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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 ≈̂ 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 term plasma. 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 field 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 the 4th 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 fields 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 around 10−4 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 as quasineutrality and expressed in a simplified way as ne0 = 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 the Debye screening of electric fields. This effect
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
field. 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 radius r (i.e. with the potential energy E = ±eΦ(r)) around
the point charge is given by the unperturbed density ne,i 0 multiplied by the Boltz-
mann factor: ne, i(x) = ne,i0 exp(± eφ(x)

kBTe,i
). Where Te,i are the electron and ion

temperature respectively. Further it is assumed that the perturbation is small (i.e.
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2 Fundamentals & Methods

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

n 1016 m−3

Te 23 200 K ≈̂ 2 eV
Ti 500 K ≈̂ 0.04 eV
TN 293 K ≈̂ 0.025 eV
λD 15 µm
ND 150

e|Φ| << kBTe,i), and that the plasma fulfills the quasineutrality. Making use of
the spherical symmetry, the Poisson equation simplifies to the following form [110,
80]:

∂2Φ

∂r2
+

2

r

∂Φ

∂r

1

λ2
D

Φ = −Q
ε0
δ(r). (2.1)

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

1

λ2
D

=
e2ne0
ε0kBTe

+
e2ni0
ε0kBTi

. (2.2)

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

Φ(r) =
Q

4πε0r
exp(− r

λD
). (2.3)

The solution has the form of the Coulomb potential (Φ(r) = Q
4π ε0 r

) multiplied
by a decaying exponential function for an increasing r with a characteristic decay
length λD, where the potential has dropped by 1/e compared to the Coulomb
potential. Fig. 2.1 shows the Debye-Hückel potential in comparison to the Coulomb
potential. At distances larger than λD, 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 λD, the Debye-Hückel potential converges towards the Coulomb potential.
The Debye shielding length is used to define two more requirements for a plasma.
First, the number of particles within a sphere of radius λD needs to be large enough
to permit a collective behaviour (ND = 4·

3
π ne λ

3
d >> 1). Second, the physical

dimensions of a plasma (L) need to be large in comparison to the Debye shielding
length (L >> λD). 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 (|q| = e), the ions are by a factor of about 104 (73000 for argon) heavier than
the electrons. This has huge implications on their respective behavior in a plasma.
One consequence of the difference in mass is that the exchange of energy through
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2.1 Plasma
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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 λD. For distances smaller than λD 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 efficiently 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
field. The electric field transfers the energy more efficiently to the electrons than
to the ions, because of their much higher mass. Neutrals are, naturally, unaffected
by the fields. The above arguments lead to the situation, as presented in Table I,
where Te >> Ti ≈ Tn. Such plasmas are called low temperature plasmas. Another
important difference between the species is their reaction to a magnetic field, due
to the Lorentz force. The gyroradius for a particle with charge q, mass m and a
velocity v⊥ perpendicular to a magnetic field B is given by rg = mv⊥

|q|B . A smaller
mass leads to a smaller radius, which in practice means a stronger deflection of
the electrons compared to the ions.

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

to effect the motion of the ions considerably but a part will follow the electrons
due to the ambipolar diffusion.

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. As Te >>
Ti, the mean velocity of the electrons will also be far greater than that of the
ions. Hence, the electron flux 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( eφ(x)

kBTe
). 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 flux of
electrons and ions reaches the surface. The corresponding potential is called the
floating 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.

x0

ni,e

ni(x)
ne(x)

ϕ(x)

-λ

Vf

Vp

positive space charge region

Figure 2.2: Ion and electron density (black) together with the potential (red) evolution
near an electrically isolated surface, at x = 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 flux 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 the ion 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, the electron saturation region, the
situation is reversed. The region in between is called the electron 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)/kBTe) 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 (kBTe). Besides the electron temperature one can also determine the plasma
potential Vplasma and the floating potential Vfloat. 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 fits 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 for Vplasma < V which is due to an expanding sheath.
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Figure 2.3: I-V curve measured with a cylindrical Langmuir probe. The dotted and
dashed line indicate the plasma and floating 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 fits (dot-dashed lines) to
the linear electron retardation region and the electron saturation region.

13



2 Fundamentals & Methods

Calorimetric Probe

For thin film 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 sufficient to give reproducible growth conditions,
but it does not reflect the true temperature and energy balance at the surface of
the growing film. 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 film 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 flux at the
surface for plasma-based thin film deposition includes the following components
[47]:

• Energetic Particles: The film’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 film 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 film-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 flowing 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 film’s surface. An additional energy input comes from the
radiation of the plasma, emitted from colissionally excited atoms decaying
to their ground state. This effect is also responsible for the glowing of the
plasma that makes it observable by eye.

14



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 film’s
surface is very complex and deserves more attention. While the distinction of the
several contributions is very challenging, the total energy flux towards the substrate
can be directly quantified 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 configuration with the substrate immersed in
the plasma or shielded from it, as applied for the results presented later. The
energy flux is given by the difference in heating power needed to sustain the probe
at the chosen temperature. As mentioned above, the result is the total energy
flux 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 specific 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 field 120-180 V µm−1 [90]
selected piezoelectric coefficients [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 defined 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 defined in the text. The right side
shows ion displacement as a reaction to an applied electric field 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 defined 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 film 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 field as illustrated, the cations (Al) are displaced in the direction of the
electric field. 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 definition 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
field 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 field 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 field 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 field ( ~E)[141].
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Piezoelectric (PE) thin films are naturally interesting for microelectromechanical
systems (MEMS) as the piezoelectric effect directly links mechanical and electrical
energy. The advances in the field of piezoelectric thin films 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 difference is the
presence of creep, non-linearity and hysteresis effects 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 filters 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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a)
U(t)

t
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Δz b)
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Figure 2.6: a) Illustration of the creep effect 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 different
for an increasing or decreasing voltage. Both effects 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 film applications [38].
More recently aluminum scandium nitride (AlScN) has attracted a lot of atten-

tion, since Akiyama et al. found a 400% increase in the piezoelectric coefficient 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 films:
first 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 film
techniques. Magnetron sputtering however offers 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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2 Fundamentals & Methods

2.3 Magnetron Sputtering

This section introduces the basic principles of direct current (DC) magnetron sput-
tering (MS), focusing on aspects that are most relevant for the work presented in
this thesis. For a more detailed description and further aspects the reader is re-
ferred to the vast amount of literature, which was published on this subject since
the first reports on sputter deposition in the early 19th century [50, 20, 97, 28, 144,
118, 26]. Details about the experimental setup of this work are given inChapter 3
and Chapter 4.

2.3.1 Reactive Direct Current Magnetron Sputtering

Sputter deposition is a plasma-based PVD method. The deposition process is car-
ried out in a vacuum chamber which provides a clean environment, a sufficient
mean free path for the particles to be deposited onto the substrate and the neces-
sary conditions to ignite and sustain a plasma.
In order to form a plasma, a noble gas, typically argon (Ar), is introduced into
the vacuum chamber and a negative voltage is applied to the target. This way a
DC glow discharge is ignited between the target and the grounded anode shield
surrounding the target (see Fig. 2.7).

The applied electric field accelerates the positive ions towards the target, where
their impact leads to the ejection of target atoms. Provided that the mean free
path is sufficiently long, the target atoms ejected at an angle close to the target
normal will travel towards and condense onto the substrate which faces the target.
This way a film composed of the target material is deposited onto the substrate.

In magnetron sputtering a magnetic field is applied close to the target surface
which acts as a trap for the electrons. For circular planar magnetrons, as used in
this study and depicted in Fig. 2.7, the magnetic field is generated by a magnet
below the center of the target and a ring of magnets with opposite magnetization
below the rim of the target. This leads to a half toroidally shaped magnetic field
above the target surface, where the electrons are trapped and can ionize multiple
Ar-atoms before they are lost from the discharge. This way a dense plasma in the
shape of a ring is formed and contained close to the target surface. The target
surface is bombarded more heavily and therefore erodes faster below this region,
leading to a circular groove in the target (called race-track).

In reactive sputtering a reactive gas, e.g. nitrogen (N2) or oxygen (O2), or a gas
mixture is introduced into the chamber in addition to the noble gas. Depending on
the reactivity and the location of the inlet(s), the gas(es) will react with the target
surface (this mechanism is called target poisoning in literature) and\or the growing
film, for more details see Section 6.1. This makes it possible to deposit compound
films of controlled stoichiometry from elemental targets, which are usually cheaper
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2.3 Magnetron Sputtering

and easier to handle than compound targets. Though the basic principle of reac-
tive sputtering is rather simple, the addition of chemical interactions adds a lot
of complexity to the process as discussed in numerous books and articles on this
subject [132, 134, 131, 28, 46, 118, 12, 26].
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Figure 2.7: Cross section of a circular magnetron sputtering setup. The target atoms
that form the film on the substrate are shown as white circles. The argon atoms and
ions are depicted as grey circles and the electrons as black dots. At the left bottom is
schematic topview of the magnet block that is situated below the target. The field lines
generated by the magnets are indicated by dashed lines.

2.3.2 Magnetic Configuration in Magnetron Sputtering

The magnetic field is the key feature of a magnetron. It’s purpose is to trap the
electrons close to the target surface, so that they produce a number of ions before
being lost from the discharge. This way, a dense plasma is sustained close to
the target surface. This, in turn, leads to a high current density on the target.
The current-voltage (I-V)-characteristic of glow discharges used for sputtering is
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described by the following equation:

I = kV n, (2.5)

where I is the total discharge current, V is the voltage applied between anode and
target (cathode) and k is a constant, arising from the specific construction of the
magnetron [144, 105]. The exponent n is a figure of merit for the efficiency of
the discharge. For ordinary DC diode sputtering devices n has values close to 2.
The use of a magnetic field leads to an increase of n which ranges from 7 to 15
for typical magnetrons [144, 105]. It’s exact value depends on the system design,
the pressure, the process gas and the target material. An increase of n directly
results in an increased deposition rate for a given power as the sputter rate is
proportional to the current density on the target. This fact led to the commercial
success of magnetron sputtering as a deposition technique for thin films [50]. When
magnetrons of different configurations became available in the early 1970s the goal
was to increase n [144, 105]. Therefore the focus for the design lay on achieving
the best trapping of electrons using a magnetic field.

