due to the piezoelectric effect. The wave moves perpendicular to
the finger axis on the surface of the substrate with a material specific sound velocity.
The waves generated by multiple finger pairs get superimposed and only waves with
wavelength of twice the electrode pitch are excited effectively, whereas other wave-
lengths are damped. As a consequence, the device is working as a frequency filter. The
sound velocity is a mechanical material constant and is in the range between approxi-
mate ~2000 m/s for langasite as substrate and 10000 m/s for AIN in combination with
diamond as substrate, where the crystallographic direction strongly influences the ve-
locity [143, 144]. For example with a wavelength of 2.4 ym operation frequencies of
833 MHz and 4.2 GHz can be reached, respectively.
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5.1.2 Design Aspects

To fabricate high temperature stable (up to 600 °C) SAW devices for operation fre-
quencies in the free useable 2.4 GHz band, sapphire is chosen as substrate. However,
to evaluate basic design aspects, such as oxidation behavior or dewetting effects of
the deposited thin films, silicon is used as a more cost efficient alternative for testing
basic device features. Due to the increasing electrical conductivity of silicon when in-
creasing temperature, the SAW devices based on silicon cannot be used above 220 °C
(see section 5.5.1) and hence, the substrate is replaced by sapphire. Independent of the
substrate, however, the basic fabrication steps are identical. Prior to deposition of the
piezoelectric AIN or AIScN thin film, an ISE step with 500 W and 6 pbar in pure argon
atmosphere was performed for 5 minutes. The piezoelectric layer thickness is varied
between 500 nm and 3000 nm, with most of the devices featuring a 2000 nm thin AIN
layer, where the influence on the phase velocity by different electrode materials and
crystal orientation of the substrate is evaluated. In the next step, the electrode material
was deposited with a nominal thickness of 40 nm. Platinum and Iridium were mainly
used as conductive material due to high melting points. Depending on the selected
material, an adhesion promoter was deposited with a maximum thickness of 10 nm.
As materials for the latter purpose titanium nitride (TiN) and tantalum (Ta) were used.
Subsequently, the contact pads were thickened with additional 200 nm platinum layer
for better contact properties and to prevent penetration of the pad material by the
probe needles. After this step, the SAW device is ready for characterization. This is a
so-called as fabricated state. Optionally, to increase the stability of the devices in harsh
environments, a passivation layer was deposited on the device to protect the frag-
ile metallization lines forming the interdigital finger structures. Only a small area of
250 pm? was opened to provide contact to the electrodes. This passivation coating step
is placed between the IDT fabrication and the thickening of the contact pads. Figure

5.3 illustrates the final device in an explosion drawing.

5.1.3 Network Vector Analyzer

A Network Vector Analyzer NVA is an instrument for measuring electrical network
parameters. The NVA generates a high frequency signal with an internal signal gen-
erator. The generated signal frequencies can range from 9 kHz (e.g. E5080A ENA
Vector Network Analyzer from Keysight Technologies) and up to 1 THz where special
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Figure 5.3: Explosion illustration with layer sequence of fabricated SAW devices.
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Figure 5.4: S-parameter relation between input and output signal for a two port
DUT.

adapters are needed, as reported by Hesler ef al. [145]. The generated signal is split into
two parts. One part is applied to the device under test (DUT). The second one is used
as a reference signal. The signal through the device will be measured at the receiver
and compared with the reference signal. The results are called scattering parameters or
S-parameters, which are complex quantities. Depending on the DUT, a combination of
reflected and transmitted parameters can be determined. Figure 5.4 shows the relation

between input and output signal based on a two port DUT.

The four S-parameters for a two port device are called:

* Sq1: input reflection
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e S,q: forward transmission
® Sqy: reverse transmission

* Sy output reflection

The indexes label the used ports. The first number corresponds to the measured port
and the second number is related to the input port. For example, the Sy;-parameter
describes the transmission losses from port 1 to port 2. The relation between input and
output can be written as:

by =S11a1+ Sppap 6.1)
by = S»1 a1+ Sy as (5.2)

where a,, is the input and b, the output signal of port n. By applying a signal on port 1
S»1 is evaluated by measuring the magnitude and the phase of the signal through the
device on port 2. Additionally, port 2 is terminated with Z; to prevent any reflection
of the port, so that the reflected signal caused only by the device can be measured
simultaneously at port 1. If the source is switched to port 2 and port 1 is terminated
with Z, the S-parameters Sy and Sy, are measured. A not perfectly matched Zy with
the DUT results in an artificially modified a; or a; and hence, has to be avoided as it
results to an erroneous determination of the parameters S1; and Sy;. Consequently, if

Zy is perfectly matched, the S-parameters are determined as followed:

b b

Si1=— ; Sy = = (5.3)
al {12:0 al 11220
b b

Sy = 2 ; Spp = — (5.4)
az {1120 az 11120

For symmetric SAW devices, as fabricated in this work, the S matrix should be sym-
metrical, thus Sy; = S1» and S1; = Sy. The used NVA is a HP8753 network vector
analyzer from Hewlett Packard, which can measure up to 3 GHz with a given number
of measurement points N = 1601. The impedance load Z; was set to 50 (). Due to
the low number of measurement points, the frequency measurement range has to be
adjusted for each wavelength, so that the resonance frequency is in the center of the in-
vestigated frequency range. Therefore, the measurement span B was between 100 MHz
and 120 MHz. As a consequence, the length of the time domain is determined accord-
ing to the following equation:

T_ N 1601

5 [s] = m[s] = 13.4 [us] (5.5)
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Figure 5.5: Typical Sy; measurements of an AIN/sapphire device with a
wavelength A = 16 pm and a distance between transmitter and receiver

of 8700 um. The AIN thickness was 2 pm.

There are two main errors, which can occur: internal ones due to imperfections in the
NVA electronics and external ones due to the impedance of the measurement wires and
contact points. These latter error sources can be corrected by a careful calibration step
applying a standard impedance substrate (e.g. P/N:143-033 from Cascade Microtech).
It consists of a ceramic substrate with a defined relative permittivity €, of around 6 and
conductive structures (short, open, matched load of 50 (2 and through) on top of the
substrate. For a SAW delay line device, two coplanar probe needles (ACP-250GS and
ACP-250SG from Cascade Microtech) are used and each of them has to be calibrated.
First, each probe is measured in the selected frequency range in open, short and 50 ()
load configuration. Additionally, both signal and ground tips are connected together to
measure the transmission loses of the cable and the contact resistance. Next, the NVA

calculates the correction factors, which are used during the measurement procedure.

5.1.4 Device Characterization

The DUT was contacted with two ACP-250 probe needles from Cascade and connected
to the NVA. Figure 5.5 shows a typical raw measurement of a SAW delay line device
with a wavelength A = 16 nm and an AIN thickness & 4;y = 2 pm on top of a sapphire
substrate. This type of device shows a damping minimum at the resonance frequency
~355 MHz with some side-lobe frequencies. For further evaluation purposes, the mea-

