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1 Introduction

Thin films and coatings are essential building blocks of many technologies we use
every day. Physical vapor deposition (PVD) processes are commonly employed
for deposition of functional thin films used in various fields, such as electronics,
data storage, medicine, decorative and protective coatings. In these processes the
material to be deposited is transformed from the solid phase into the vapor phase.
The vapor then moves towards the substrate either by diffusion or because of a
velocity directed towards the substrate due to the vaporization process. Here it
condenses and gradually forms a film. In sputtering the source for the precursor
material is called the target.

Magnetron sputtering, a plasma-based PVD technique, is among the industri-
ally most relevant techniques due to its scalability, high deposition rates, and low
cost. Furthermore a wide range of process parameters are accessible, offering the
possibility to adjust the functional material properties by varying the synthesis
conditions. Magnetron sputtering is distinct from other PVD techniques, such
as thermal evaporation, with respect to the high kinetic energy of the incident
particles at the substrate (a few eV b� 104 K) [144]. Additionally, the interaction
of the film’s surface with a plasma can influence the growth environment. The
growing film therefore experiences a higher effective growth temperature than the
substrate temperature. This enables the deposition of high quality films at low
substrate temperatures and furthermore the kinetic trapping of metastable states.
Magnetron sputtering is therefore considered a non-equilibrium process.

The influence of the growth conditions on the thin film structure are often sum-
marized in structure zone diagrams (SZD), also referred to as structure zone models
(SZM). These diagrams define regions in the process parameter space with char-
acteristic morphological features such as the appearance of crystallites in poly-
crystalline thin films. The first proposed models included substrate temperature
and pressure in the deposition chamber [92, 136] as the two axis of the parameter
space. More recent models include the kinetic energy of the evaporated atoms and
ions as a more fundamental synthesis condition rather than a process parameter.
This energy is presented either as a generalized theoretical variable or as a physical
quantity such as the floating potential [6, 88]. For most applications, it is desir-
able to have dense films, typically achieved by increasing the energy input to the
growing film. However, this has to be done carefully. Incident particles with too
high energies can have detrimental effects such as incorporation of these particles
or even etching, which induces defects in the growing film. One aim of this thesis
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1 Introduction

is the investigation of a method to follow pathways along the energy axis in the
SZM, with the constraint of keeping the ion energy low. Such pathways can allow
to reach not easily accessible zones, e.g. dense films at low temperatures, or maybe
even unexplored zones.

In this thesis, we control the energetic environment, by altering the plasma
distribution between the target and the substrate. This is achieved through an
extension of the magnetic configuration in a sputtering setup. An additional vari-
able magnetic field is generated by a coil. This field enables to control the low
energy ion flux towards the substrate while keeping the ion energy and process pa-
rameters largely unaffected. The ion flux does however influence the film growth
temperature, as can be expected if energy is transferred to its surface. The design
of this setup is presented at the beginning of the thesis, Chapter 3, following an
introduction on plasma and magnetron sputtering.

The impact of the additional magnetic field on the energetic environment at the
substrate was investigated with plasma probes. The capabilities of the setup were
employed to investigate the influence of low-energy ion bombardment on aluminum
nitride (AlN) thin film growth. The low-energy ion flux was found to influence the
microstructure and, connected to this, the residual stress of the thin films. These
results are presented in Chapter 4.

AlN is a material widely used for thin films, mainly as an insulator with a high
heat conductivity, an optically transparent hard coating or as a piezoelectric coat-
ing. The piezoelectric properties of polycrystalline thin films on a microscopic scale
can be analyzed with piezoelectric force microscopy (PFM), a special atomic force
microscopy (AFM) technique. This method is presented in Chapter 5, followed by
a discussion of the results obtained with two different electrode materials. In ad-
dition, the piezoelectric coatings were used as an actuating element on cantilevers
employed in an atomic force microscopy setup. The thin films were deposited with
reactive confocal magnetron sputtering.