Single Magnetron

For circular planar magnetrons as depicted in Fig. 2.7 and Fig. 2.8 the confinement
of the plasma is best achieved when the inner and outer magnets are of equal total
strength, i.e. when the magnetic flux at the magnets’ surface of the inner magnets
and all outer magnets together have the same absolute value,

|Φouter
mag | = |Φinner

mag | (2.6)

which is commonly referred to as balanced -configuration [135]. Φouter
mag and Φinner

mag
are the magnetic fluxes of all inner and outer magnets respectively. In this config-
uration a ring shaped plasma is formed and confined close to the target surface.

The substrate, which is typically placed 2-3 times the target diameter (5 cm tar-
gets in our case) away from the target, is therefore well outside the intense plasma
region. This leaves film growth and the substrate mostly unaffected by irradiation
of charged particles. This fact can be seen as an advantage of magnetron sputter-
ing as it allows to coat delicate substrates, such as polymers [149]. But it is also
well known that ion irradiation during film growth influences the film properties
and that the interaction of plasma with the growing film can be used beneficially
to control the microstructure, chemical, and phase composition. [149, 50, 86, 54,
6, 144, 52]

With this in mind, Window and Savides investigated planar circular magnetrons
with magnetic field configurations different from that characterized by Eq. (2.6)
[149]. Their idea was to intentionally open the electron trap by making one of
the magnetic poles stronger than the other. Window and Savides termed this
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unbalancing and it can be nicely characterized by the unbalance coefficient (K)
defined as [135]:

K = Φouter
mag /Φ

inner
mag , (2.7)

A schematic representation of the magnetic field is shown in Fig. 2.8 for the
three different cases: K < 1 (unbalanced of type I); K = 1 (balanced); K > 1
(unbalanced of type II). For the unbalanced cases (K 6= 1) not all field lines con-
nect the inner and the outer poles but some extend further away from the target
to eventually close in on the backside of the magnet that they originate from.
Scattered electrons which escape the trapping region close to the magnetron are
deflected by the magnetic field and guided towards the substrate. The motion of
the ions is practically unaffected by the magnetic fields used in sputtering, which
are typically some 100 Gauss, because of their about 104 times bigger mass. But
they will follow the electrons due to electrostatic forces, an effect called ambipolar
diffusion [149, 20].
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Figure 2.8: Cross sections of circular magnetrons with diffrent types of unbalacing and
the resulting magnetic fields indicated by the dotted lines. Note that all magnetic field
lines are closed. The difference between the balanced and unbalanced configuration is
that the field lines extend further away from the magnetron surface for the latter.
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As a result of the unbalancing, some of the plasma will leak out of the tar-
get vicinity. Window and Savides noticed a difference between the two types of
unbalancing. Type I configurations result in low ion and electron fluxes while
configurations of type II give large ion and electron fluxes at the substrate. This
can be understood by looking at the magnetic fields in Fig. 2.8. For the type I
configuration the field lines spread to the outside and therefore the plasma flows
towards the chamber walls and does not reach the substrate. For the type II con-
figuration on the other hand the field lines extend away from the target along the
surface normal. In the latter case the substrate can be placed at a distance where
it intersect some of the field lines and is exposed to the plasma leaking out from
the discharge region.

Dual Confocal Magnetron

In order to deposit alloys or other multi-element composite films one can either
use alloy or multi-element targets with the desired composition, or use multiple
magnetrons simultaneously. The first option is not always available or needs more
complicated methods. For instance electrically insulating targets can not be used
for DC sputtering, but require RF-sputtering. Another problem can be a low ther-
mal conductivity, that makes the necessary cooling of the target problematic. For
co-sputtering more readily available and easier to handle elemental targets can be
used. Furthermore the film stoichiometry can be varied by adjusting the power on
the individual magnetrons and thus the deposition rate for the different elements.
This can also be done during the deposition process in order to produce coatings
with a vertical gradient in composition. In the case of unbalanced magnetrons the
magnetic fields of the magnetrons will influence one another.

In this work, two unbalanced (type II) magnetrons were used in a confocal
arrangement. Regarding the magnetic configuration this allows for two possible
setups. One possibility is to use two magnetrons with identical magnetic arrange-
ment, resulting in the open field (OF) configuration. This symmetric configuration
results in parallel field lines in the region between the magnetrons and the sub-
strate holder, as depicted in Fig. 2.9 on the right side. The other possibility is to
use two magnetrons with inverted magnetic arrangements. This anti-symmetric
configuration leads to closed field lines between the magnetrons, which is why it is
called the closed field (CF) configuration, see Fig. 2.9 on the left side. Photographs
of the two different setups during operation are shown above the corresponding
configurations. The photographs nicely illustrate how the plasma extends away
from the magnetrons towards the substrate following the magnetic field lines. This
leads to two separate plasma columns for the OF configuration and an arc shaped
plasma connecting the the two magnetrons in the CF configuration.
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Figure 2.9: Cross sections of a confocal magnetron sputtering setup in the CF and OF
configuration with the substrate facing the targets. The dotted lines illustrate the mag-
netic field.

Addition of Variable Magnetic Field

The unbalanced magnetron has become very popular in industrial applications and
science. In the latter it is commonly used to study the effect of an increased ion
flux to the substrate on thin film properties. However its flexibility is limited, for
most system designs, in the sense that the degree of unbalancing can not be varied
during operation. Instead of unbalancing the magnetron by adjusting the strength
or number of the permanent magnets, this can also be achieved by superimposing
an additional axial magnetic field (often referred to as external, i.e. not originating
from the magnetron itself).

Such a setup was first proposed by Petrov et al. who used a pair of Helmholtz
coils located outside the vacuum chamber to produce a uniform field with a max-
imum strength of 600 G along the axis of the circular planar magnetron [109].
Depending on the direction of the current inside the coil, the external field can
either strengthen the field of the outer magnetron pole while weakening the field
of the inner magnetron pole or vice versa, to achieve an unbalancing of type II or
I respectively. The strength of the external field is adjusted by changing the abso-
lute value of the current inside the coil, and allows to tune unbalancing coefficient
K continuously.

Petrov et al. found that their system with a controlled degree of unbalancing
allowed the variation of the ion current density at the substrate by a factor of
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50 when sputtering in a nitrogen atmosphere and a factor of 60 in an argon at-
mosphere. Furthermore the energy of the ions impinging on the substrate could
be kept constant by the application of a bias to the substrate to counteract the
changes in the relevant plasma parameters observed for the variation of the ex-
ternal field. The latter only had negligible effects on the discharge characteristics
so that the deposition rate is constant over the varying degree of unbalancing. In
conclusion Petrov et al. designed a system that allows the independent control of
the two parameters defining the ion bombardment: ratio of ions to film forming
atoms rim = Jion/Jm and the ion energy Eion. It is crucial to control these two
parameters independently, as their combination, the average energy per deposited
atom, is not a universal parameter as was shown by Petrov et al. with the help of
the system presented above [106].

The external field does not necessarily need to be a uniform field as created by
a pair of Helmoltz coils, but can also be generated by a single coil placed between
the target and substrate as shown by Ivanov et al. [59]. Engström et al. extended
this idea of controlled unbalancing to a system with multiple magnetrons where
they placed the coil around the substrate [37]. Note that both groups used weaker
external magnetic fields compared to Petrov et al., with a maximum strength of
100 G and 140 G but, in contrast to Petrov et al., both groups used unbalanced
magnetrons of type II, and were able to achieve an increase in rim by a factor
greater than 50 (Ivanov et al.) and 25 (Engström et al.). The system of Engström
et al. was designed for deposition of super lattices or multilayered structures that
require a fine tuning of the ion-assisted growth conditions for the different layers.
The latter can be easily achieved by a suitable setting of the coil current.
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3 Magnetic field design for
plasma control.

An important part of this thesis is the tailoring of the synthesis environment dur-
ing magnetron sputtering by means of an additional magnetic field. The concept is
presented in Section 2.3.2, and applied to a confocal magnetron sputtering setup,
as discussed in Section 2.3.2. This chapter describes the design and characteriza-
tion of the experimental setup, specifically the coil inside the vacuum chamber,
used to generate this additional magnetic field.

3.1 Magnetic field inside the deposition chamber

The sputtering chamber contains a total of 4 magnetrons, see Fig. 3.1. For the
work in this thesis, only two of these magnetrons were used for the deposition
of AlN, the ternary aluminum oxynitride (AlON) as well as the quarternary alu-
minum silicon oxynitide (AlSiON). Compositional variations on the cation-site
were achieved by sputtering from two different targets (aluminium and silicon)
whereas the anion composition was tuned by varying the relative partial pressures
of the two reactive gases, nitrogen and oxygen. The four magnetrons in the de-
position chamber can be tilted towards the substrate or positioned upright along
the chamber walls. The magnetrons used for the deposition processes (# 1 and
# 2) were inclined to face the substrate (see Fig. 3.2), with an angle optimized
to achieve a homogeneous film thickness and composition when working with sub-
strate rotation. Varied magnetic configurations were used for guns # 1 and # 2
(i. e. open- and closed-field configurations). The two remaining magnetrons (#3
and #4) were kept upright along the chamber walls, so as to be as far away as
possible from the two operated magnetrons and thereby reduce their influence on
the magnetic field of magnetrons # 1 and # 2. For magnetrons #3 and #4 the
N-pole of the outer magnets were facing upwards and they were therefore in the
symmetric open field configuration to each other. In order to assess the influence
of the magnetic fields from these 2 magnetrons, 3-dimensional measurements of
the magnetic field were conducted.
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3.1 Magnetic field inside the deposition chamber

Figure 3.1: Photograph showing the inside of the chamber. One of the magnetrons is
disassembled showing the cooling block with the magnets inside. The other magnetrons
are upright against the chamber walls. At the top right one can see the heater block
installed on the toplid of the chamber. The substrate holder is placed right in front of
the glass disc so that it faces the bottom of the chamber when the lid is closed.

Fig. 3.2 shows the measured magnetic field of the four magnetrons in the area
between the magnetrons and the substrate holder for the open and closed field
configuration of magnetrons # 1 and # 2, with magnetrons #3 and #4 upright
along the chamber walls. This deposition setup exhibits a symmetry plane for
x = 0, going through the middle of magnetron # 1 and # 2, see Fig. 3.2 a) and
b). The field measured in this plane does not show any measurable component
perpendicular to the plane (i. e. Bx = 0). This implies that the magnetic field of
magnetrons #3 and #4 remains negligible in the symmetry plane.