surement result is transferred from the frequency to the time domain, using a discrete
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tast Fourier transformation. To transform the signal from the frequency domain to the
time domain, a window function is needed. The window function weights the mea-
surement data of the signal. Furthermore, the window function forces the signal into
a mathematical periodicity of the evaluated data range, so that at the beginning and
at the end of the window the signal has the same value. This can be done using a
rectangular or a smoother window functions like Hamming or Tukey. Without this,
Gibbs phenomenon in the transformed signal can occur [146]. The Gibbs phenomenon
describes the mathematical behavior of finite Fourier series during Fourier transfor-
mation of a piecewise continuously differentiable periodic function at a jump discon-
tinuity. Large oscillations near the jump are generated with the n-th partial sum, but
they do not vanish if 7 is increased to a finite limit [147]. Furthermore, with this tech-
nique parts of the signal can be separated in the time domain and isolated for further
evaluation. Depending on the application, a suitable window function has to be cho-
sen, because a trade-off between detail frequency resolution and frequency-dependent
energy leakage has to be done. This means, that depending on the window function
energy is transferred to the side-lobes, which is called leakage effect. These can directly
be seen in the magnitude of the side-lobe. If the magnitude of the side-lobe is high com-
pared to the main-lobe, a lot of energy is transformed during the FFT from the original
signal to the side-lobe and is lost for further evaluation. This means that the main-lobe
characteristics (i.e. height and width) and the leakage effect are directly connected. A
narrow main-lobe has a high leakage effect, whereas an expanded main-lobe indicates
minor energy leakages. This dependence during transformation is purely mathemati-
cal, because during the FFT a convolution between the signal and the window function
is performed. A broader window function leads to a stronger smoothing of the signal
during the convolution process [148]. In this work, a Tukey window with a7y, = 0.3
is used for the inverse FFT to transfer the signal from the frequency to the time do-
main. This window function and the value 0.3 proved as a good trade-off between
flexibility during the automatic resonance frequency determination procedure and the
energy leakage effect. Due to the limitation of the measurement range of 120 MHz,
the first and the last 18 MHz are windowed. As a result, Figure 5.6 shows the impulse
response of the SAW device from Figure 5.5. The slope in the first few hundred ns
can be attributed to the capacitive crosstalk of the measurement setting and the side
effects of the FFT. The rise at the end is mainly due to the FFT convolution. The first

SAW signal impulse arrives the receiver at T = 1.66 ps. At T = 5 ps the triple-transit
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Figure 5.6: Impulse response sp; of an AIN device with a wavelength A = 16 pm
and a distance between the IDT’s of 8700 pm with first impulse response
T = 1.66 pm from transmitter and receiver. The triple transit signal is
located at T = 4.97 ps. Arrows just before and after the first impulse

indicates the gating times for further evaluation.

signal (TTS) is detected, where the wave is subsequently reflected by the receiver and
the transmitter and finally converted by the receiver again. It is lower compared to the
main peak, because the wave loses more energy due to three times traveling time and
the additional energy transformation processes at the IDT’s. To filter out the capacitive
crosstalk and other wave modes like excited shear waves or bulk acoustic waves, the
first impulse was windowed again with a Tukey function with agy,, = 0.3. The be-
ginning and the end of the window function are indicated with the arrows just before
and after the impulse. The position was chosen automatically. First the peak position
was detected by determining the maximum of the peak. Afterwards, a procedure for
finding the nearest minimum of the signal before and after the peak was performed.
Subsequently, the signal was Fourier transformed back into the frequency domain. Fig-
ure 5.7 shows the transmission spectrum Sp; of the gated first impulse response. Due
to the averaging process during the transformation, the signal becomes substantially
smoothed. Additionally, the base line of the signal is strongly damped, which gives
a better visualization of the resonance curve characteristics. This technique allows a
detection and evaluation of the resonance frequency for devices with a low signal-to-
noise ratio. The resonance frequency fy itself is determined by finding the maximum
of the main-lobe.

To compare SAW devices with different wave lengths, the phase velocity v, can be
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Figure 5.7: Gated first impulse response transmission spectrum S, for wavelength
A =16 pm and d = 8700 ym measured at a SAW device with a 2 ym
AIN thickness.

calculated with the following equation 5.6:
vp = fo-A (5.6)

5.1.5 High Temperature Measurements

For evaluation of SAW devices at high temperatures and in argon atmospheres, a spe-
cial measurement equipment is used. The devices were heated using a quartz tube
furnace, which allows a regulation of the atmosphere. The SAW devices were placed
on a special holder with connection to a copper center conductor having a dioxide
dielectric as insulator. Three devices could be placed in the furnace for simultane-
ous measurements. The temperature was observed using a thermocouple, which was
located inside the tube and about 4 cm away from the SAW samples so that the tem-
perature measurement deviation is below 1 °C, what is accurate enough for testing
the device functionality and robustness. The used network vector analyzer NVA for
measuring the SAW devices was a ZVL6 from Rhode and Schwarz. Due to the simul-
taneous measurement of three devices, the NVA has to be manually reconnected to the
devices for each temperature load. The advantage of the simultaneous measurement
was that several samples were annealed with the same temperature profile, allowing
a better comparison between the samples. A disadvantage of such an approach is the
different interface impedance, which can be seen in different signal loses. Furthermore,

the regulation of the temperature is very slow, so that when targeting a certain temper-
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Figure 5.8: Typical raw and gated first impulse response spectra S;; for wavelength
A = 16 pm and distance d = 4350 pum for a SAW device with an AIN

thickness h 4;n = 2 um on silicon.

ature, the systems swings over and needs quite a long time to get stabilized. Due to the
long time constant of about 45 min, the SAW measurements were performed during
the swing over. More detailed information about the measurement setup are reported

by Bardong et al. [149].

5.2 Aluminium Nitride

5.2.1 Substrate Effect

The substrate has a major influence on the SAW device performance. Figure 5.8 shows
the raw Sp; and the gated first impulse response signal for A = 16 pm, a distance
between transmitter and receiver of d = 4350 ym and an AIN thin film layer of /14,5 =
2 pm on top of a silicon substrate. Compared to a device on sapphire, as illustrated in
Figure 5.5, where the main resonance is clearly visible, the resonance lobe of the silicon-
based devices is not recognizable and only some oscillations can be seen. This effect can
be attributed to the capacitive feedthrough between transmitter and receiver caused
by the conductive silicon substrate (n-doped, resistivity: >50 Qdcm) [150]. After gating
of the first impulse response of the SAW signal in the time domain, the resonance

frequency is determined.

Figure 5.9 shows the different phase velocities v, for normalized thickness kh values,
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Figure 5.9: Measured phase velocity v, as a function of normalized AIN thickness

for SAW devices on silicon.

which are calculated according to:
kh = ZﬂhAlN/)\ (57)

The AIN thickness was varied from /i 4; = 500 nm up to h 4 = 10 pm. It can be seen
that for low kh, the phase velocity is for all wavelength values in the range between
5050 m/s and 5100 m/s and decreases with larger normalized thickness values. Be-
tween kh = 1 and kh = 1.5 the phase velocity starts to rise again. It is reasonable to
assume, that the influence of the AIN layer is low for lower kh values, because most
of the SAW energy is traveling in the substrate [151]. With increasing values of kh,
however, more energy is transferred into the AIN layer, which has a higher stiffness
compared to silicon, which results in a larger phase velocity [152, 153]. The differ-
ence in phase velocity for the same normalized thickness k& can be attributed to mass
loading effects of the electrode material, which will be deeper investigated in section
5.4. Figure 5.10 shows the dependency of v, for different wave propagation direc-
tions on a (100) silicon substrate. An angle of 0° corresponds to the [011] direction of
the silicon substrate, whereas an angle of +45° and -45° corresponds to the [100] and
[010] direction, respectively. The phase velocity has the highest value for all equivalent
(110) directions and decreases strongly for other directions. This can be attributed to
the changing Young’s modulus of silicon depending on the crystallographic direction
[154]. Silicon has a Young’s modulus of 169 GPa for (011) directions and 130 GPa for
the (001) directions, which is a difference of ~23 %. This translates into a difference in

the sound velocity according to Av, &« v AY of ~4.5 %, what is larger than the decrease
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Figure 5.10: Phase velocity v, dependency on the wave propagation direction with
an AIN film thickness of 2 pm. An angle of 0° corresponds to the [011]

direction of the silicon substrate.

of the measured phase velocity from the (011) to the (001) directions of about 1 %.
For c-plane sapphire substrates, the phase velocity increases with the normalized
thickness as shown in Figure 5.11. Similar to the silicon based devices the differences
in phase velocity for a given normalized thickness k& is attributed to mass loading ef-
fects and are investigated in section 5.4. The phase velocity itself is larger compared
to silicon, due to a higher Young’s modulus of sapphire. As observed on silicon, the
phase velocity of the SAW test structures strongly depends on the crystallographic
orientation of the sapphire substrate. For a deeper analysis, acoustic wave simula-
tion for different directions were performed in section A.3. Figure 5.12 shows a high
phase velocity for all equivalent (1120) directions of the c-plane sapphire substrate.
For the m-direction [1010] the phase velocity decreases from ~5690 m/s (a-direction)
to ~5520 m/s (m-direction), indicating that for a proper SAW device design where a
specific resonance frequency is targeted, the orientation of the substrate in wave prop-

agation direction needs to be taken into account.