In reactive sputtering a reactive gas or gas mixture (nitrogen and oxygen in our
case) is introduced to the process, in addition to the sputtering gas. The target
material (here aluminum) reacts with the gas and a compound film is deposited.
Here, besides the energetic environment, the chemical environment is just as crucial
for a controlled phase formation and microstructure. The simultaneous introduc-
tion of nitrogen and oxygen to the process leads to complications, because of the
much higher reactivity of oxygen compared to nitrogen, that manifest in process
instabilities. A modification of the gas inlets that allows for a better control of the
gas distribution is presented in Chapter 6. With this setup the chemical environ-
ment at the relevant positions, the target and the substrate, becomes controllable
and enables stable and reproducible depositions.
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The materials investigated in this thesis are AlN and aluminum oxynitrides. At
ambient conditions pure AlN crystallizes in the wurtzite phase. The controlled
incorporation of dopants, either on the anion or cation site of the wurtzite crystal,
can enhance or modify certain functional properties of AlN. In Section 6.2 the
microstructural changes upon incorporation of oxygen on the anionic lattice sites
are presented and discussed. This investigation is combined with knowledge from
previous work where silicon was incorporated on the cationic site. Despite the
different occupied lattice sites and a different electron configuration, the influence
on the film’s microstructure shows surprising commonalities. The microstructural
evolution of Al-O-N and Al-Si-O-N is correlated to functional film properties such
as hardness, Young’s Modulus and the refractive index.

This thesis presents non-conventional process designs in a confocal magnetron
sputtering setup, with the aim of depositing aluminum-based nitrides and oxyni-
trides with tailored functionality. Advanced magnetic field and gas inlet design,
enable the control of the energetic environment at the substrate, and the chemical
environment at the substrate and target, respectively.

Control of the energetic environment with an additional magnetic field is inter-
esting for both fundamental research as well as industrial applications. Regarding
research, this modification allows the investigation of the influence of a specific
part of the energetic input to the growing film, the low energy ion flux from the
plasma. Compared to process parameters, which are specific to a certain deposi-
tion system, this knowledge is more easily transferred to an industrial system. The
principle of an additional magnetic field for the variation of gentle ion bombard-
ment could also be implemented on industrial systems, e.g. for stress tailoring of
delicate substrate such as micro-electro-mechanical systems or temperature sensi-
tive substrates. The presented gas inlet design on the other hand is an inexpensive
and robust modification of a reactive magnetron sputtering setup for deposition of
oxinitrides. Using such a setup facilitates the control of the chemical environment
and consequently the film stoichiometry during oxynitride deposition. The design
principle is universally applicable, from lab-scale to industrial deposition systems,
for reactive sputtering using two gases with vastly different reactivity.
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2 Fundamentals & Methods

2.1 Plasma

This section will elucidate the termplasma. A general introduction is followed
by some fundamental properties of plasmas, relevant to this thesis. Finally, two
methods used in the context of this thesis for the characterization of plasma, the
Langmuir and calorimetric probes, are presented. For detailed descriptions the
reader is referred to the many textbooks treating this vast �eld of plasma physics
[110, 80, 20].

In the context of physics, a plasma is a partially or fully ionized gas, i.e. it
consists of electrons, ions (usually positively charged) and neutral atoms. The
plasma state is often considered as the4th state of matter, the one with the high-
est enthalpy. In order to transform from a gas to a plasma, energy needs to be
conveyed to the gas, commonly using electric �elds or electro-magnetic radiation,
until the ionization energy of the atomic species can be overcome. The degree of
ionization, i.e. the fraction of ionized atoms, is small, typically around10� 4 for the
Argon glow discharge plasmas encountered in this thesis [144]. This means that
the gas consists mainly of neutrals. The presence of ions and electrons leads to the
electrical conductivity of the plasma. Although a plasma contains charge carriers,
a requirement on a plasma is that it is macroscopically neutral. This conditions
is referred to asquasineutrality and expressed in a simpli�ed way asne0 = ni0,
where ne0 and ni0 are the ion and electron densities of the unperturbed plasma
respectively, considering a plasma with singly charged positive ions only.