The two-dimensional plots c) & d) show the magnetic field in the symmetry
plane. In the middle between magnetron # 1 and # 2, there is a horizontal field
of some mT for the closed field configuration and a vertical field of 1-2 mT for the
open field configuration. Furthermore one can see that the magnetic fields decay
rapidly when moving away from the magnetrons. At the magnet’s surface, the
magnetic field is about 40 mT (not shown in the plots) and only a few cm towards
the substrate this field decreases to only some mT and is < 3 mT at the substrate
holder position. The symmetric open field configuration between magnetrons #3
and #4 does not have a noticeable influence on the x-component of the magnetic
field in the symmetry plane, as confirmed by the measurements. Outside the
symmetry plane however, there will be an influence on the field between the tilted
magnetrons (#1 and #2) and magnetrons #3 and #4. The tilting of magnetrons
#3 and #4 outwards does increase the distance towards the tilted magnetrons
considerably (see top views in Fig. 3.2). This makes the influence negligible as
the fields decay rapidly with the distance, and allows us to disregard the magnetic
fields of magnetrons #3 and #4 in the following.
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Magnetron #1(N) and #2(S) in closed field configuration.
(magnetron #3(N), magnetron #4 (N) )

Magnetron #1(N) and #2(S) in closed field configuration.
(magnetron #3(N), magnetron #4 (N) )
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Magnetron #1(N) and #2(S) in open field configuration.
(magnetron #3(N), magnetron #4 (N) )

Magnetron #1(N) and #2(S) in open field configuration.
(magnetron #3(N), magnetron #4 (N) )

Substrate Holder

Figure 3.2: a),b) 3D view of the magnetic field of the magnetrons. The symmetry plane,
indicated by dashed lines, is located at x = 0 going through the middle of magnetron
#1 and #2. Guns #1 and #2 are tilted inwards toward the substrate, whereas guns
#3 and #4 are upright along the chamber walls. No component of the magnetic field
perpendicular to the symmetry plane was measured. c), d) Cross section of the magnetic
field in the symmetry plane. 10 mT arrows are provided for reference. The magnetic
poles facing upwards, for the outer magnets of the magnetrons, are given in parentheses.
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3.2 Design of additional magnetic field

3.2 Design of additional magnetic field

The strength of the magnetic field generated by magnetrons #1 and #2 defines
the requirements for the strength of the external field of a coil. The additional
field should dominate the field of the magnetrons in the region between target and
substrate holder, which translates to |B| & 5 mT. However, the field should not
disturb the discharge characteristics of the magnetrons, which means: |B| . 10 mT
at the magnetron position. The magnetrons used in the chamber are unbalanced
of type II. Therefore some plasma is already leaking out of the discharge region,
see Fig. 3.8 a) and Fig. 4.1 a) and b). The purpose of an additional magnetic field
is to guide the plasma towards the substrate as discussed in Section 2.3.2. Further-
more, it should extract some more plasma from the discharge region. Therefore
the field should primarily be oriented vertically with the field lines intersecting the
substrate holder and concentrating towards it. A large external coil (especially a
pair of Helmholtz coils conventionally used in sputtering chambers) provides a ho-
mogeneous field. So a strong field between substrate and magnetron automatically
results in a strong field at the target as well. A field as discussed above can be
generated by a single coil with a diameter in between the radius of the substrate
holder (8.9 cm) and the diameter of the deposition chamber (37 cm). This setup
is similar to other experimental setups found in literature [37].

A coil positioned outside the chamber with a diameter similar to the deposition
chamber is shown in Fig. 3.3. A coil with a smaller diameter permits higher
magnetic fields and stronger field gradients. i. e. a strong field at the substrate
can be achieved while simultaneously enabling a weaker field at the magnetron
to avoid disturbing the discharge characteristics. In the case of an external coil
placed on the chamber lid, the minimal coil radius is limited by the bellows and
feedthroughs mounted on the lid. In addition, the lid is about 15 cm away from the
substrate position and therefore the field at the substrate is substantially below
the maximum field of the coil. A coil positioned close to the substrate and with
a smaller radius, comparable to the dimensions of the substrate holder, would be
advantageous. Such a coil would have to be positioned inside the vacuum chamber.
Here the lower limit of the radius is given by the dimensions of the heater block
(see Fig. 3.4).
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External Coil

Deposition chamber

Figure 3.3: Photograph of the deposition chamber with the external coil on the lid.

3.3 Implementation of external and in-situ coil

Both designs, outside the chamber (external coil) and with the coil placed inside
the chamber (in-situ coil) were used for this work. The technical specifications are
given in Table I.
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3.3 Implementation of external and in-situ coil

External coil
Parameter Value

N (number of windings) 150
L (Length of windings) 40 mm

Ri, Ro (inner & outer radius) 175 mm,210 mm
Bcenter 12 mT

Resistance at room temperature 0.66 Ω
Power at I = 25 A 412.5 W

In-situ coil
Component Material

Cooling block and cylinders Copper
Wire Kapton insulated copper wire

Conductor diameter: 1.7 mm
Overall diameter:1.85 mm

Glue EPO-TEK H72 [Epoxy Technology]
(thermally conducting, electrically insulating)

Parameter Value
N (number of windings) 149 = 30 + 29 + 30 + 30 + 30
L (Length of windings) 58 mm
Ri (Radii of cylinders) 88 mm,96 mm,105 mm,113 mm,122 mm

Bcenter 22 mT
Resistance at room temperature 0.8 Ω

Power at I = 25 A 500 W

Table I: Specifications of coils. For the in-situ coil the useed materials are given aswell.

Operating the coils at Icoil = 25 A needs a power of about 500 W, which is about
half of the power that a typical raclette oven consumes. This makes it obvious that
an active cooling is needed to avoid a damage of the coils due to overheating. The
external coil does not posses an active cooling and could therefore not be run for
longer than a couple of minutes, so that long deposition over several hours were not
possible using this setup. The lack of convection in vacuum does make the need
for active cooling of the in-situ coil even more pressing. This need for sufficient
cooling necessitated a more complex design for the in-situ coil. The in-situ coil
consists of five cylinders each supporting a single layer of wire (see Fig. 3.4). Each
cylinder is attached to a cooper cooling block. The cooling block has a water chan-
nel milled into it and is sealed with a copper plate soldered to the top. With this
design, each part of the wire is directly cooled. The final design is shown in Fig. 3.4.
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3 Magnetic field design for plasma control.

Water channel

Electrical connections

ThermocoupleHeater BlockSubstrate Holder

b)

c)

a)

Cooling block

Protections
against coating
(metal shield)

Protections against 
coating/plasma
(Shrink Hose/
Kapton Tube)

Water connections

Windings

Figure 3.4: a) Cross section of a 3-D computer model of the in-situ coil. b), c) Potographs
of fully assembled in-situ coil.
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3.3 Implementation of external and in-situ coil

The cooling block and the five cylinders were machined by the Empa workshop.
The winding of the wire (one continuous wire for entire coil) onto the cylinders
was done manually with the following procedure:

1. Place cylinder in citric acid for 1 hour
2. Clean cylinder for ultra high vacuum (UHV):

• Rinse thoroughly with deionized water to remove acid
• Clean thoroughly with acetone
• Rinse with ethanol

(after each step the screw holes were blown dry with nitrogen)
3. Apply epoxy glue onto cylinder and wind the wire
4. Cure epoxy in oven for 1 hour at 120 ◦C

Fig. 3.5 shows the in-situ coil with the winding already completed on the inner
4 cylinders together with the 5th cylinder that has been cleaned and prepared for
the final winding. The fully assembled coil is shown in Fig. 3.4 b) and c). Next
to the photographs is a cross section of a 3-D computer model that also shows the
feedthoughs and the cooling water channel (Fig. 3.4 a) ) . Panel b) also shows
the thermocouple attached to the outermost winding of the coil, the one with
potentially the least cooling. During the bake-out of the chamber, the coil was
heated up to about 70 ◦C, by applying a current. This avoids that the coil is a
cool part inside the chamber where water and other adsorbates condensate. The
same was done before depositions.

Figure 3.5: Photograph of the coil with cooling block, 4 finished cylinders and a cleaned
cylinder and the wire ready for the final winding.
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3 Magnetic field design for plasma control.

Fig. 3.6 shows the magnetic field along the central axis of the external and in-situ
coil, for a current of Icoil = 25 A. The formula for a multilayered coil (Eq. (3.1))
was used for the external coil and the formula for a coil with a single layer was
used and added up for every cylinder of the in-situ coil, Eq. (3.2)).

Bmulti(z) =
N · I · µo
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Bsingle(z) =
N · I · µo
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(3.2)

N is the number of windings, L the length, I the current, ro, ri inner and outer
radius (in the case of a multilayered coil) and R the radius (for the case of a single
layered coil) and µ0 the magnetic vacuum permeability [123]. The in-situ coil is
mounted 12.35 cm lower than the external coil. The vertical dashed lines indicate
the z position of the substrate and the target. The horizontal dashed lines indicate
the design criteria for the magnetic field strength at the corresponding positions
of the substrate and the magnetron as discussed above.
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Figure 3.6: Magnetic field of in-situ and external coil for Icoil = 25 A. The vertical dashed
lines indicate the substrate and magnetron position. The horizontal dashed lines indicate
the design criteria for the magnetic field at the corresponding positions. The drawing to
the right shows the chamber with the relevant components, with z = 0 defined as the
center of the in-situ coil.
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3.3 Implementation of external and in-situ coil

At a current of 25 A a field of about 5 mT is obtained at the substrate position
with the external coil. At the magnetron the field is about 2.5 mT which is well
below the defined maximum of 10 mT. As expected for the smaller radius of the
in-situ coil, the field at the substrate is much larger (about 18 mT), but decays
more rapidly with the distance, dropping to only 5 mT at the magnetron, which
is lower than the critical limit defined above.

In order to evaluate the performance of the two setups in terms of an increase
of the ion current towards the substrate the ion saturation current (Isat) (see Sec-
tion 2.1) was measured with the substrate holder as an electrical probe, see Sec-
tion 4.2.1. The measurements were performed for the CF configuration and only
magnetron #1 was powered, to investigate the influence of the magnetic field of
the coil on a single magnetron with a fixed magnetic configuration. Magnetron #1
was run at a power of P = 200 W in an argon atmosphere at a pressure of 4 µbar
with an aluminium target installed. A positive current inside the coil corresponds
to the magnetic field of the coil pointing upwards, i.e. in the same direction as the
field of the outer magnets of magnetron #1, see Fig. 3.9. Fig. 3.7 shows Isat in
dependence of the current applied to the corresponding coil. Both coils show the
desired effect of an increasing Isat at the substrate when increasing the magnetic
field strength. In both cases an increase by a factor of about 10 is achieved, and
a maximum ion saturation current of about 47 mA is reached. The rise in Isat is
steeper for the in-situ coil, which is expected as it generates a higher magnetic
field strength at the same current applied to the coil.
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Figure 3.7: Ion saturation current measured with substrate holder for the external
(crosses) and in-situ (circles) coil.