5.2.2 Pre-treatment of the Substrate Surface

With an ISE process step prior to sputter deposition of the AIN layer, the grain orienta-
tion and the piezoelectric constants can be improved, as discussed in section 3.2.1. In
this section, the influence of not perfectly c-axis aligned AIN grains on the performance

of SAW devices with a wavelength A = 16 pm and h4;y = 500 nm is investigated.
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Figure 5.11: Phase velocity v, dependency of the normalized AIN thickness ki on
c-plane sapphire.
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Figure 5.12: Dependency of the phase velocity v, on wave propagation direction on
c-plane sapphire. An angle of 0° corresponds to the [1120] a-direction
of the sapphire substrate.
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Figure 5.13: Schematic of defined angles needed when investigating the theoretical

influence of tilted grains on the SAW phase velocity.

Therefore, FEM simulations of the resonance frequency shift fy due to the presence of
tilted grains were performed. The modeling approach, basics of the mathematical pro-
cedure and the evaluation of the FEM simulations are given in appendix A.4. Figure
5.13 defines the tilting the angle ¢ and tilting direction B of a SAW delay line device.
Figure 5.14 shows the impact on the simulated results in resonance frequency, when
tilting the grains parallel (8 = 0°) to, perpendicular (8 = 90°) to and with g = 45°
relative to the wave propagation direction. The wave propagation direction is along
the a-direction [1120] of a c-plane sapphire substrate. With an increasing tilt angle {
of the grains along the wave propagation direction, the resonance frequency decreases
from originally fo = 354.9 MHz to fo = 354.74 MHz at an angle { of 25°. Above,
the device parameter fj increases up to 355.38 MHz, which is even larger than at { =
0°. A tilt perpendicular to the wave propagation direction, results in a continuously
decreasing resonance frequency, leading to fy = 354.54 MHz at a tilting angle { of
55°. The change of the resonance frequency can be attributed to the effective change
in the stiffness values, resulting in a change in the sound velocity in the AIN layer.
When tilting the grains along f = 45° of the wave propagation direction the resonance
frequency fy curve is nearly the same as in the wave propagation direction (8 = 0°).
To estimate the influence of misaligned grains in the sputtered AIN layer, a mod-
ified compliance matrix was used. The compliance matrix reported by Tsubouchi
was tilted along the wave propagation direction by the angle w between -30° and
+30° [139], written in matrix form C(w). This matrix was integrated and weighted
by the rocking curve intensity distribution I(w) for SAW devices pretreated either
by ultrasonics (T1) or by ISE (T2) as introduced in section 3.2.1 (Figure 3.4(b)), ac-
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Figure 5.14: Theoretically predicted impact of AIN grain orientation (i.e. parallel,
perpendicular and 45° tilt) on the resonance frequency shift, if wave

propagation is on c-plane sapphire in [1120] a-direction.

cording to Cgyy = fjjoﬂo C(w)I(w)dw. The AlN-related material parameters such

as compliance matrix used for the simulations are given in the appendix A.2. For
the ISE and the ultrasonic pre-treatment method, the simulated resonance frequency
decreases from fp = 354.9 MHz (i.e. all grains are perfectly aligned to w = 0°)
down to fp = 354.72 MHz (ISE pre-treatment) and fy = 354.73 MHz (ultrasonics pre-
treatment). The difference between the resonance frequencies is low, which is in good
agreement with the measured resonance frequencies of fabricated samples, namely
fo = 354.84 MHz and fy = 355.32 MHz for the sample with ISE and ultrasonic pre-

treatment, respectively.

Figure 5.15 shows the impulse response signals for SAW devices pre-treated with
ultrasonics (a-c) and ISE (d-f) having distances between transmitter and receiver rang-
ing from 2175 pm up to 6525 pm. For those, which where pre-treated with ISE, the
triple-transit signal and even the quintuple-transit signal are measured. The energy
loss between each transited signal is around -20 dB and is mainly attributed to the
transformation losses in the IDTs, because the drop is nearly independent of the trans-
mitter and receiver distance. In contrast, the signals of the ultrasonically pre-treatment
devices are so heavily damped, that no triple-transit signal can be measured. The dif-
ference in the magnitude of the first impulse peak compared to the ISE pre-treated
devices is around -20 dB. This means that signal damping is increased by 20 dB for one

signal transit and thus by 60 dB for a triple transit and hence, pushing the triple-transit
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Figure 5.15: Impulse response sy; of SAW devices having different pre-treatments
and different distances between transmitter and receiver at a

wavelength A = 16 pm.

signal below the base line of the measurement signal. Figure 5.16(a) shows in detail the
signal level of the first-transit (FTS), triple-transit (TTS) and quintuple-transit(QTS) for
different distances between transmitter and receiver for T2 devices and a wavelength
of 16 nm. It can be seen that in a range of variation, no detectable propagation losses
depending on the distance are observed. Consequently, the most losses are during the
energy transformation in the IDT’s. A better visualization of the signal level of the
FTS, TTS, QTS, sevenfold-transit (STS) and ninefold-transit (NTS) signal for different
wavelength is shown in Figure 5.16(b). The mean values are calculated over different
distances between transmitter and receiver, because the distance has a minor influence
on the damping of the signal as mentioned before. At first, it can be seen for both T1
and T2, that the wavelength has an influence on the transduction loses. A continuous
increase of the wavelength in 4 pm steps increases the damping in steps by roughly 6
dB for the FTS and additionally for all T2 samples by 2-3 dB for the TTS. By comparing
the FTS for both methods, an offset of -20 dB is measured in T1 devices for all wave-
lengths. When taking the accumulation of these additional transduction losses at each
IDT into account, it is clear that the TTS signal of the T1 devices is damped by -60dB
and thus below the measurement limit of around -125 dB. The energy loss of the TTS
and of the QTS signals for T2 devices is approximately -20 dB per double transit. The
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Figure 5.16: (a) Damping range of SAW signals for different distances between
transmitter and receiver for a wavelength of 16 pm. (b) Damping of the
SAW signal after the first-transit (FTS), triple-transit (TTS),
quintuple-transit (QTS), sevenfold-transit (STS) and ninefold-transit
(NTS) for the ultrasonic and ISE pre-treatment.

signal can be detected until it reaches the lower limit, which means for a wavelength
of 24 pm that only the TTS signal could be measured, whereas for a A = 8 pm even the
ninefold-transit signal is measureable.

It is reasonable to assume, that with a lower AIN quality (e.g. higher leakage current

behavior, lower grain homogeneity), parasitic effects are increased [49, 65].