The interaction of charged particles is not solely given by binary collisions, as for
a neutral gas, but is dominated by long range coulomb interactions. These long
range interactions lead to a collective behaviour of the ions and electrons, with
it's most famous consequence theDebye screeningof electric �elds. This e�ect
can be illustrated considering a positive point charge+ Q inside a homogeneous
plasma. Such a point charge will attract the electrons and repel the ions. This
way a negative space charge will build up around+ Q which counteracts its electric
�eld. Assuming the species of the plasma individually to be in thermodynamic
equilibrium, a statistical description can be used. Hence, the number of charged
particles present at a radiusr (i.e. with the potential energyE = � e�( r )) around
the point charge is given by the unperturbed densityne;i 0 multiplied by the Boltz-
mann factor: ne; i (x) = ne;i0 exp(� e� (x)

kB Te;i
). Where Te;i are the electron and ion

temperature respectively. Further it is assumed that the perturbation is small (i.e.

9



2 Fundamentals & Methods

Table I: Typical plasma parameters for a glow discharge as encountered during magnetron
operation.

n 1016 m� 3

Te 23 200 Kb� 2 eV
Ti 500 K b� 0:04 eV
TN 293 K b� 0:025 eV
� D 15µm
ND 150

ej� j << k B Te;i ), and that the plasma ful�lls the quasineutrality. Making use of
the spherical symmetry, the Poisson equation simpli�es to the following form [110,
80]:

@2�
@r2

+
2
r

@�
@r

1
� 2

D
� = �

Q
� 0

� (r ): (2.1)

The parameter� D is called the Debye shielding length and is given by:

1
� 2

D
=

e2ne0

� 0kB Te
+

e2ni 0

� 0kB Ti
: (2.2)

The solution to Eq. (2.1) is called the Debye-Hückel potential and is given by:

�( r ) =
Q

4�� 0r
exp(�

r
� D

): (2.3)

The solution has the form of the Coulomb potential (�( r ) = Q
4� � 0 r ) multiplied

by a decaying exponential function for an increasingr with a characteristic decay
length � D , where the potential has dropped by1=e compared to the Coulomb
potential. Fig. 2.1 shows the Debye-Hückel potential in comparison to the Coulomb
potential. At distances larger than� D , the former decays rapidly and falls far below
the Coulomb potential. The perturbation caused by the additional charge+ Q is
shielded by the space charge forming around it. For a decreasing distance, smaller
than � D , the Debye-Hückel potential converges towards the Coulomb potential.
The Debye shielding length is used to de�ne two more requirements for a plasma.
First, the number of particles within a sphere of radius� D needs to be large enough
to permit a collective behaviour (ND = 4�

3 � n e � 3
d >> 1). Second, the physical

dimensions of a plasma (L) need to be large in comparison to the Debye shielding
length (L >> � D ). Typical values of plasma parameters for the type of plasmas
encountered in this thesis are given in Table I.

While, for most plasmas the ions and electrons both have the same amount of
charge (jqj = e), the ions are by a factor of about104 (73000 for argon) heavier than
the electrons. This has huge implications on their respective behavior in a plasma.
One consequence of the di�erence in mass is that the exchange of energy through
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2.1 Plasma

Figure 2.1: Comparison of the Coulomb and Debye-Hückel potential (DHP). The latter
describes the shielding of a point charge by the surrounding plasma. The dotted line
indicates the Debye shielding length� D . For distances smaller than� D the DHP con-
verges towards the Coulomb potential while for larger distances it decays exponentially
(see Eq. (2.1)).

collisions is minute between electrons on one side and ions or neutrals on the other
side. Hence their temperatures equilibrate only after a very long time. The ions
on the other hand can e�ciently exchange energy with the neutrals through col-
lisions and are cooled down to a similar temperature. Most technical plasmas, as
the ones encountered within this thesis, are powered by an electric or magnetic
�eld. The electric �eld transfers the energy more e�ciently to the electrons than
to the ions, because of their much higher mass. Neutrals are, naturally, una�ected
by the �elds. The above arguments lead to the situation, as presented in Table I,
whereTe >> T i � Tn . Such plasmas are called low temperature plasmas. Another
important di�erence between the species is their reaction to a magnetic �eld, due
to the Lorentz force. The gyroradius for a particle with chargeq, massm and a
velocity v? perpendicular to a magnetic �eldB is given by rg = mv ?

jqjB . A smaller
mass leads to a smaller radius, which in practice means a stronger de�ection of
the electrons compared to the ions.