The effect of the magnetic field of the coil on the plasma becomes apparent from
the photographs shown in Fig. 3.8. The photographs were taken without (a) and
with a field from the external (b) and the in-situ (c) coil respectively operated at
26 A. Only magnetron #1 was operated at 200 W in an argon-nitrogen atmosphere
as used for the depositions of AlN.
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3 Magnetic field design for plasma control.

In both cases the effect of the additional field on the plasma, observable as a
bright glow, is clearly visible. With an additional field a region of intense plasma,
stretches from the magnetron up to the substrate holder, which is compatible with
the observed increase of the ion current at the substrate (Fig. 3.7). For the in-situ
coil, this region of intense plasma is clearly narrower, which can be expected be-
cause of a stronger confinement for a larger magnetic field strength provided by
the in-situ coil.

a) b)

c)

Figure 3.8: Photographs taken without (a) and with a field from the external (b) and
the in-situ (c) coil respectively operated at 26 A. The magnetrons are in the closed field
configuration

This difference is not visible in the results presented in Fig. 3.7 as the ion satura-
tion current is measured over the entire substrate holder. A stronger confinement
of the plasma at the same total ion saturation current results in a higher local cur-
rent density. Therefore the in-situ coil enables to cover a wider range of current
densities and was chosen to investigate the influence of the ion-current density on
AlN thin films. The observation above implies inhomogeneous deposition condi-
tions across the substrate holder. While this clearly is a problem for industrial
application, where additional measures would need to be taken for homogeneous
conditions, it can be used as an advantage in a scientific setting. Here, it permits
to deposit samples with different deposition conditions in a single deposition pro-
cess. This was implemented by placing the samples at specific positions on the
substrate holder and keeping the substrate holder in a fixed position. The setup
with the in-situ coil used for the depositions and results discussed in Chapter 4 is
shown in Fig. 3.9.
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Figure 3.9: Schematics of the experimental setup showing the closed field (left side) and
open field (right side) configuration with a qualitative representation of the magnetic
field lines arising from the magnetrons (Icoil = 0 A). The substrates were placed at
three different positions along the x-axis (inner position on the substrate holder (xi)
= 1 cm, middle position on the substrate holder (xm) = 2.5 cm, outer position on the
substrate holder (xo)= 3.75 cm). By inverting the current inside the electromagnetic
coil the direction of the magnetic field can be reversed. The graph shows the magnetic
field strength as a function of the vertical position along the central axis of the coil for
|Icoil| = 26 A. Position z = 0 corresponds to the substrate holder surface position and
the dotted line indicates the z-position of the targets [adapted from [140]].
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4 Tunable ion flux density and its
impact on AlN thin films

The in-situ coil design described in Chapter 3 was employed to perform AlN-
depositions in a reactive confocal magnetron sputtering setup. Since the coil in-
creases the ion flux at the substrate position in an inhomogeneous way, a rigorous
analysis of the ion-flux distribution at the substrate holder position was performed.
The momentum transfer from the ions impinging on the growing film leads to an
overall increase in adatom mobility. The effect of the process environment on the
growth of AlN-thin films was analyzed with a special focus on energy influx and
growth temperature, both of which are directly affected by the varied ion bom-
bardment.

The work was carried out by myself, having the lead on this part of the research
project, with the invaluable help of my fellow PhD-student Maria Fischer. She
provided her expertise for the thin film analysis and contributed to the prepa-
ration of the experiments and the revision of the manuscript. The calorimetric
probe measurements were carried out together with Sven Gauter, who provided
the equipment and analysis software, and also contributed to the revision of the
manuscript.

Text and figures of the following chapter are a verbatim copy of the paper pub-
lished (online since 25th of August 2018) in Surface & Coatings Technology, 348:
159-167, 2018, doi: 10.1016/j.surfcoat.2018.04.091
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Abstract

An in-situ coil implemented in a confocal magnetron sputtering system is used
to modify the ion flux impacting the substrate, thereby tuning the ion-to-neutral
ratio. Plasma characterization performed at the substrate is used to map the spa-
tial dependence of the ion flux density and the total energy flux density across
the substrate holder. In addition, spatially-resolved temperature measurements
are performed for different plasma conditions. AlN thin films were deposited by
reactive sputtering in the fully poisoned mode on Si (100) and borosilicate glass
substrates using the open field configuration. Texture, growth morphology, and
residual stress of the films were determined and correlated with the plasma con-
ditions and substrate temperatures obtained by applying the coil’s magnetic field.
All AlN films were stoichiometric and showed a hexagonal structure with (001)
texture. The film stress was found to change from 0.9 GPa (tensile) to −4 GPa
(compressive) with increasing ion flux density. Electron microscopy revealed an
evolution from an open grain boundary to a dense film morphology compatible
with the observed residual stress dependence of the films on the ion flux. No
change in residual stress and film morphology was observed within the 100 ◦C -
500 ◦C temperature range used here.

4.1 Introduction

In sputter deposition processes the ion impact on the growing film can be utilized
advantageously to control the film microstructure and microchemistry [6, 7, 58].
For example, increasing the energy flux of the ions hitting the substrate, a compact
film microstructure can be obtained already at a lower deposition temperature.

The ion bombardment processes are governed by the flux of incoming ions jion

and their energy Eion. The ion energy determines the mechanism of momentum
transfer and the resulting effects [95]. In the case of low energy ion bombardment
(Eion < 50 eV) decremental effects of ion irradiation (e.g. creation of defects or
vacancies, implantation) are avoided and the adatom mobility is enhanced colli-
sionally. The latter results in an enhanced surface diffusion and rearrangement
for atoms on the surface of the growing film. For a given Eion the flux of incom-
ing ions jion determines the total amount of energy transferred to the growing film.

It is crucial to control these two parameters independently, as their combination,
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4.2 Experimental Setup

the average energy per deposited atom, is not a universal parameter [106]. The
ion flux and ion energy are also influenced by pressure and applied substrate bias.
The pressure determines the mean free path of both the ions and neutral particles,
and thereby influences the energy and flux of both species. The application of a
bias controls the ion impact energy but may lead to implantation of the process
gas, which leads to strain fields and lattice distortions [108].

The importance of controlling Eion and jion directly and independently is widely
recognized and a variety of approaches to control the plasma flux in deposition sys-
tems have been proposed and are still developed further [10]. Petrov et al. used
a variable magnetic field generated by a pair of Helmholtz coils placed around the
chamber of their single magnetron deposition system to directly control the flux
of the ions impacting the sample [109]. Engström et al. adapted the use of a coil
to a dual magnetron system designed for the deposition of thin film multilayers
[37]. Here we present how this approach can be used for a multiple magnetron
system that allows deposition of compound films from elemental targets. Within
this work we also compare the open field to the closed field configuration of con-
focal magnetron sputtering as it was observed that the magnetic orientation of
the magnetrons relative to each other has a strong influence on the plasma flux
towards the substrate [94]. Confocal reactive sputtering is widely employed in
research and production for deposition of compound films from elemental targets.
As an example we deposited aluminium nitride (AlN) thin films by reactive sput-
tering, which is the base material for many interesting compounds such as AlSiN
for tribological or AlScN for piezoelectric applications [76, 3].

AlN thin films have been studied extensively for applications in microelectronic,
electroacoustic and optoelectronic devices [30, 35, 16, 89]. In order to obtain good
piezoelectric properties, polycrystalline wurtzite AlN films with a pronounced c-
axis orientation must be achieved [89, 30]. For their application in MEMS devices
the preferred film properties need to be obtained at low deposition temperatures,
and residual stress must be well controlled [31, 43]. To achieve these properties
appropriately adjusted ion flux and ion energy are advantageous.

4.2 Experimental Setup

The experiments were performed on an AJA ATC 1500F sputtering system with
33 cm in height and a diameter of 37 cm, containing four magnetrons. Two of them
were confocally inclined at an an-gle of 25◦ with respect to the z-axis and with
the center of the targets separated by 15 cm, as schematically shown in Fig. 3.9,
while the other two remained upright along the chamber walls. The magnetrons
are unbalanced of type II [149] with an unbalancing factor ofK = Φout

mag/Φ
in
mag = 13.

Elemental aluminum targets (99.999% purity) with a diameter of 5 cm were
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4 Tunable ion flux density and its impact on AlN thin films

used, and the power supplies (Advanced Energy MDX 500) were operated in di-
rect current constant power mode at 200 W and connected to a common ground.
The heatable substrate holder, with a diameter of 89 mm, was oriented face down
and its center located at a distance of 12 cm from the center of the targets.

Argon (6.0 purity) was used as a process gas and nitrogen (5.0 purity) was added
for the case of reactive sputtering. Purifiers (Alphagaz O2-free) were installed on
both gas lines to further reduce the remaining oxygen concentration and mois-
ture. The chamber is equipped with a turbomolecular pump (210 l s−1)and the
base pressure of the chamber was better than 5× 10−7 mbar.

A water-cooled coil was built and installed inside the vacuum chamber around
the substrate holder. The coil consists of Kapton insulated copper wire with a core
diameter of 1.7 mm. A total of 149 turns fit over a length of 58 mm and an inner
and outer diameter of 176 mm and 244 mm respectively. The magnetic field of the
coil ( ~Bcoil) reaches 180 mT at the sub-strate holder surface for a coil current (Icoil)
of 26 A. The magnetic field strength along the z-axis for Icoil = 26 A is included in
the schematic of the setup shown in Fig. 3.9.

4.2.1 Plasma Diagnostics

Several methods were employed to measure selected plasma parameters in the open
field (OF) and closed field (CF) configurations, and for varying ~Bcoil (see Fig. 3.9).

The substrate holder was used as an electrical probe to measure the floating
potential (Vfloat) and the ion saturation current (Isat). For the latter, a bias of
Vbias = −60 V was applied to the substrate holder.

A commercial Langmuir probe (LP) acquisition system (ALP, Impedans LTD)
was used to acquire current-voltage data (I-V data). A cylindrical tungsten wire,
with a diameter rLP = 50 µm and a length lLP = 10 mm, was used as a probe
tip. The probe was installed on a linear positioner to measure the ion current
density (jp), the plasma potential (Vp) and Vfloat as a function of the x-position
(see Fig. 3.9).