5.3 Scandium Doped Aluminum Nitride

To enhance the piezoelectric coefficients d3; and d33 by a factor of ~3, AIN is doped
with scandium by using an alloyed target of 27 %,; scandium and 73 %;; aluminum
for film synthetization [153, 155, 156]. Higher piezoelectric coefficients lead at a given
excitation voltage to a significant increase of the mechanical deformation of the crystal
structure and hence, to a better signal to noise ratio at the receiver. Figure 5.17 shows
the phase velocity v, on silicon based devices as a function of the normalized thickness
kh. The overall phase velocity is around 100 m/s lower compared to a similar device

design with pure AIN, see Figure 5.9. The difference in the phase velocity between pure

92



5.3 Scandium Doped Aluminum Nitride

5040 T T T T T T T T
| = A=24 um]| |
5000 3_% - .
@ 4960 :{I 4
2 A =16 um
‘f‘& 4920 I II v A=12pum|4
Q 4880 - T F u
< I £
L 4840 - ='= 4
4
% 4800 - l _|_ _
~ T
4760 4
4720 T I l
i 1 1 1 1 1 1 1 1 ]

0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6
Normalized Thickness kh

Figure 5.17: Phase velocity v, as a function normalized thickness ki of AIScN on

silicon.

and scandium doped AIN is attributed to the lower Young’s modulus of ~306 GPa of
the AIScN layer compared to ~345 GPa of AIN [139, 156]. The phase velocity decreases
for AIScN layers with layer thicknesses up to kh = 1.2. Above, the phase velocity starts

to increase again. The same behavior is observed for pure AIN layers (see Figure 5.9).

Figure 5.18 shows the phase velocity v, with respect to the wave propagation direc-
tion along different crystallographic orientations. 0° indicates the [011] direction on a
(100)-plane silicon wafer. The behavior is similar to the AIN layer, where in the (011)
directions a higher phase velocity is reached. For other direction besides (011) the
phase velocity is lower. For example SAW devices with a wavelength A = 24 pm, the
phase velocity deceases from 4935 m/s to 4849 m/s. A reason is the different Young’s

modulus of the substrate in wave propagation direction.

AlScN SAW devices were also fabricated on c-plane sapphire substrates. Figure 5.19
shows the phase velocity as a function of the normalized thickness kh. As expected,
the phase velocity decreases with increasing thickness of the AlScN layer, because a
higher portion of the wave propagates inside the piezoelectric layer (see Figure 5.2).
The maximum phase velocity v, = 5669 m/s was achieved at a wavelength A = 24 ym
and an AIScN thickness # = 500 nm which corresponds to a normalized thickness
kh = 0.13. It is reasonable to assume, that due to the large wavelength and thin AIN
layer most of the wave energy is traveling inside the substrate, which has a higher

Young’s modulus and therefore the overall effective modulus is higher.

Figure 5.20 shows the dependency of the phase velocity on the wave propagation
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Figure 5.18: Angle dependence of the phase velocity v, of AIScN-based SAW
devices with a thickness /1 = 2 pm on (100) silicon. An angle of 0°

corresponds to the [011] direction.
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Figure 5.20: Dependency of the phase velocity v, for different wave propagation
directions with an AlScN thickness & = 2 um. An angle of 0°

corresponds to the [1120] direction on a c-plane sapphire substrate.

direction. 0° corresponds to the [1120] direction on a c-plane sapphire substrate. The
phase velocity is anisotropic and shows the highest value in all a-directions. It de-
creases by approximately 2.5% in all m-directions of the hexagonal crystallographic
structure of the sapphire substrate. This can be directly linked to the different stiffness
values associated with different directions, which is discussed in detail in section A.3,

where the phase velocity is calculated for devices on sapphire.

5.4 Mass Loading Effects

The substrate material has an influence on the phase velocity, as shown in the previous
sections 5.2 and 5.3. This chapter deals with the influence of additional material on top
of the piezoelectric thin film. Two kinds of additional layers are addressed, namely the

conductive electrode and the passivation layer.

5.4.1 Electrode Layer

Important device components on top of the piezoelectric thin film are the inter-digital
transducer elements. These IDTs consist of a conductive material, which can be alu-
minum, copper or a high temperature resistant material like platinum or iridium, es-
pecially when targeting harsh environmental applications. Figure 5.21 shows mea-

surement and simulation results of SAW devices with AIScN as the piezoelectric ma-
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Figure 5.21: Measured and simulated phase velocities v, of AISCN SAW devices as

a function of normalized thickness kh [124].

terial on sapphire with platinum electrodes. The thickness of the IDTs was chosen to
d = 50 nm independent of the wavelength. It can be seen, that for the same normalized
thickness ki and different wavelengths A the phase velocity v, differs. The simulations
show that the reason is due to mass loading, caused by the platinum electrode mate-
rial, as simulations with an electrode mass of zero indicate no difference in the phase
velocities for a given kh value and different wavelength. The measurement as well
the simulation results also exhibit, that for a higher normalized thickness kh the sig-
nal damping effect is increased at larger wavelengths. The different slopes between
the measured and simulated values can be explained by the not perfectly matched
AlScN material parameters, which were derived from ab initio simulations, reported

by Mayrhofer et al. [156] and are given in the appendix A.2.

5.4.2 Passivation Layer

As demonstrated in the previous section 5.4.1, additional weight due to the electrode
material on top of the piezoelectric layer reduces the phase velocity. However, for
harsh environments, these fragile and thin electrodes have to be covered and protected
by an additional passivation layer when targeting reliable and long-term operation of
the SAW devices. Therefore, three different materials (SixN,, Al,O, and AIN) were de-
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posited on SAW structures. As shown in chapter 4, Siy N, promises the best oxidation
resistance up to 1000°C. Nevertheless, for lower temperatures up to 700 °C, both AIN
and Al;Oy can also be used, to reduce the number of different materials involved to
a minimum and hence, the impact of thermo-mechanical stress arising from different
temperature coefficients of thermal expansion. The sputter parameters for the passi-
vation layers are listed in section 4.4. Figure 5.22 shows the shift of the phase velocity
vp as a function of both the type and the thickness of the deposited passivation layer.
AlOy shows the highest damping in phase velocity per unit of the passivation layer
thickness of around -0.41 m/s-nm for a wavelength of 12 pm, whereas for increasing
wavelength the damping of the phase velocity is decreased. At A = 24 ym, the damp-
ing for increasing passivation layer thickness is at around -0.20 m/s-nm. SiyN, shows
the same effect where a shift from -0.39 m/s-nm (A = 12 ym) down to -0.22 m/s-nm
(A = 24 pm) is observed. The lowest influence on the phase velocity is observed
by AIN, where the damping is -0.35 m/s-nm and -0.17 m/s-nm for A = 12 pm and
A = 24 pm, respectively. It is reasonable to assume, that when increasing the oper-
ation frequency more mechanical energy is transported in the passivation layer and
hence, the stiffness of the passivation layer has more influence on the overall effective

stiffness, the waves experience.

5.5 High Temperature Measurements

In the following section, the influence of high temperature loading on the performance
of SAW devices in varying atmospheres is investigated. Two approaches are done,
namely SAW device characterization in situ or before and after an annealing step. At
tirst, devices on different substrates like silicon or sapphire are analyzed. Furthermore,
the piezoelectric AIN layer was replaced by AlScN, to evaluate the impact of higher
piezoelectric coefficients on the output signals characteristics. Finally, to improve the
high temperature stability, SAW devices with AlN, and SixN, passivation coatings

are fabricated and measured.

5.5.1 Impact of Substrate Type

As seen in section 5.2.1, SAW devices on silicon show a poor signal-to-noise ratio in

the raw signal characteristics due to the increased electromagnetic crosstalk, such that
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only a signal oscillation at the resonance frequency is detected. For devices on sapphire
having the same geometrical dimensions, a clear main lobe is measured. In Figure 5.23
gated Sp; measurements both on sapphire (a) and silicon (b) are shown. The measure-
ments on both substrate types were performed from 25 °C up to about 810 °C in steps
of about 200 °C for both materials. The thickness of the piezoelectric AIN thin film
layer was h 4y = 2 pm with a IDT wavelength A = 16 um. For sapphire a signal up
to the maximum measured temperature can be observed with a resonance frequency
shift indicated by arrows. The shift in the resonance frequency is attributed to the
temperature-induced change in device length as well as in the modification of the me-
chanical stiffness of the materials involved [157]. The difference in insertion loss may
be due to small variations of the contact resistance, due to the reconnection of the de-
vices between each measurement step. For the silicon-based device architecture, the
signal at T)y = 216 °C is still measurable and vanishes completely at Ty; = 464 °C.
Up to 216 °C the temperature coefficient of resonance frequency is 5.2 kHz/°C. After
temperature loading, the SAW device still works at room temperature, as seen in Fig-
ure 5.23(b). At higher temperatures, the electrical conductivity of the silicon substrate
increases and therefore the electromagnetic crosstalk is increased, leading to a higher
energy loss and hence, less energy is transferred into the mechanical wave, so that the
SAW signal disappears. The silicon system is therefore not suited for such high tem-
perature measurements, but can be used to evaluate the degeneration of the deposited
layers with pre- and post- annealing measurements. The results of such investigation

are reported in the section 5.5.4.