Despite the many di�erences in behavior the di�erent species do show a collec-
tive behaviour as already seen for the Debye-shielding. Another example for the
collective behaviour is the ambipolar di�usion. The di�usion of the electrons to-
gether with the ions can be described by the Fick's law and an ambipolar di�usion
coe�cient Da. This coe�cient is larger than than the di�usion coe�cient D i of the
ions but smaller than the electron di�usion coe�cient De. This is explained by the
electric �eld originating from the space charge that builds up upon a separation of
the oppositely charged ions and electrons. This electric �eld slows down the more
mobile electrons and accelerates the ions in the direction of the electrons. This
means that the di�usion of the two species is coupled. The two e�ects described
above will become important later in the thesis when experiments are described
where a magnetic �eld is used to guide the electrons out of the dense plasma region
near the magnetron towards a substrate. The magnetic �eld strength is too small
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2 Fundamentals & Methods

to e�ect the motion of the ions considerably but a part will follow the electrons
due to the ambipolar di�usion.

As we will be dealing with a substrate in contact with a plasma, it is important
to consider what happens to an electrically isolated surface in a plasma. AsTe >>
Ti , the mean velocity of the electrons will also be far greater than that of the
ions. Hence, the electron �ux towards a surface will initially be larger and the
surface will charge up negatively. For the electrons this presents a potential hill
they have to overcome. Only electrons with a kinetic energy higher than the
height of the potential hill will be able to reach the substrate. The density of the
electrons in vicinity of the substrate, is again described by the Boltzman factor,
ne(x) = ne0 exp(e� (x)

kB Te
). The ions on the other hand will see a downhill potential

and are accelerated towards the substrate. The density of both species is depleted
inside the vicinity of the surface, i.e. approximately within the distance of the
debye length, see Fig. 2.2. This region, with a positive space charge, is called the
sheath. The surface will continue to charge up negatively until an equal �ux of
electrons and ions reaches the surface. The corresponding potential is called the
�oating potential ( Vf ) and is more negative than the potential far away from the
surface, the plasma potential (Vp). The kinetic energy of the ions is increased by
Vp � Vf , see Fig. 2.2.

Figure 2.2: Ion and electron density (black) together with the potential (red) evolution
near an electrically isolated surface, atx = 0 in contact with a plasma. At distances
larger than the Debye-shielding length the unperturbed plasma state is reached. In the
vicinity of the surface both species are depleted, and the electron density falls below the
ion density. Hence a positive space charge is developed.

The Langmuir Probe

An important tool commonly used to determine plasma parameters is the Lang-
muir Probe. The probe itself is nothing but a conductive surface immersed into
the plasma, with a potential controlled by a power supply. When the potential is
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2.1 Plasma

varied, the �ux of the charged particles towards the probe's surface changes. For
a measurement the probes potential is sweeped and the corresponding electrical
current is measured. Such a measured I-V curve is shown in Fig. 2.3, note that the
convention here uses a positive sign for an electron current. The curve has 3 char-
acteristic regions. To the very left is theion saturation region. Here, the electrons
are repelled by the high negative voltage and the current to the probe consists
almost exclusively of ions. On the right side, theelectron saturation region, the
situation is reversed. The region in between is called theelectron retardation re-
gion. Going from right to left, i.e. decreasing probe voltage, the electrons have to
overcome an increasing potential hill to reach the probe. This is again described
by the Boltzmann factor exp(e(Vprobe � Vplasma)=kB Te) and results in an exponen-
tially decreasing current towards a more negative probe potential. If the probe
current is plotted on a logarithmic scale the exponential part corresponds to a lin-
ear region with the slope representing the inverse electron temperature in electron
volts (kB Te). Besides the electron temperature one can also determine the plasma
potential Vplasma and the �oating potential V�oat . The latter is the potential where
the ion current equals the electron current and a zero net current is measured.
When the probe is at the same potential as the surrounding plasma, the charged
particles no longer see a potential hill. Upon a further increase of the potential,
the electrons become attracted to the probe. This appears as a change in slope
of the logarithmic probe current. Graphically the plasma potential is obtained as
the intersection of the linear �ts to the electron retardation and saturation region
respectively (dot-dashed lines in Fig. 2.3). An alternative approach is to determine
the y-intercept of the 2nd derivative, which involves taking the derivative of the
discrete data. The behavior in the electron saturation region depends on the probe
geometry. Here, a cylindrical probe was used and we see the characteristic increase
of the measured current forVplasma < V which is due to an expanding sheath.