An active thermal probe (ATP) was alternatively installed onto the same po-
sitioner to measure the total energy flux to the substrate. The ATP consist of a
Pt100 resistor embeded in an insulating ceramic 7 mm wide and 10 mm long [146].

The LP and ATP were positioned about 13 mm below the substrate holder.
The measurements mentioned above were conducted in a pure Ar atmosphere to
avoid the problem arising from the formation of an insulating layer on the probes’
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surfaces. The Ar flow was set to 15 sccm and the pumping speed was adjusted to
obtain a working pressure of approximately 5 µbar.

4.2.2 Depositions

AlN thin films were deposited onto Si (100) and borosilicate glass substrates, both
6x6 mm2, using the open field configuration. The samples were mounted close to
the center (position xi in Fig. 3.9), at a middle radius (xm) and at the outer rim
(xo) of the substrate holder. Note that the substrate holder was not rotated dur-
ing the deposition process. Prior to the deposition process, the substrates were
ultrasonically cleaned for 10 minutes in a mixture of acetone and ethanol.

After transfer to the process chamber the samples were plasma cleaned by ap-
plying a 13.56 MHz RF bias of -75 V to the substrate holder for 2 minutes in
an argon atmosphere. This was followed by a target cleaning step (3 minutes), to
initially bring the target into its metallic state, and a target poisoning step (2 min-
utes), both performed with closed magnetron shutters. Depositions were carried
out in the fully poisoned state with a flow of φ = φAr + φN2 = 15 sccm + 12 sccm,
and the pumping speed was adjusted to obtain a pressure of approximately 5 µbar.

To determine the working point in the fully poisoned state, a hysteresis curve
was recorded and a nitrogen flow rate in the reactive mode well beyond the tran-
sition region was chosen.

The deposition time was kept constant at 120 minutes, and the substrate holder
was left at floating potential. After deposition the target was again brought into
its metallic state by an additional target cleaning step (3 minutes).

I-V data were also recorded at t = 30 min and t = 90 min during film depo-
sition at the positions xi xm and xo with a Langmuir probe length lLP = 5 mm,
smaller than the width of the substrates (6 mm). One LP data acquisition cycle
was performed within less than a minute. For the rest of the process the probe
was retracted from the deposition chamber. Before each data acquisition cycle the
probe was cleaned by application of a positive bias of 100 V, leading to electron
bombardment and consecutive heating of the probe.

The deposition system is equipped with a substrate heater to vary the temper-
ature of the substrates during film growth. The temperature of the latter can,
however, become considerably higher, if the plasma conditions lead to an addi-
tional energy influx to the sample surface. To calibrate the substrate surface
temperature we used silicon wafer pieces with type K thermocouples attached to
the surface facing the plasma. The thermocouples were attached with an electri-
cally insulating and thermally conducting ceramic glue (Omega CC). Temperature
measurements were performed at the locations xi, xm and xo.
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4.2.3 Thin Film Characterization Techniques

The film thickness was measured with a stylus profiler (DektakXT, Bruker). The
residual stress of the thin films was determined for the borosilicate glass samples
using the Stoney equation and the radius of curvature, measured with a confocal
microscope (DCM8, Leica) [97].

Atomic composition was determined by Rutherford Backscattering (RBS) with
2 MeV He for the Si substrates. Additionally, elastic recoil detection analysis
(ERDA) with 13 MeV 127I was used to refine the oxygen concentration. More
details about the RBS and ERDA analysis are described elsewhere [60]. The crys-
talline texture was analyzed for the Si substrates by x-ray diffraction (XRD) , set
up in a symmetric 2θ − θ geometry with a parallel beam, using Cu Kα radiation
(D8, Bruker). A nickel filter was used to eliminate the Cu Kβ radiation.

SEM micrographs of the film cross sections were taken for the Si substrates to
analyze the growth morphology. The SEM (Hitachi, S-4800) was operated at 1 keV
and a magnification of 60× 103.

4.3 Results and Discussion

4.3.1 Plasma Characterization

The CF and OF setup are displayed in Fig. 3.9. For the CF case the arrangements
of the magnets of magnetrons #1 and #2 are antisymmetric to each other, lead-
ing to closed field lines between the magnetrons. For the symmetric OF case the
magnets of both magnetrons have the same orientation. This results in parallel
magnetic field lines in the region between the magnetrons and the substrate holder
(called far field region in the following). In our specific setup the far field of mag-
netron #2 is parallel to the field generated by the coil for negative currents for the
OF and CF configuration. For magnetron #1 this is true for the OF configuration
only, since its magnets are reversed in the CF configuration and its far field then
becomes anti-parallel to ~Bcoil for Icoil < 0 (colored arrows).

Fig. 4.1 displays photographs of the plasma for different operating conditions.
Panels a) and b) show the plasma without an additional applied field for the
CF and OF configuration, respectively. The bright areas indicate regions of high
plasma density, and their geometry resembles that of the field lines (Fig. 3.9).
Panels c), d), e) and f) show the plasma in an applied field. For Icoil = −26 A the
applied field is parallel to the far field of magnetron #2 for the CF configuration,
and parallel to both magnetrons for the OF configuration (Fig. 3.9). The plasma
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a) b)

c)

e)

d)

f)

Open FieldClosed Field

Magnetron # 2 Magnetron # 1Magnetron # 2 Magnetron # 1

Magnetron # 2 Magnetron # 1 Magnetron # 2 Magnetron # 1

Icoil = -26  A

Icoil = 0  A

Magnetron # 2 Magnetron # 1 Magnetron # 2 Magnetron # 1

Icoil = +26  A

Figure 4.1: Photographs of the plasma for different magnetron configurations and coil
currents Icoil. The magnetrons were operated in a pure Argon atmosphere with conditions
as described in Section 4.2.2. The photographs were taken with fixed aperture, shutter
speed and ISO setting for comparability.

then extends from the magnetron(s) to the substrate. In the closed field configu-
ration the plasma of magnetron #1 remains localized at the magnetron. For Icoil
= 26 A the applied field is now parallel only to the far field of magnetron #1 for
the CF configuration.

Ion Saturation Current and Floating Potential Measured with the
Substrate Holder

For magnetron sputtering the floating potential (Vfloat) of the substrate and the
ion saturation current (Isat) flowing into the substrate are often used for plasma
characterization.
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The floating potential is related to the plasma potential (Vp) as

Vfloat = Vp +
kBTe

e
ln

[
0.61

√
2π
me

mi

]
, (4.1)

where Te is the electron temperature, kB is the Boltzmann constant, e is the ele-
mentary charge, and mi and me are the ion and electron mass, respectively.

The ion saturation current is given by

Isat = 0.61

∫
Aprobe

e ni0

√
kBTe

mi

dA (4.2)

where ni0 is the ion density of the plasma (without mutual perturbations arising
from the presence of the measurement probe), and the integral is carried out over
the entire probe area (Aprobe) [110].

In this study, we use these quantities to characterize the dependence of the
plasma state on the coil current in the closed field and open field configuration,
and for single and dual magnetron operation.

Fig. 4.2 displays the measurement results for the floating potential and the ion
saturation current as a function of coil current. Data was taken for single and dual
magnetron operation, and in OF and CF configuration. Both, Vfloat and Isat, were
measured with the substrate holder as an electrical probe.

First we discuss the results obtained for the operation of a single magnetron (#2,
Fig. 3.9). For increasing negative coil currents, Vfloat saturates at approximately
−18 V. For positive coil currents, Vfloat becomes less negative and rises to about
−7 V. The additional magnetic field generated by the coil does not significantly
affect the discharge current and voltage of the magnetrons. Therefore the elec-
tron temperature, which is given by the local plasma conditions at the magnetron,
remains unaffected, and we conclude from Eq. (4.1) that Vp drops together with
Vfloat for increasing coil currents.

The ion saturation current remains small for positive coil currents (c)), in agree-
ment with the visual appearance of the plasma at magnetron #2 for positive coil
currents (Fig. 4.1 e),f)). For increasing negative coil currents Isat rises and then
saturates at about 25 mA. The difference between the OF and CF setup is minute,
indicating that ~Bcoil dominates the fields arising from the interactions of the mag-
netrons in both configurations.

Panels b) and d) of Fig. 4.2 show the results for dual magnetron operation. The
dependence of Vfloat on Icoil for the OF configuration is the same as that obtained
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Figure 4.2: Ion saturation current and floating potential as a function of the current in
the coil for open field and closed field configuration. Here, the substrate holder was used
as an electrical probe. Graphs a) and c) show the results of measurements performed
powering a single magnetron. Note that in both cases magnetron #2 was used, which
has the same magnetic arrangement for both configurations. Graphs b) and d) show the
results of measurements where both magnetrons were powered simultaneously.
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4 Tunable ion flux density and its impact on AlN thin films

during single magnetron operation (a), open symbols). The same is observed for
the CF configuration for negative coil currents. However, for positive coil currents
Vfloat is dominated by magnetron #1 with its far field then parallel to that of the
coil. Consequently the dependence of Vfloat is symmetric with respect to the cur-
rent direction. The symmetric behavior of the CF configuration is also observed
for the ion saturation current (d), filled circles). In the OF configuration Isat
is doubled in every point compared to the single magnetron operation (c), open
symbols). This increased current becomes apparent from Fig. 4.1 d) showing the
extension of the plasma of each magnetron at the substrate holder, and Eq. (4.2)
relating the ion saturation current to an integration over the substrate holder area.

The results demonstrate that with the field generated by the coil, Isat can be
varied by more than one order of magnitude. The consequences for the film growth
will be discussed in Section 4.3.2. However, panels b) and d) in Fig. 4.1 show
that the plasma density depends on the position on the substrate holder, which
prevents a homogeneous deposition over a wide area of the substrate holder. At the
same time, it provides us with the opportunity to deposit samples simultaneously
under different plasma conditions. With our position-dependent measurement of
the plasma conditions a correlation of plasma parameters and films properties
becomes possible.

Ion and Energy Flux Distributions

The photographs of the plasma shown in Fig. 4.1 suggest that the spatial distribu-
tion of the ion current density, and with it the energy flux provided by the plasma,
is localized near the outer rim of the substrate holder (±xo) for Icoil = −26 A.