In contrast to the previous investigations, Figure 5.24 shows continuous high tem-
perature measurements. With increasing temperature, the resonance frequency de-
creases, due to expansion of the materials and the decrease of the stiffness of the var-
ious materials. Starting at Ty = 600°C modifications of the electrode material occur,
which lead to lower signal losses. These trend changes again starting at T); = 800 °C,
where the electrode material properties are modified such that a dramatically drop
of the output signals occurs. These additional losses do not recover after having de-
creased the applied temperature. Furthermore, it is reasonable to assume, that an ad-
ditional modification of the piezoelectric layer occurs due to the diffusion of gaseous
specimens from the air atmosphere into the layer, which causes changes for example
in the intrinsic stress, leakage current or surface modification (see section 3.3). The

latter modification may change the effective Young’s modulus of the device, resulting
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Figure 5.23: High temperature S;; measurements of AIN SAW devices on sapphire
(a) and silicon (b) substrates with a 40 nm thin Ti/Pt bilayer electrode.

The arrows indicate the position of the main resonance frequency.

in a direct influence on the phase velocity according to v, o VY. As a result, a reso-
nance frequency shift at a given measurement temperature occurs between heating up
and cooling down cycle. For reason of comparison, only the heating up ramp will be
evaluated in the following sections, as similar results are gain from the cooling down

phase.

5.5.2 High temperature performance of AIN and AlScN-based SAW devices

To analyze the influence of scandium doped AIN compared to pure AIN on SAW per-
formance at elevated temperatures, devices based on both materials with 2 pm layer
thickness and a wavelength of A = 16 pm were fabricated. As electrode material, a
combination of tantalum as adhesion promoter and platinum as the conductive ma-
terial was used. In Figure 5.25 the evaluated resonance frequency as a function of
temperature is shown. The difference in the absolute maximum resonance frequencies
~354 MHz for AIN and ~348 MHz for AIScN can be explained by the different Young’s
moduli of ~345 GPa and ~306 GPa, respectively [139, 156]. The measurement starts at
room temperatures and goes up to ~820 °C in steps of around 200 °C. The temperature
coefficient of resonance frequency (TCF) is -27.62 kHz/°C for the device with AIN and
-27.81 kHz/°C for AlScN. Independent of the active material both device types behave
similar, as sapphire serves as substrate. Compared to literature, the TCF is around

(f — fo)/ fo = —78 ppm/°C, which is in good agreement with devices from Legrani
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Figure 5.24: High temperature SAW characterization showing resonance frequency
and S»1 ax as a function of measurement temperature. Devices were
fabricated with 2 um AIN on sapphire and a total TiN /Pt electrode
multilayer thickness of 40 nm and a wavelength of A = 12 pm without

a passivation layer.

et al. [158]. Both piezoelectric materials in combination with sapphire proved enough

temperature robustness to be operated up to temperatures of 820 °C.

5.5.3 Passivation Layers

Gaseous oxygen (e.g. from the air) can cause especially at elevated temperatures sever
damage due to undesired oxidation of functional device layers during operation. These
undesired influence of oxygen on the key material properties such as piezoelectric coef-
ficient, intrinsic stress, surface morphology or leakage current are shown in section 3.3
and section 4.3 for the piezoelectric AIN and the electrode layer, respectively. As shown
in section 4.4, a passivation layer can protect these elements like the piezoelectric AIN
and the electrode layer against such effects like oxidation or delamination. On the
other hand, an additional layer has a direct influence on the phase velocity (see section
5.4.2 for different passivation layers). To investigate the high temperature performance
of passivated SAWs, devices with Al,O, and SixN, as coatings having a thickness of
d = 100 nm were fabricated and measured from 25 °C up to around 820 °C in argon
atmosphere. The wavelength of the IDT’s was A = 16 pm with an electrode bi-layer of
5 nm tantalum and 40 nm platinum on top of a 2 ym piezoelectric AIN layer. Figure

5.26 shows the resonance frequency as a function of measurement temperature. The
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Figure 5.25: Temperature dependence of the resonance frequency TCF of SAW
devices on sapphire with AIN (a) and in addition with AlIScN (b) as

piezoelectric material with a wavelength A = 16 pm of the IDT’s.

temperature coefficient of resonance frequency (TCF) is -26.23 kHz/°C (-56 ppm/°C)
for Al,O, and -25.37 kHz/°C (-54 ppm/°C) for SiyN,. The difference compared to the
device without passivation is around ATCF = 0.39 kHz/°C and 1.25 kHz/°C, respec-
tively. The influence of an additional 4 = 100 nm passivation layer is ~1.5 % (Al;Oy)
and ~4.9 % (SixN). As a result of the additional coating material, the sensitivity of the
system is reduced by ~23 ppm/°C.

5.5.4 Oxygen Atmosphere

In order to evaluate the performance under harsh oxidizing environments, SAW de-
vices with and without passivation layer were fabricated. The thickness of the piezo-
electric AIN thin film was fixed to h4;ny = 2 pm on silicon. Silicon was chosen due to a
better availability of the substrate material and due to the fact that SAW characteriza-
tion before and after the annealing gives valuable feedback on the basic functionality,
as shown in Figure 5.23. For annealing temperatures T4 = 600 °C and T4 = 700 °C
devices with a wavelength of A = 20 um were selected, whereas for T4 = 800 °C up to
T4 = 1000 °C devices with a wavelength of A = 16 pm are used. This variation in the
wavelength with approximately the same phase velocity guarantees a better coverage
of a targeted frequency bandwidth for further applications, being between 240 MHz
and 340 MHz. Devices were placed for 24 hours in a furnace at different annealing tem-

peratures and pure oxygen atmosphere under a constant oxygen flow of 100 sccm. The
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Figure 5.26: Temperature dependence of the resonance frequency of SAW devices
at a wavelength A = 16 um with additional Al,O, and Six N, coatings

as passivation having a thickness d = 100 nm.

robustness was tested by measuring the main lobe. Therefore, the resonance frequency
was measured prior to the deposition of the passivation layer, before the annealing
step and after the annealing step. If the main lobe is not measurable after the anneal-
ing step, the sample was marked as failure. Figure 5.27 shows typical Sy; parameter
measurements for samples before deposition of a passivation layer (as fab.) and with
a 50 nm Si, Ny passivation layer before (pre) and after the annealing step (post). Even
after Ty = 700 °C the sample shows a signal after the harsh environmental load and
is confirmed as still working SAW device. This result is in contrast to the sample after

Ta = 800 °C, where the signal vanished and therefore is declared as failure.