Figure 2.3: I-V curve measured with a cylindrical Langmuir probe. The dotted and
dashed line indicate the plasma and �oating potential respectively. The inset in the left
graph shows a zoom into the ion saturation region where the absolute value of the current
is small compared to the electron saturation region. On the right side a smaller region
of the same data is presented on a logarithmic scale with linear �ts (dot-dashed lines) to
the linear electron retardation region and the electron saturation region.
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2 Fundamentals & Methods

Calorimetric Probe

For thin �lm deposition processes, which is the focus of this thesis, the temperature
of the substrate is a crucial parameter. The obvious mechanism to control this
parameter is through substrate heating by a radiant heater in form of a heating
bulb or electrical resistance heating. The temperature is typically monitored by a
thermocouple and controlled with a PID-feedback loop. In most cases, this way
of temperature control may be su�cient to give reproducible growth conditions,
but it does not re�ect the true temperature and energy balance at the surface of
the growing �lm. Often the physical contact between the substrate holder and
the substrate is only made by clamping the substrate onto the substrate holder,
which results in a poor thermal contact. The physical connection between the
substrate holder and the thermocouple might even be non existent, as the substrate
holder is typically rotated. Therefore the temperature of the substrate can only
be monitored indirectly and has to be calibrated. This alone makes a precise and
quantitative temperature measurement and control challenging. The situation is
however further complicated as the energy balance of the �lm growing on the
substrate's surface includes additional sources of energy input than that from the
substrate heater, especially when in contact with a plasma. The energy �ux at the
surface for plasma-based thin �lm deposition includes the following components
[47]:

� Energetic Particles: The �lm's surface is constantly hit by energetic par-
ticles which deliver energy through momentum transfer. These particles are
the ions and neutral atoms of the sputtering gas, as well as the �lm form-
ing atoms. The latter contribution is substantial in the case of magnetron
sputtering.

� Surface processes: Additionally to the impact of energetic particles onto
the surface, secondary electron emission, electron-ion recombination and con-
densation of the �lm-forming atoms contribute to the complex surface energy
balance.

� Thermal conduction: The thermal contact to the process chamber via
the substrate holder and its mounting usually leads to heat �owing from
the substrate to the surroundings. The amount depends on the temperature
gradient as well as the thermal contact.

� Radiation: Radiation includes incoming and outgoing energy contributions.
The thermal radiation constitutes an energy loss at the surface. But thermal
radiation of hot surfaces of the system, e.g. the magnetrons, can also transfer
energy to the �lm's surface. An additional energy input comes from the
radiation of the plasma, emitted from colissionally excited atoms decaying
to their ground state. This e�ect is also responsible for the glowing of the
plasma that makes it observable by eye.
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2.1 Plasma

� Substrate Heating: Indirect heating of the substrate by heating of the
substrate holder.

This list is not intended to be exhaustive and the reader is referred to the
literature for further information [66]. Clearly, the energy balance at the �lm's
surface is very complex and deserves more attention. While the distinction of the
several contributions is very challenging, the total energy �ux towards the substrate
can be directly quanti�ed using a calorimetric probe. For the work presented in
Chapter 4 measurements with an active thermal probe (ATP) were performed. The
ATP is essentially a dummy substrate who's temperature is precisely controlled
and kept constant while removing or turning of an energy source, in this case the
plasma. This is for example achieved by opening and closing the shutters of the
magnetrons or changing between a con�guration with the substrate immersed in
the plasma or shielded from it, as applied for the results presented later. The
energy �ux is given by the di�erence in heating power needed to sustain the probe
at the chosen temperature. As mentioned above, the result is the total energy
�ux containing all contributions. A detailed description of the probe and the
measurement procedure is given elsewhere [146].
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2 Fundamentals & Methods