The ion current density distribution and the total energy flux density for x > 0
(above magnetron #1), while powering both magnetrons in the closed field config-
uration, are shown in Fig. 4.3 a). As expected both show nearly Gaussian distri-
butions with centers on the outer part of the substrate holder and almost identical
widths. The small differences of the center position of the two distributions is
believed to arise from the limited precision of the linear positioner and from the
size of the probes. For Icoil = 15 A, the ion current density is reduced to about
half of that obtained at Icoil = 26 A, and the centers position is shifted slightly to-
wards the center of the substrate holder. For negative coil currents the ion current
density becomes smaller than 2 mA m−2.

The dependence of the ion current density on the coil current at position x =
3 cm is displayed in Fig. 4.3 b). For Icoil > 0 the ion current density increases
rapidly, whereas it re-mains small for negative Icoil. This is consistent with the
results of the ion saturation current data shown in Fig. 4.2 c). Note that the
Langmuir and thermal probe measurements are performed above magnetron #1,
whereas the ion saturation current measurements shown in Fig. 4.2 c) were per-
formed operating magnetron #2 that has the opposite polarity than magnetron
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Figure 4.3: Panel a) shows the total energy flux density (crosses, left axis) and ion current
density (bullets, right axis) as a function of the x-position in the closed field configuration
for various coil currents. The measurements were performed above magnetron #1 with
the calorimetric and Langmuir probe. Panel b) shows the ion current density as a function
of the coil current at position x = 3.

#1 for the closed field configuration. For this reason the dependence on the direc-
tion of the coil current is reversed.

The partial energy flux density from ions impacting on the electrically floating
substrate (Jions in W m−2) is given by

Jion = Eion · jion, (4.3)

where jion is the ion flux in s−1 m−2 and Eion = e · (Vp−Vfloat) the ion energy [112].
With the measured ion current density jp = jion · e equation (4.3) becomes

Jion = jp(Vp − Vfloat), (4.4)
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4 Tunable ion flux density and its impact on AlN thin films

where Vp and Vfloat are the measured plasma and floating potentials. We find that
the ratio of Jion to the total energy flux density (Jtot in W m−2) is smaller than 0.1
for all data points. Hence, we conclude that most of the energy flux arises from
electrons, radiation, and neutral atoms hitting the substrate[66].

4.3.2 Dependence of Film Properties on Plasma Parameters
and Temperature

The maximum achieved ion saturation current measured over the entire substrate
holder is two times higher for the open field configuration than for the closed field
configuration (see Fig. 4.2 d)). For applications where a high sample throughput
or the use of different target materials requires a rotation of the substrate holder
the open field configuration is more attractive, and we therefore choose this con-
figuration for the depositions.

Aluminum nitride thin films were grown by reactive sputtering in the open field
configuration with two magnetrons, each operated at 200 W constant power. All
depositions lasted 120 min, and the substrate holder was left floating. The samples
were clamped onto the substrate holder, which results in a rather high thermal re-
sistance between them. The actual sample temperature can thus be different from
that of the substrate holder. Therefore the sample temperatures arising from the
sputter process were determined for all sample position and conditions in separate
sputtering experiments. The ion current densities were measured at t = 30 min
and t = 90 min during the thin film deposition by moving the Langmuir probe to
the corresponding positions. Measuring at all three positions consecutively took
less than 1 minute. Further details on the deposition conditions, Langmuir and
temperature measurements are described in Section 4.2.2.
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4.3 Results and Discussion

Table I: Sample temperature (T) and ion current density (jp) at the sample positions xi,
xm and xo for different experimental conditions. The letters in parentheses indicate the
corresponding samples presented in Fig. 4.6.

H
ea
te
r
Se
tp
oi
nt

Icoil [A] Position T [◦C] jp [A m−2]

H
ea
te
r
O
ff

0
xi (a) 108 2.4
xm 108 4
xo 108 5.9

-12
xi 141 2.7
xm 165 6.3
xo 245 56

-24
xi (d) 145 1.5
xm (e) 171 6.4
xo (f) 259 74

14
0
◦ C 0

xi 187 2.5
xm 187 4
xo 187 5.7

25
0
◦ C

0
xi (b) 250 2.5
xm 250 4.0
xo 250 5.7

-12
xi — —
xm — —
xo — —

-24
xi 275 2.6
xm 312 6.3
xo 349 72

50
0
◦ C 0

xi (b) 500 2.3
xm 500 3.7
xo 500 5.2

Table I shows the temperatures and ion current densities obtained at the three
sample positions for the different deposition conditions. With the heater turned
off, a sample temperature of 259 ◦C was found at the position xo for Icoil = −24 A,
where the highest ion current density of 74 A m−2 was obtained. A significant
increase of the sample temperature to 349 ◦C was also observed at xo, with a sub-
strate heater setpoint of 250 ◦C.

The ion current densities vary about a factor of two across the substrate holder
for Icoil = 0 A. For larger coil currents a substantial spatial variation of the tem-
peratures and ion current densities across the substrate holder is observed. Those
observations are compatible with the visual appearance of the plasma depicted in
Fig. 4.1 b) and d).

We found that the dependence of the total energy flux and ion current density
on the x-position is comparable to that measured for the closed field configuration
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4 Tunable ion flux density and its impact on AlN thin films

(Fig. 4.3 a)), but that the position and the value of the maximum ion current den-
sity is slightly different. The position xo matches with the maximum of the ion
current density distribution of the open field configuration.

The film thicknesses were all in the range of 770 ± 100 nm, with a correlation
between increasing film thickness and target consumption (race track depth). No
dependence on the substrate temperature or on the ion current density was ob-
served. From the latter we conclude that the applied magnetic field changes the
ion to neutral ratio, while the flux of film-forming atoms to the substrate remains
constant.

All films showed a stoichiometric AlN composition with a metal to non-metal
ratio of 1 : 1. The oxygen content was below 2 at%. The argon concentration was
found to be smaller than 0.07 at% for all films, independent of the ion flux density.

To analyze the dependence of the film properties on the different conditions
observed at the sample positions xi, xm and xo, the residual stress σ and XRD-
diffractograms were measured for all samples, and the cross sections of selected
samples were inspected.

Fig. 4.4 a) displays the dependence of the residual stress on the sample tem-
perature for the position xi (open circles), xm (open squares), and xo(open stars),
respectively, without an external field (Icoil = 0). The residual stress of the films
was found to depend on the ion current density, but not on the substrate tem-
perature: The residual stress changes from 0.7 GPa (tensile) to −0.3 GPa, and
−1.8 GPa (compressive) with the ion current densities of 2.5 A m−2 , 3.9 A m−2

and 5.5 A m−2 for the positions xi, xm and xo respectively. The fact that the stress
is independent of the sample temperature (for the temperature range covered here)
can be attributed to the low homologous temperature. The latter is defined as the
deposition temperature normalized by the melting temperature of the deposited
film material, and is smaller than 0.3 for all deposition temperatures used here.

Fig. 4.4 b) depicts the dependence of the residual stress σ on the ion current
density jp for all deposited samples. The residual stress changes linearly from
0.9 GPa (tensile) to −1.93 GPa (compressive) for 0 ≤ jp ≤ 7 A m−2 with

σ(jp) = a · jp + b . (4.5)

and
a = (−0.47± 0.13) GPa m2 A−1

b = (+1.56± 0.6) GPa.
(4.6)

For larger ion current densities, 7 A m−2 ≤ jp ≤ 75 A/m2, the compressive residual
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Figure 4.4: Dependence of the residual stress on temperature (a) and ion current density
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density. The dashed lines are linear fits to selected data points.
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stress increases at a lower rate to about −4 GPa with

a = (−0.03± 0.15) GPa m2 A−1

b = (−1.49± 9.9) GPa.
(4.7)

The dashed lines show the linear fits to the data points.

The dependence of the residual stress and the ion energy on the ion current
density appear to be correlated (see Fig. 4.4 b) and c)). The ion energy was
calculated as for Eq. (4.4) and increases linearly from 10 eV to 18 eV for 0 ≤ jp ≤
7 A m−2 with

Eion(jp) = c · jp + d . (4.8)

and
c = (+1.6± 0.3) eV m2 A−1

d = (+6.8± 1.3) eV.
(4.9)

For ion current densities above 7 A m−2 it reaches a saturation at 22 eV. The in-
tersection between the dashed lines indicate a change of slope at an ion current
density of 10 A m−2, close to that observed for the dependence of the residual stress
on ion current density. This suggests that the steep decrease in residual stress for
0 ≤ jp ≤ 7 A m−2 can be attributed to an increase in both, the ion energy and
the number of impacting ions (corresponding to an increasing ion current density).
For higher ion current densities only the number of impacting ions changes and
the decrease in residual stress becomes less steep.

Our observations regarding the residual stress are in accordance with results
from other groups. A change from tensile to compressive stress is commonly ob-
served with increasing bombardment by energetic particles (neutrals or ions) for
sputtered thin films [94, 31]. This behavior is also found for the case of AlN depo-
sitions when the pressure, bias potential or the N2/Ar ratio is varied in order to
change the bombardment of the growing film [31, 40, 87, 43]. However, variation of
the before mentioned parameters might entail changes in other process parameters
(i.e. IV-characteristics) or film composition (i.e. argon incorporation), which can
be excluded in our work.

To study the crystallinity of the films XRD measurements were performed. The
2θ − θ scans, shown in Fig. 4.5 a), revealed that all films exhibit only the hexag-
onal wurtzite structure. In combination with rocking curves it was found that
the c-axis is oriented perpendicular to the sample surface, except for the sample
at position xi (position of lowest energy influx, marked by the * in Fig. 4.5 a))
deposited with the heater and the coil switched off (see Table I). This specific
sample shows several XRD peaks of considerable intensity in the 2θ−θ scan which
can be attributed to other planes of the AlN wurtzite phase, indicating that the
preferential (001) orientation is lost. A pole figure analysis of a selected sample
(sample f) in Fig. 4.6) showed the fibre texture typical for polycrystalline AlN.
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4.4 Conclusion

The (002) texture is commonly observed in literature for AlN thin films deposited
by magnetron sputtering [81, 100, 32, 57]. For a detailed discussion about the
influence of the growth conditions on the texture we refer to previous work [99].

Fig. 4.5 b) shows the residual stress measured on the borosilicate glass samples
plotted versus the AlN (002) peak position obtained from the 2θ − θ scans of the
silicon samples. An in plane compressive stress of a thin film leads to a shift to-
wards lower angles of the peak position, which is reflected by the negative slope
of the data-fit (dashed line). The data-fit crosses the 0 residual stress line almost
at the position of the literature value for the AlN (002) peak (dotted vertical line)
confirming the good agreement of the data obtained by the different techniques
and on different substrates.