The following Table 5.1 shows at which temperature the different devices fail. With-
out passivation, the devices withstand a maximum annealing temperature of 600 °C.
With a 50 nm thin AIN passivation layer annealing temperatures up to 800 °C are pos-
sible. When increasing the thickness of the coating a maximum of 700 °C is achieved.
A reason could be the additional thermal induced intrinsic stress, which leads to de-
lamination effects. On the other hand, SixN, showed in section 4.4 good passivation
properties up to 1000 °C, but on top of the SAW device only temperatures up to 700 °C
could be realized before device failure. Above this temperature range, none of the de-
vices worked after temperature loading. Al,O, reaches only with a thickness of 50 nm
an annealing temperature of 800 °C. Above 100 nm, all devices failed, only the devices

with a 250 nm passivation thickness survived T4 = 600 °C.
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Figure 5.27: Typical Sy parameter measurements for SAW devices without
passivation (as fab.), and with a 50 nm Si, N, passivation layer before
(pre) and after (post) high temperature annealing in oxygen for 24 hours
atof Ty =700 °C (A = 20 pm) and T4 = 800 °C (A = 16 nm).

Table 5.1: Overview on the SAW device failure for selected passivation layer
materials and thicknesses after annealing at varying temperatures in

oxygen atmosphere for 24 hours.

Passivation Thickness

Layer [nm] 600°C 700°C 800°C 900°C 1000-°C
None 0 v - - - -
AIN 50 v v v - -
AIN 150 v v - - -
AIN 250 v v - - -
AIN 400 v v - - -
Al Oy 50 v v v - -
Al Oy 100 - - - - -
Al Oy 250 v - - - -
Al Oy 400 - - - - -
SixNy 50 v v - - -
SixNy 100 v v - - -
SixNy 250 v v - - -
SixNy 400 v v - - -
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To investigate the reason of failure, optical analysis of the devices was performed.
Figure 5.28 shows images of annealed devices with passivation layers of SixN, and
AlOy. At Ty = 600 °C for d = 100 nm SiyN, the connection pads as well as the pas-
sivation layer on top of the IDT’s show no indications of degeneration, as illustrated
in Figure 5.28(a). If T, is increased to 800 °C, delamination of the passivation layer
deposited above the electrode and the contact pads starts to occur. Such delamination
of the connection pads can be seen for 350 nm AI,Oy in Figure 5.28(b), which was an-
nealed at 700 °C. The passivation layer delaminates itself from the electrodes, which
leads to locale flake formation, as can be seen for 100 nm Si, Ny after 800 °C load in
Figure 5.28(c1). The electrode starts to de-wet, indicated by the black holes in Figure
5.28(c2). After T4 = 1000 °C, however, the whole device looks different. The passiva-
tion layer and perhaps even the AIN layer arranged below oxidize to a certain degree,
indicated by the different colored reflection of the layers (see Figure 5.28(d1)). The con-
tact electrode, however, oxidizes and generates volatile gaseous PtO; (see section 4.1).
For the electrode material below the passivation layer, it is difficult to determine, if it
is still there or already diffuse inside the AIN layer, which changes the reflection index
and hence, only a shadow is visible (see Figure 5.28(d1-2)). In contrast to the results of
section 4.4, where the active AIN layer was successfully protected by the SixNy in oxy-
gen atmosphere for 24 hours, the passivation is not that effective, on device level. It is
reasonable to assume, that with the additional electrode layer between the AIN and the
SixN, additional stress inside the layer is generated, which leads to a lower diffusion
resistance and hence, oxygen can diffuse to the layers arranged below. Additionally
to these effects, the different temperature coefficients of expansion of the materials in-
volved generate further stress especially at the interface between different layers. As
a result of the additional stress component, the adhesion is reduced and the layers de-
laminate. For Al,Oy as passivation layer the result is similar. Figure 5.28(e1-2) shows a
device with a 250 nm thin film after temperature loading at 900 °C. It can be seen, that
bubbles-type structures are formed on top the Al;Oy electrode material with partial
delamination of the layer. As both systems are showing delamination effects at ele-
vated temperatures, SiyN, is preferred as passivation layer due to its better adhesion

and its overall robustness.
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Figure 5.28: Optical microscope and SEM images of annealed samples in oxygen
atmosphere. 100 nm Si, Ny at T4 = 600 °C (a), 350 nm Al O, at
T4 = 700 °C (b), 100 nm SiyN, at T4 = 800 °C (c) and T4 = 1000 °C (d)
and also Al,O, with a thickness d = 250 nm at T4 = 900 °C (e).
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5.6 Conclusions

The combination of high temperature robust materials like the piezoelectric AIN thin
film on top of sapphire offers the opportunity to fabricate SAW devices for harsh envi-
ronmental applications with high phase velocities. AIN itself showed high resistivity
against diffusion and hence, is robust against any changes of the intrinsic stress up to
600 °C. This limit of 600 °C can be expanded with Si, N, as a passivation layer on top of
the structure. The passivation layer prevents any oxidation of the AIN layer during an
annealing sequence for 24 hour at 1000 °C, but it failed if an additional electrode layer
is placed between the AIN and the passivation layer, as needed in a SAW device archi-
tecture. This can be attributed to a low adhesion between the different layers, because
delamination effects occurred at temperatures above 700 °C. AIN and Al,O, are not
recommended as barriers against oxygen diffusion, because AIN oxidizes as shown in
section 3.3.3 and the alumina layer only delays the oxidation process. At lower tem-
peratures levels up to 600 °C, AIN may be used as a passivation layer as a possible
solution against dewetting of the electrode layer. Doing so, the number of different
materials in the device architecture is reduced to a minimum, when operated in an at-
mosphere consisting of inert gas. Therefore, the most promising material, which was
studied, is SiyNy. It protects the active layers best within this study, but the adhesion
to the electrode material is poor and further investigations have to be done on this as-
pect. Furthermore, the combination of piezoelectric AIN films on top of sapphire offers
higher phase velocities by a factor of 2 compared to commercially used materials such
as langasite. Finally, the electrode material is of major importance to SAW devices.
During high temperature load in inert or chemically aggressive atmospheres, the thin
metallization lines get degenerated. Platinum and iridium were chosen, because of the
high melting point with good electrical performance. The disadvantage of these ma-
terials is their high density, which leads to a reduction in phase velocity and a shift in

the resonance frequency due to the mass loading effect.
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6.1 Conclusions

Surface acoustic wave devices are well established now for several decades. They are
mainly used in the telecommunication sector as frequency filter or signal delay lines.
For several years, SAW devices are additionally investigated for high temperature ap-
plication. A high potential as robust active layer for sensor and actuator systems shows
reactive sputter deposited AIN. Annealing experiments revealed a stable micro struc-
ture in varying gas atmospheres up to 700 °C. At higher temperatures, however, oxida-
tion or diffusion of gaseous constituents like oxygen or nitrogen from the correspond-
ing annealing atmosphere into the layer is observed, resulting in film degeneration.
In oxygen atmosphere the film changes the chemical composition from pure AIN to
alumina. Furthermore, the leakage current behavior changes from dominating Pool-
Frenkel towards a combination of different mechanisms. At an annealing temperature
of 1000 °C, a 500 nm thin AIN film is completely oxidized after about 3 hours. At
thicker AIN layers, this effect is only delayed, since the oxidation starts at the surface.
Overall, AIN thin film layers promise reliable operation in harsh environments with
temperatures up to 700 °C without measurable degeneration.

For a reliable operation of electrical devices, also conductive materials need to with-
stand the harsh environmental conditions. Common material like aluminum are not
suited due to their low melting point of 660 °C. Therefore, high temperature stable
materials like platinum or iridium are the typical candidates of choice. These mate-
rials show a stable behavior up to temperatures of around 700 °C. Above, oxidation,
agglomeration and desorption of the thin film layers are observed, which is accom-
panied with an increase in electrical film resistivity. In agreement with the Thornton
structure model, the deposited platinum films feature a Zone T morphology, which
means, that during the deposition a lot of defects are generated, leading to a higher

film resistivity compared to the bulk value. During high temperature loading, these
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defects are getting annealed, what decreases the resistivity of the electrode metalliza-
tion. This effect was not observed with iridium. A reason could be the higher melting
point of iridium (bulk, 2446 °C) compared to platinum (bulk, 1768 °C). To further im-
prove the high temperature stability, investigations of reactively sputtered passivation
coatings were performed. Similar to the piezoelectric layer, an AIN passivation oxi-
dizes at higher temperatures and can only be used up to 700 °C, where no oxidation
was observed. Therefore, this material can only be used to prevent dewetting of the
conductive paths. Reactively sputtered Al;Oy shows similar properties compared to
AIN, because oxygen diffuses through the layer. Compared to Al,O,, the latter layer
slows down the oxidation process at 1000 °C by a factor of 3 determined at 500 nm thin
AIN layers, but finally AIN oxidizes completely. The best solution was found when
applying reactively sputtered SixN,,. A thickness of only 100 nm prevents oxidation of
a covered AIN layer for at least 24 hours at a temperature of 1000 °C in a pure oxygen
atmosphere. A weak point is, however the poor adhesion between the different layers

when integrating this material in a device architecture.