2.2 Aluminum Nitride (AlN)

In this chapter, aluminum nitride (AlN), the material studied in the scope of this
thesis is introduced. AlN has 3 known phases: wurtzite, zinc blende and rocksalt
[126, 151]. The latter two only form under non-equilibrium conditions, e.g. at
high pressures and temperatures or for epitaxial growth on speci�c seed layers.
At ambient temperature and pressure AlN crystallizes in the hexagonal wurtzite
structure (the phase relevant for this thesis). For the sake of readability the values
of material constants are presented in Table II and not given in the text.

AlN is a wide band gap semiconductor. It is a hard material with a high melting
temperature and transparent in the visible range. These properties make it a good
candidate for protective and optical coatings. Furthermore it has a high thermal
conductivity for a non-metallic solid, in combination with a high break-down volt-
age this makes it also suitable for micro- and optoelectronic devices.

Table II: selected material properties of AlN
Property Value Reference
hardness around 23 GPa [44]

stable phase at ambient conditions wurtzite [126]
lattice constants a = 3:11Å and c = 4:98Å [14]

band gap 6:2 eV [151]
melting temperature 2470 K [14]
thermal conductivity 319 W m� 1 K [128]

breakdown �eld 120-180 Vµm� 1 [90]
selected piezoelectric coe�cients [141]

longitudinal d33 = 5:53pm
V

transverse d31 = � 2:65pm
V

The binary hexagonal wurtzite structure adopted by AlN is shown in Fig. 2.4
a). It can be seen as two hexagonal close packed lattices of aluminum (Al) and
nitrogen (N) respectively, displaced from one another vertically. All atoms are
tetrahedrally coordinated and bonded only to atoms of the other element. This
results in cation and anion tetrahedra pointing in opposite directions along the
c-axis, see Fig. 2.4 b). The c-axis is de�ned as the threefold rotation axis of the
atoms.
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2.2 Aluminum Nitride (AlN)

Figure 2.4: (a)Illustration of the wurtzite unit cell and (b) Illustrations of the the anion
and cation tetrahedra pointing in opposite directions along the c-axis. The surface indi-
cated by the yellow triangle is the Al-polar surface as de�ned in the text. The right side
shows ion displacement as a reaction to an applied electric �eld as indicated. Reprinted
by permission from Springer Nature: Springer eBook AlN Thin Film Processing and
Basic Properties by Paul Muralt Springer International Publishing Switzerland (2017)
[14].

2.2.1 Piezoelectric AlN

The space group of the AlN wurtzite crystal structure is P63mc and has no inver-
sion center nor a mirror plane. Consequently AlN is a piezoelectric and pyroelectric
material with a spontaneous polarisation along the c-axis, labelled [0001]-direction
in the convention for hexagonal lattices. The crystal lattice reacts to application
of stress by changing the N-Al-N bond angle and not the length of the rigid bonds
along the c-axis[14]. This deformation leads to a relative displacement of the
charges and is responsible for the piezoelectric properties of AlN. AlN can grow in
two polarities called N-polar and Al-polar de�ned as follows [14]:

� N-polar: As the crystal surface is approached along the c-direction the bond
parallel to the c-axis changes from N to Al.

� Al-polar: As the crystal surface is approached along the c-direction the
bond parallel to the c-axis changes from Al to N.

This means that the polarity of a �lm depends on the stacking of the polyhedra
during growth, and can therefore depend on the type of seed layer on the substrate.
Fig. 2.4 b) shows the situation for an Al-polar AlN crystal. Upon application of
an electric �eld as illustrated, the cations (Al) are displaced in the direction of the
electric �eld. The anions are displaced in the opposite direction. In both cases
the tetrahedra basal atoms will move away from the point of the tetrahedra. This
leads to an elongation of both corresponding tetrahedra, and ultimately to the
elongation of the crystal along the c-diretion (axes 3, see Fig. 2.5 for de�nition of
axes). Simultaneously a contraction vertical to the c-axis (axes 2 and 3) happens.
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2 Fundamentals & Methods

For the situation of an N-polar crystal the polyhedra are inverted. If the electric
�eld points in the same direction as before, the direction of the displacement of
the anions and the cations remains the same, but the polyhedra basal atoms will
move towards the point of the tetrahedra. This leads to the opposite reaction to
the electric �eld than for the Al-polar case: a contraction along the c-axis and a
simultaneous elongation vertical to the c-axis.