Fig. 4.6 shows film cross sections of selected samples, where different growth
morphologies can be observed. Panels a) to c) show samples grown at different
temperatures and low ion current densities (< 2.5 A m−2). They exhibit well-
oriented elongated crystalline grains with pronounced grain boundary contrast.
This morphology is compatible with open grain boundaries leading to tensile film
stress observed at low ion current densities (see Fig. 4.4 b)). The growth morphol-
ogy is not affected by the temperatures used within this study, which is compatible
with the residual stress that was also found to remain constant for these condi-
tions. Panels d) to f) show the evolution of the morphology with increasing ion
current density. At an ion current density of 1.5 A m−2 a film morphology similar
to those visible in panels a) to c) is observed. For higher ion current densities (e)
and f)) a vanishing grain boundary contrast is observed. This indicates an increase
of the film density, and is compatible with the observed transition from tensile to
compressive film stress with increasing ion current densities (Fig. 4.4 b)). Because
the growth morphology did not change at increased temperatures, the observed
densification at higher ion flux can be solely attributed to the change in ion bom-
bardment. The above presented observations are in agreement with the extended
structure zone diagram proposed by André Anders [6]. The observed transitions
in the stress state and growth morphology are compatible with the transition from
zone 1 to zone T with the pathway along the normalized energy axis.

4.4 Conclusion

An in-situ coil installed in a confocal magnetron sputtering system was used to
tune the ion-to-neutral ratio by a factor of 30. Our present experimental setup did,
however, not permit a homogeneous ion flux over the whole area of the substrate
holder. Yet, for an experimental deposition system this inhomogeneity can be ad-
vantageous, because it allows the simultaneous deposition of samples exposed to
different plasma conditions, and hence a study of the film properties on the plasma
parameters, in a single run.
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Figure 4.5: Panel a) shows normalized XRD spectra of samples deposited under the
conditions listed in Table I and are presented in the same order as therein. The sample
at position xi (position of lowest energy influx) deposited with the heater and the coil
switched off (see Table I) is marked by the *. The dotted lines indicate the peak position
of Si and hexagonal wurtzite [122, 138]. Panel b) shows the residual stress measured on
the borosilicate glass samples plotted versus the AlN (002) peak position obtained from
the 2θ − θ scans of the silicon samples. The dashed line shows the linear fit to the data,
and the dotted lines indicate 0 residual stress and the AlN (002) peak position from
literature respectively.

60



4.4 Conclusion

Ion Current Density, jp [A/m2]
0 20 40 60

Te
m

pe
ra

tu
re

, T
 [°

C
]

0

100

200

300

400

500

a)

b)

c)

d)
e)

f)

Ion Current Density, jp [A/m2]
0 20 40 60

Te
m

pe
ra

tu
re

, T
 [°

C
]

0

100

200

300

400

500

a)

b)

c)

d)
e)

f)

a) b) c)

e)d) f)

500 nm

a) b) c)

e)d) f)

500 nm

Figure 4.6: Cross section morphology of selected samples imaged by SEM. Samples a), b)
and c) were exposed to almost identical ion current densities but deposited at different
temperatures. For the images d)-f) the ion current density increases, which is accom-
panied by a change in the substrate temperature because of the plasma heating. The
values corresponding to the different deposition conditions are plotted in the graph on
the right side, and are also listed in I.

The stress of the deposited AlN films changes from 0.9 GPa (tensile) to −4 GPa
(compressive), with increasing ion flux density, but was found to be independent
on the sample temperature between 100 ◦C and 500 ◦C. All films showed a (001)-
texture with columnar grains. The observed evolution from an open to a closed
grain boundary morphology with increasing ion flux is compatible with the ob-
served stress evolution. From this we conclude that a well-designed magnetic field
generated by a coil is an experimental parameter that allows a precise control of
the film properties in a confocal magnetron sputtering system.
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5 Piezoelectric Properties of AlN

In this chapter the piezoelectric properties of AlN thin films are addressed. Be-
ing piezoelectric and not ferroelectric, the polarity of the material is fixed during
the deposition and can no longer be adjusted afterwards. The initial stage of the
growth process determines the orientation and polarization. For this reason the
surface of the substrate, in this case the electrode, plays an important role. Fur-
thermore, for polycrystalline films, the polarization of the individual grains can be
different.

Within this thesis, two materials were tested for the bottom electrode, alu-
minium (Al) and platinum (Pt). In prior work, both materials have been used
successfully as bottom electrodes, i.e. as the surface to grow AlN on, by Dubois
et al. [31]. To asses the piezoelectric response of the material at the level of in-
dividual grains, piezoresponse force microscopy (PFM) was performed. This is a
special AFM technique were a probe, in form of a tip attached at the end of a
cantilever, with dimensions down to tens of nanometers enables the determination
of the local piezoresponse of thin films.

At the beginning of this chapter the converse piezoelectric effect, which describes
the deformation of a material in response to an applied electrical field, is presented
for the case of an AlN bulk sample. Then, the settings for the measurement of the
piezoresponse of thin films are discussed. This is followed by a section introducing
the principles of PFM and some advanced modes that use resonance enhancement
to increase the signal to noise ratio. To illustrate the methods and show their
capabilities, measurements on a single crystalline sample with known properties
are presented, before advancing to the measurements performed on AlN thin films
deposited on different electrodes.

After the discussion of the results on a microscopic scale, tests of the microscopic
response are presented. To conclude the chapter, an application of AlN thin films
as an actuator in an AFM setup is presented.
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5.1 Piezoelectric properties of AlN thin films

For an AlN thin film to show a macroscopic piezoelectric response two prerequi-
sites need to be fulfilled: a) The film needs to grow in the hexagonal wurtzite
structure with a preferred orientation. b) The individual grains need to have the
same polarization, otherwise the macroscopic response would be reduced or even
vanish. Condition a) is achieved for all deposition conditions presented in Chap-
ter 4. Condition b) is not necessarily fulfilled [117, 4, 65, 22].

Fig. 5.1 illustrates the converse piezoelectric effect, which describes the defor-
mation (Strain S) of a material in response to an electric field (E). Fig. 5.1 a) gives
the mathematical description for crystals with the point group symmetry 6mm,
such as AlN in the hexagonal phase, and an electric field applied parallel to the
direction of polarization. The piezoelectric tensor components dij are given in the
Voigt’s notation. Fig. 5.1 b) shows the response of a bulk sample to a field applied
parallel to the direction of the polarization, the c-axis for AlN in the wurtzite
phase (axis 3). In the situation shown in the middle, the field is applied in the
positive direction 3. With the signs of dij as for AlN this leads to:

1. an elongation in direction 3, proportional to d33 and the electrical field (lon-
gitudinal piezoelectric response),

2. a contraction in directions 1 and 2 proportional to d31 and the electrical field
(transverse piezoelectric response).

On the right side of Fig. 5.1 b), the field points in the opposite direction, which
leads to an inverted response.The macroscopic d33 of a thin film can be obtained by
applying a field between two electrodes, positioned at the top and bottom surface
of the film, and measuring the vertical deformation of the film.

Fig. 5.1 c) shows the situation of a thin film on a cantilever structure. When
a field is applied between the two electrodes, the individual grains will react as
shown in b), but are now constrained by the neighbouring grains and the clamping
to the substrate. Therefore an in-plane-stress will form upon deformation of the
individual grains, which consequently leads to a bending of the cantilever propor-
tional to d31 and the electrical field. This setup is commonly used to determine
the macroscopic d31 of a thin film. The deflection of the substrate by inducing a
strain through the piezoelectric effect is the basis for the application envisioned
here.
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Figure 5.1: Illustration of the converse piezoelectric response. The mathematical formula-
tion is given in a), together with the piezoelectric coefficients for AlN. b) shows the effect
on a bulk sample with group symmetry 6mm. c) and d) show the setups employed in
this thesis to measure d31 and d33 using the bending of a cantilever or PFM respectively.

For a full characterization of the piezoresponse of a thin film, one needs to look
at the smallest dimension, the individual grains. Depending on the alignment and
the polarization, the grains can react differently. The above presented methods will
give a response averaged over the volume between the electrode surfaces. Fig. 5.1
d) shows how the microscopic piezoelectric response is measured in an atomic force
microscopy setup. Here, a tip with the dimensions similar to the horizontal grain
size is brought into contact with the film and used as an electrode and probe
simultaneously. This technique is called piezoresponse force microscopy, and is
discussed in more detail below.
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5.2 Piezoresponse Force Microscopy: Principles
and Resonance Mode Implementations

In this section we will present the basics of PFM as well as two advanced modes
of operation that make use of resonance enhancement of the minute piezoelectric
response. The goal of PFM on polycrystalline films is to measure the vertical
piezoelectric response (PR) of the investigated material at the smallest dimension,
the individual grains.

The methods will be illustrated with measurements performed on a single crystal
lithium niobate sample. The sample is ferroelectric and prepared in a way to have
20 µm wide stripes with alternating polarity, hence the name periodically poled
lithium niobate (PPLN). The PFM data was acquired on two systems alternatly.
Firstly, an ICON3 from Bruker equipped with a Signal Access Module (SAM V)
used to attach an external lock-in amplifier (HF2LI from Zurich Instruments).
Secondly, an hr-MFM instrument from Nanoscan, equipped with the same lock-in
amplifier from Zurich Instruments.

XYZ- Scanner

Sample

PSD
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Cantilever

Piezoresponse

 z (Topography)

Amplitude A (∆zf) 
Phase Φ 

PI  - Feedback

Vts(t) = V0cos(ωt) Out
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out
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Figure 5.2: Atomic force microscopy beam deflection setup and additional components
needed for PFM (in green). For scanning, the xyz-scanner moves the sample below the
tip, which is either in contact or in close proximity to the sample. The tip is attached to
a cantilever and its deflection is measured with a laser beam reflected on the backside of
the cantilever. Changes in position of the reflected beam are monitored with a position
sensitive photo diode (PSD). To keep the reading of the PSD at a given setpoint, the
sample z-position is adjusted to compensate the deflection of the cantilever due to the
sample’s topography. For this purpose a feedback loop with a proportional-integral (PI)
controler is used, and the reading of the sample z-position corresponds to the convolution
of the sample topography with the tip geometry. For PFM the cantilever needs to have
an electrically conductive coating, and the sample needs to have a back electrode. The
piezoresponse signal is measured in a dynamic manner which requires a lock-in amplifier
(LIA).
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For PFM an atomic force microscopy setup is used. Here, a tip with radius
down to a few nanometers, is brought into contact with the sample. The tip is
attached to a cantilever whose deflection, reflecting the displacement of the tip,
can be detected with the help of a laser beam. The latter is deflected at the back-
side of the cantilever onto a position sensitive photo diode (PSD), see Fig. 5.2.
The position of the laser on the PSD corresponds to a certain deflection of the
cantilever. For scanning, the sample is moved below the tip with an xyz-scanner.
The z-position is adjusted using a feedback loop that keeps the deflection of the
cantilever constant. The recording of the z-position corresponds to the convolution
of the sample topography with the tip geometry.