Surface acoustic wave devices with an AIN thickness of 2 pm on top of sapphire
substrates show a phase velocity of around ~5670 m/s. The phase velocity itself has a
dependency on the crystallographic structure of the substrate with respect to the wave
propagation direction. This behavior can be directly linked to the difference in the
Young’s modulus in different directions. Basically, a higher Young’s moduli results in
a higher phase velocity. Simulations of SAW devices also showed that the electrode
mass has an influence on the phase velocity. Electrodes consisting of heavy elements
like platinum decrease the phase velocity significantly. Depending on the device di-
mensions, the difference can reach 1 % compared to a device with a light electrode
material such as aluminum. Despite this drawback from high temperature stable met-
allization systems, SAW devices showed a good temperature sensitivity with a temper-
ature coefficient of frequency TCF of about -28kHz/°C from room temperature up to
800 °C in argon atmosphere. With an additional passivation layer the TCF is reduced
by 2-3kHz/°C to ~-25.5kHz/°C. For evaluating the robustness in oxygen atmosphere,
the performance of the SAW devices is measured before and after the annealing step.
Without passivation, devices withstand temperatures up to 600 °C. With passivation
coatings, the maximum temperature can be increased by 100 °C to 700 °C indepen-
dent of the passivation coating thickness. The main reason, why temperatures above

700 °C could not be reached is the poor adhesion between the different layers. At these
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temperature levels, delamination effects start to occur leading in the worst case to a

complete failure of the SAW device.

6.2 Outlook

A technological problem, which occurred during device fabrication is the used sputter
deposited for the electrode fingers in combination with a lift-off process. Basically, it is
straight forward process for pattering within a MEMS device fabrication process, but
with the problem that part of the material remains at the side walls, thus preventing a
proper coverage by the passivation coating. To solve this problem, the implementation
of a reactive ion etch step instead of the lift-off process should be considered. With a
continuous metallic layer and a subsequent dry etch process, the layer can be fabricated
with known stress and a better dimensional accuracy.

As a summery, AIN on top of sapphire is a promising combination for high tem-
perature MEMS devices. The AIN layer itself is stable up to 700 °C, so that above
this temperature, a passivation coating is recommended. This work showed that reac-
tively sputtered SixN, is well suited for passivation purposes. It can be deposited at
temperatures below 150 °C, which is an advantage for device fabrication when using
temperature sensitive sacrificial layers. These SAW devices can operate in harsh en-
vironmental up to 700 °C. But this work also showed some weak points of the device
architecture. One is the poor adhesion between the different layers during high tem-
perature loadings. Some layers delaminate from each other and therefore the electrical
metallization lines get damaged or oxidized. This can cause a variation of the conduc-
tion path even at the same IDT structure, resulting in a decreased performance of the
SAW device. Finally, the contact pads, which are not covered by the passivation layer,
can degenerate during high temperature loading in harsh environments.

Following works on this topic should focus on increasing the adhesion between the
different layers. One approach could be to use special adhesion layers or some care-
tully selected pre-annealing steps during the fabrication of the devices in order to in-
crease adhesion. Furthermore, it should be considered not to open the passivation
layer for electrical contact to the IDT’s, but rather use a design utilizing a capacitive
coupling through the layer. After all, this work showed the high potential of AIN on
sapphire for high temperature SAW sensor applications up to 700 °C even in oxygen

atmosphere. Furthermore, due to the passive behavior of the device and by connecting
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to an antenna, a wire-less and battery less sensor can be realized.
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A APPENDIX

A.1 Ab initio - DFT calculation

For the realization of new materials, the knowledge of the material properties like
piezo-electricity or stiffness are very important. Pre-investigations with theoretical
modeling of the material structure can reduce and simplify the experimental effort
substantially. For the doping of AIN, the theoretical lattice parameters (a, c) can be ver-
ified with XRD measurements. Additionally, the piezoelectric and the elastic constants
can be calculated and therefore the number of the experiments can be minimized. The
quantum mechanical description of such system can be calculated using the wave func-
tion ¥(7,, R, t), which is a position function in the atomic lattice with the dependency
of M nucleons R;, n electrons r;, the electron spin ¢; and the time ¢. Furthermore, the
Schrodinger equation has to be solved. The equations are written in non-relativity
form [159]:

ihgsz (A.1)
. 1 1 1& 1 e*7Z;
G o2 1 L2
ZEmzvl 2; le ri — Ry
i=1 =1 il A2
10 o2 N 2R.7 ( ) )
4= Z k41
2 i£j |7‘1 1”]" k;«él ’Rk - Rl'

The Hamilton operator H describes the energy state of the system. From left to right,
the terms correspond to the kinetic energy of the electrons as well as the nucleus, the
Coulomb energy of the nucleus as well as the electron-electron and nucleus-nucleus
interaction. If the system is time-independent, the stationary Schrodinger equation
(AO(7,7, R) = EO) can be used.

Another approach to calculate the material properties uses the density function theory

(DFT), which was introduced by Kohn in the year 1965. He used the electron density
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n(r) instead of the wave function, which reduced the problem from 3# to three vari-
ables [160]. With this approach, it can be shown that the initial state can be described
accurate enough through the electron density [161]. Therefore, the real system of in-
teracting particles is changed to non-interacting particles. The calculation of the initial
state according to Kohn-Sham yields the solution of the initial state. But a problem
arises with the exchange correlation V., (7) term and the equation can not be solved,
because the exact form of V,,(r) is unknown, which describes all possible effects of a
many-body problem [160]. Therefore, the term will be exchanged with approximated
functions like the local density approximation (LDA) or with the generalized gradient
approximation (GGA). With the LDA, only local exchange reactions are considered.
The result is applicable only for homogenous electron distributions in a material. By
an extension to the LDA, the GGA considers additional the gradient of the electron
density distribution n(r) at the position r. The results of this work are based on the
work of Perdew and Wang [162]. To solve the Kohn-Sham equation, the so called pro-
jector augmented wave (PAW) is used. It reconstructs the wave function and fixes the
inner electrons, which do not participate in the chemical bonds [163]. Consequently,
the energy of the system can be calculated based on the position and the chemical
mixture of the initial state. For ab initio calculations of a doped system, the local distri-
bution of the atoms is important. The values of the c-matrix are determined by using
a random distribution of the doping elements in the aluminum lattice using a special
quasi-random structure (SQS). The dimension of the system was a 4x4x2 unit cell with
128 atoms.

For the determination of the ab initio based elastic constants, the structure is strained
6 times using the universal independent coupling strain approach [164]. The strained
structure is relaxed and from the observed relation of mechanical stress and strain,
the linear elastic tensor C;; can be evaluated using a fitting tool. Finally, a hexagonal
projection of the elastic tensor is implemented to get the symmetry of the crystal back
[165]. Using DFT perturbation theory as a final step, the piezoelectric tensor ¢;; of the

cells is calculated.
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A.2 C-Matrix

A.2 C-Matrix

In the following, the c-matrix and Young’s moduli for AIN, AIScN and modified AIN
are listed. The parameters for AIN were taken from literature [139].