Piezoelectric materials where the polarity of the crystal can be reversed by the
application of an electric �eld are called ferroelectric. In these materials a small
displacement of cations or anions is enough to reverse the direction of the polar-
ization inside the crystall. This is not possible for an AlN crystal as the inversion
of the polarization involves breaking of bonds parallel to the c-axis [14]. This
means that AlN is piezoeletric but not ferroelectric. The piezoelectric constants
are summarized in the piezoelectric tensor, shown below, which relates the strain
(~S) to an applied electric �eld ( ~E)[141].

Figure 2.5: De�nition of
piezoelectric axis
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Piezoelectric (PE) thin �lms are naturally interesting for microelectromechanical
systems (MEMS) as the piezoelectric e�ect directly links mechanical and electrical
energy. The advances in the �eld of piezoelectric thin �lms in the last decades
paved the way for the higher and higher integration density in MEMS, allowing a
continuing miniaturization [38].

PE wurtzite materials have a number of advantages over their ferroelectric com-
petitors such as lead zirconate titanate (PZT) or lithium niobate (LiNBO3), de-
spite their ten times smaller piezoelectric response [14]. A major di�erence is the
presence of creep, non-linearity and hysteresis e�ects in ferroelectrics, see Fig. 2.6.
They are especially problematic for high precision actuators and positioners. Fur-
thermore the wurtzite materials poses higher mechanical quality factors. This is of
special importance for MEMS-resonators, e.g. bulk acoustic wave (BAW) devices,
used for �lters and sensors [14]. AlN has the highest piezoelectric response among
the group IIIA nitrides (AlN, InN, GaN), and is, together with zinc oxide (ZnO),
the material of choice for higher-frequency applications [14]. In contrast to ZnO,
AlN is complementary metal oxide semiconductor (CMOS) compatible [14]. With
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2.2 Aluminum Nitride (AlN)

Figure 2.6: a) Illustration of the creep e�ect present in ferroelectric materials. After a
fast response to an applied voltage the expansion of the crystal continues to increase
logarithmically in time. b) Illustration of nonlinearity and hysteresis for ferroelectrics.
The expansion of the crystal deviates from a linear behavior (dashed line) and is di�erent
for an increasing or decreasing voltage. Both e�ects arise from the motion and pinning
of ferroelectric domain walls.

more than 109 AlN based acoustic resonator devices sold per year PE AlN is one
of the most used materials for PE thin �lm applications [38].

More recently aluminum scandium nitride (AlScN) has attracted a lot of atten-
tion, since Akiyama et al. found a400%increase in the piezoelectric coe�cient by
alloying AlN with scandium (Sc)[3]. Very recently Fichtner et al. have shown that
AlScN can also show ferroelectric behavior in a certain range of Sc concentration
[42]. This is due to the evolution of the wurtzite structure towards a layered-
hexagonal structure upon increasing Sc concentration. This leads to a lowering of
the energy barrier between the two polarizations. The layered-hexgonal structure
represents an intermediate state that makes the switching between the two polar-
izations possible. This increases the range of applications for AlN based coatings
from linear piezoelectric excitation, to e.g. storage devices.

There are two main challenges when growing PE AlN polycrystalline thin �lms:
�rst one has to achieve a (0001) crystallographic orientation, second the polarity
of the individual grains has to be homogeneous to achieve a macroscopic piezo-
electric response. For the latter oxygen contamination has shown to be a critical
parameter [4]. Basically, PE AlN can be grown by most oxygen free thin �lm
techniques. Magnetron sputtering however o�ers the ability to grow on many dif-
ferent substrates at moderate temperatures and to tune the mechanical stress, an
important factor in many MEMS applications [31, 43, 140].
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