\

(345 125 120 0

0 0
125 345 120 0 0 0
G — 120 120 395 0 0 0 | G a3
0O 0 0 118 0 0
0 0 0 0 118 0
(0 0 0 0 0 110]
0 0 0 0 —048 0
eij=14 0 0 0 -048 0 0pC/m? (A4)
—0.58 —058 155 0 0 0

The parameter for AIScN were calculated in cooperation with the Institute of Materials

Science and Technology by Dr. Holger Euchner using DFT method.

( 305.8896 139.6300 129.5984 0

0 0
139.6300 305.8896 129.5984 0 0 0
129.5984 129.5984 253.2919 0 0 0
Ci]' = GPa (A5)
0 0 0 95.6678 0 0
0 0 0 0 95.6678 0
. 0 0 0 0 0 83.1298 |

—0.0009 0.0002 0.0015 —0.0001 —0.0265 0.0066
j =14 00043 —0.0043 0.0010 —0.0274 0.0010  0.0011 o *10""m/V (A.6)
—0.0598 —0.0624 0.1624 0.0011  0.0020 —0.0011

d

—0.0042 0.0140 0.0259 —0.0008 —0.2529 0.0533
eij =4 0.0816 —0.0575 0.0225 -0.2619 0.0097  0.0091 C/m? (A.7)
—0.6433 —0.6854 2.1222 0.0106  0.0195 —0.0086

To implement the influence of tilted grains occurring in sputtered AIN layers, the

AIN compliance matrix from Tsubouchi was rotated and weighted with mean values
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gained from the rocking curve measurements from section 3.2.1.

(3450179 1249887 1200312 0 0 0
124.9887 345.0179 1200312 0 0 0
¢, = [1200312 1200512 3948410 0 0 O Uepe (ag
0 0 0 118018 0 0
0 0 0 0 118018 0
|0 0 0 0 0 110.0146
0 0 —05763 0 0  —05763
eij = 0 0 15423 0 —04764 0 o C/m’ (A9)
047646 0 0 0 0 0

A.3 Acoustic Wave

In solids, two types of waves are observed: longitudinal and shear waves. The velocity
v of acoustic waves is related to the density p and the elastic constant ¢, according to

the following equation [166]:
v=1/c/p (A.10)

An approach to calculate the phase velocity, which considers the wave normal N and

the polarization direction U, the Christoffel equation is applied:
pUZ Ul' = Cijkl NjUkNI (A.ll)

The derivation of the Christoffel equation, based on Newton’s laws and the differential
volume element, is given in [166]. By performing a contraction over j and / the equation
becomes

00*U; = Cyly, (A.12)

where
Cik = CijkleNl- (A.13)

The four-order stiffness tensor ¢;ji; can be written as a tensor of second-order using the

Voigt notation. In matrix form the Equation A.12 becomes
ov*l = CU. (A.14)

To calculate the phase velocity, the eigenvalue problem of the product pv? has to be
solved. For bulk acoustic waves the calculated velocities are faster by a material spe-

cific factor R compared to surface acoustic waves [166]. To estimate the influence of the
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A.4 SAW Simulations

A =24 um
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Figure A.1: Normalized calculated phase velocity (solid line) and measured phase
velocities of 2 pm AIN layer on top of sapphire (points) dependent on
the wave propagation direction. An angle of 0° corresponds to the

(1120) direction of the sapphire substrate.

substrate on the phase velocity of multi-layer structures depending on the wave prop-
agation direction along different substrate orientations, the calculated wave velocities
are normalized to the measured phase velocities along the [1120] direction of c-plane
sapphire. Figure A.1 shows normalized calculated phase velocity and measured phase
velocities of SAW devices with A = 24 ym and /i 4;n = 2 pm, which are also shown in
section 5.2. The measurements are in good agreement with the calculated wave veloc-
ities. As expected the physical property of SAW devices must include the symmetry
of the point group of the substrate, which was first approached by E. Neumann [167].
The deviation at 30° can be attributed to the influence of the AIN layer stiffness.

A.4 SAW Simulations

To extract parameters from SAW devices, such as phase velocity, a detailed experimen-
tal study has been performed. Therefore, for each parameter and design dimension a
new device has to be fabricated. To understand the properties of the complex device
based on multilayered structure, simulations help to separate different influences on
the performance of the device.

The mathematical models for SAW devices can be divided into two groups. One

approach includes 1D simulations utilizing approaches with lumped parameters and
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was first used in the 1960s. It is a quite rough estimation and only predicts the basic
device behavior. It does not deliver a result in every point if interest. These models are
currently used to design SAW devices. The first application used the delta-function
impulse - response model published by Tancrell et al. [168]. For this, the transducers
are assumed to be reflection less and uniform. The disadvantage of this system is, that
the impedance can not be calculated [169]. The next, improved approach is the equiva-
lent circuit model [170], where an equivalent array of bulk wave transducers are simu-
lated. The electrical field is in this case either vertical (cross-field model) or horizontal
(in-line model) with the cross-field being in better agreement with experimental data.
It covers capacitance, transduction, propagation and reflection calculations [169]. A
recent model is coupling of modes (COM) [171]. It is a system of differential equations
and describes the interaction between forward and backward propagation waves. This
approach gives algebraic expressions for the parameters conversion, reflection and ad-
mittance. Needed input parameters are transduction, reflection, velocity and attenu-
ation [169]. An improvement is the P-matrix model, which can be considered as an
algebraic equivalent of the COM model [172]. It is based on a black box principle, with
one electrical and two acoustic ports. The advantage is that every part of the SAW
device can be specified with a 3x3 P-matrix. The whole device can than afterwards
be described by a concatenation of the P-matrices. The disadvantage is that the input
parameters (conversion, reflection and admittance) has to be known. They can not be

deduced by the model itself.

The second group of mathematically models for SAW devices are the analysis of the
stop-band. The analysis yields the sound velocity and the reflection coefficient of the
system. The mathematical models are based on partial differential equations, which
describe the electro-mechanical field coupling. The first approach was suggested by
Milson et al. [173], with a combination of numerical and analytical techniques. The
numerical model calculates the electron charge across the electrode and the analytical
model calculates a semi-infinitive 2D piezoelectric half space using the Green func-
tion. Hashimoto and Yamaguchi improved the model with a discrete Green function
for modeling a wave under periodic grating [174]. Due to the investigation of the film
thickness by Chen et al. newer models were developed to consider this parameter
[175]. The idea is to use FEM simulations for the electro-mechanical behavior and the
Green function for the piezoelectric substrate. Two models are gained from this ap-

proach. The first is the boundary element method (BEM) and the second the spectral
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domain analysis (SDA) [176]. The simulation tools are now able to deal with complex
structures, which include thin film inhomogeneities, layered structures or the position
of the electrode. Furthermore, external physical influences for example like tempera-
ture, humidity or pressure can be taken into account. The disadvantage is the amount
of nodal points and hence, the different mesh densities inside the substrate and the
electrode, which consumes a lot of computation power. The most simplification of the
structure is the use of periodic patterns, for example one finger of the electrode grating
with a 2D spatial dependency of the wave.

The results of the simulation in this work are based on the numerical model on finite
element (FE) frequency domain for a unit cell of periodic structure. The model consists
of a piezoelectric layer, metallic electrode and a substrate. A Bloch-periodic bound-
ary condition is implemented for possible periodic pattern. Furthermore, a special
absorption boundary condition in form of a perfectly matched layer is applied (PML),
which reduces the simulation time. The analysis of the harmonic admittance gained
by the FE simulation yields the desired COM and P-matrix parameter. With these
parameters, the phase velocity, reflectivity and capacity can be calculated [177]. The
compliance matrix for the simulations are listed in section A.2. The simulations were
performed by Dr. Kirill Shaposhnikov in cooperation with the Institute of Mechanics

and Mechatronics.
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