To induce a piezoelectric response, an electric field is generated by applying a
voltage between the tip in contact with the sample and the back electrode of the
sample, see Fig. 5.1 d). Therefore the tip needs to be coated with a conductive
coating, which adds to the tip radius and therefore reduces the achievable lat-
eral resolution on polycrystalline samples with small grains. Scanning with the
cantilever in contact with the sample, which is necessary to have a well defined
electrical field, has the drawback that the tip and it’s coating wear off. Very sharp
tips, which would allow for a better lateral resolution, might even break. For this
reason one can not choose arbitrarily sharp tips and thin coatings of the tip. Typ-
ical dimension are a tip radius > 25 nm and a 25 nm thick coating of the tip. In
addition to the tip, at least a part of the cantilever has to have a conductive coat-
ing as well, to connect the tip electrically. To disentangle the cantilever deflection
due to the topography, from that arising from the piezoelectric response, an AC
electrical field Vts(t) is applied between the tip and the sample:

Vts(t) = V0 · cos(ωt) (5.1)

where the frequency f = ω
2π

can be chosen freely, but may be selected to match
the contact resonance for advanced PFM operation modes, see Section 5.2. The
applied oscillatory field then induces an oscillatory piezoelectric response, with a
vertical deformation of the thin film zf(t)) for which holds:

∆zf(t) ∝ d33 · V0 · cos(ωt+ φ), (5.2)

where the phase φ should either be 0 or π depending on the local polarization of the
individual grains. Additional phase shifts can however occur from the phase-lags
of the PSD detection system of the microscope, but also from an artifact signal
due to the electrostatic interaction of the cantilever with the surface of the sample
[113]. The amplitude A(∆zf) and the phase φ are measured with a lock-in amplifier
(LIA), see Fig. 5.2. Using a LIA allows the use of a small measurement bandwidth
for the detected oscillatory signal, which results in an excellent sensitivity [51], and
allows the measurements of the typically small piezoelectric response of thin film
samples. For a 800 nm thick AlN thin film and a potential of 10 V applied across
the film, the expected amplitude of the piezoelectric response is only 55.3 pm, tak-
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ing the theoretical value for the piezoelectric constantd33 = 5.53 pm V−1, [141].
This is 2 orders of magnitude smaller than the typical roughness of the polycrys-
talline thin films of the same thickness deposited for this thesis.

The force arising from the electric field between the cantilever and the surface
of the sample leads to a flexure of the cantilever and consequently to a change
of its angle at the tip position. This generates an artifact deflection signal which
adds to the measured piezoelectric response, and typically also generates a phase
shift [113]. Particularly for the case of softer cantilevers this can become prob-
lematic. Consequently background subtraction strategies, to disentangle the true
piezoelectric response from this artifact signal have been developed.

Background Subtraction

In an ideal case, the PFM response of oppositely poled parts of the sample should
show a difference in the phase of 180◦, and the same amplitude. In practice, the
measurements always include background contributions originating from the sys-
tem electronics and the above mentioned artifact signal due to an electrostatic
interaction of the cantilever and the sample surface. Note that a lag in the elec-
tronics would have the same effect on both polarities, and lead to an identical
phase shift, leaving the phase difference and the amplitude unaffected. The arti-
fact signal however can contain an amplitude and phase component and results
in a phase shift with opposite directions on opposite polarities and also affects
the corresponding amplitudes in a different way. Therefore the measured phase
difference between opposite polarities can differ from 180◦ and also the amplitudes
may not be identical. A method to recover the true piezoelectric response from the
measured signal by subtraction of the background has been introduced by Jungk
et al. and is discussed below [64].

Fig. 5.3 shows a vector diagram of the signal measured in PFM using the fol-
lowing notation:

SP : Signal measured on a positively poled area of the sample.
SN : Signal measured on a negatively poled area of the sample.
B: Background contribution.
d: Piezo-response contribution,+d on positively poled areas , and−d on negatively
poled areas.
θN/B/P: The phase of the corresponding vectors in polar coordinates.

Using the following two equations:

~SP = ~B + ~d (5.3)
~SN = ~B − ~d, (5.4)
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the background contribution ~B can be obtained from the measured signal as fol-
lows:

Bx =
SPx + SNx

2
(5.5)

By =
SPy + SNy

2
(5.6)

| ~B| =
√
B2
x +B2

y (5.7)

θB = atan(By/Bx). (5.8)

Note that this procedure is only applicable when domains with opposite polarities
are measured within one scan. Therefore the procedure is not applicable for homo-
geneously polarized samples, which is the desired case for the AlN films deposited
here.

x

y

θN θB θP

SP

SN
B

-d

+d

Figure 5.3: Vector diagram of the signals measured by PFM on negatively and positively
poled domains. The different contributions to the signal are the Background (B), and
the piezoelectric response (d). SN and SP indicate the signal measured on negatively an
positively poled domains respectively
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A measurement performed on PPLN in off-resonance mode across a domain wall
of inversely poled domains is shown in Fig. 5.4. The topography image and cross
section show the smooth surface of this, 0.5 mm thick, single crystal sample. The
roughness is only 3 nm peak-to-peak and 0.35 nm root-mean-square. Even for such
a smooth sample, with a piezoelectric coefficient of d33 = 7.5 pm V−1, the expected
piezo response amplitude of around 75 pm for an applied voltage of 10 V is an order
of magnitude smaller then the topographic features, which shows the necessity of
measuring in a dynamic way using a LIA as discussed above. The phase image
shows two domains with a 180◦ phase difference. The measured phase signal does
not show the expected 0◦ and 180◦ values. Instead the phase signal is offset by
−15◦. This presumably arises from phase shifts occurring in the electronics, as
discussed earlier. The domain wall appears with a width of about 18 nm. The
piezo response amplitude image shows almost identical values on the two domains,
as expected for a small background or artifact signal. The small difference, visi-
ble for the regions boxed in green, can be corrected, with the method described
above, as shown below. At the domain wall the amplitude drops to 0 and therefor
appears as a black line, with a width of about 30 nm, which is almost twice a
wide as in the phase image. This may arise from strain effects inside the single
crystal sample, or from an increasing horizontal extension of the electric towards
the bottom electrode of the sample. The latter results in a wider volume affected
by the electrical field, which contains parts with opposite polarity if the tip is near
the domain wall. In summary, the piezo response amplitude provides information
on the local magnitude of the piezo response while the piezo response phase allows
to determine the local polarity.
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Figure 5.4: PFM-measurement in off-resonance mode on a periodically poled lithium
niobate single crystal sample. The depicted signals are the topography, piezo response
amplitude and piezo response phase, top to bottom. On the right side cross sections of
the corresponding images are shown, from the locations as indicated by the horizontal
lines. The green boxes indicate the areas in the positive and negative domains considered
for the background subtraction.

Cross sections of the signals after subtraction of the background are shown
in Fig. 5.5. Here the amplitude is the same for both domains as expected. The
phase is almost unaffected by the background and the difference changes only from
∆φ = 180.6◦ to ∆φBS = 180.3◦. Note that, the offset in the phase is not corrected
for by the background subtraction. The background vector has an absolute value
of RB = 43.3 µV and its phase is φB = −20◦. These values are small compared
to the measured signal but still relevant as visible in the image and cross section
of the amplitude, which stresses the need for a background subtraction, especially
for a thorough quantification of the piezoelectric constants.
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Figure 5.5: Cross Sections of the measurement shown in Fig. 5.4 after subtraction of
the background. The ares on the positive and negative domains considered for the
background subtraction are indicated by the green boxes in Fig. 5.4

5.2.1 Resonance Enhanced PFM

Using PFM with small measurement bandwidths allows the detection of small
piezoelectric displacements locally, which are commonly below 1 nm for piezoelec-
tric thin films, e.g. 55.3 pm for an applied voltage of 10 V across a 800 nm thick
AlN thin film. However, a small bandwidth increases the measurement time, which
leads to an impracticably long acquisition time for an image. A complementary
approach to increase the signal to noise ratio is to use resonance amplification.
Consequently more advanced operation modes were developed [115], where the
frequency f = ω

2π
of the oscillatory voltage in Eq. (5.1) is tuned to match the

resonance frequency fres of the cantilever with the tip in contact with the sample
(contact resonance frequency). The cantilever deflection generated by the piezo-
electric response will thus be multiplied by the mechanical quality factor of the
contact resonance, which is typically around 100 [8]. However, operating at reso-
nance also leads to complications:

• The contact resonance depends strongly on mechanical properties of the local
tip-sample contact. Amongst others, the local sample topography plays an
important role. This means that the contact resonance will shift if the sample
topography is not flat, as is the case for polycrystalline thin films. In practice,
the resonance is chosen before the measurement to match fres at one specific
xy-position on the sample. When the frequency is kept constant, a shift of the
contact resonance will change the amplitude and the phase of the resonance-
enhanced signal such that the recorded data contains mixed information of
the local piezoelectric response as well as the topography. Possible changes
in the phase by 180◦, originating from a shifting resonance, might then be
misinterpreted as a transition between grains with opposite polarization.

• A quantification of the obtained amplitude signal is less straightforward. The
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signal enhancement depends on the quality factor obtained on contact reso-
nance. If the resonance shifts, or if the nature of the tip-sample interaction
changes (e.g. wear of the tip), the quality factor and thus the amplitude
enhancement will change.

Dual Frequency Resonance Tracking (DFRT)

In order to avoid measurement artifacts arising from spatial variations of the con-
tact resonance frequency, Rodriguez et al. developed a resonance frequency track-
ing method [115]. For this method two additional oscillatory signals at frequencies
f± = f ± ∆f close to and symmetrically embracing the frequency f are applied
to the tip-sample bias. Two extra LIAs are used to measure the corresponding
amplitudes A+ and A−. The following applies for their difference, see Fig. 5.6:

i)A+ − A− = 0 for f = fres

ii)A+ − A− > 0 for f > fres

iii)A+ − A− < 0 for f < fres.

∆A = A+ − A− can thus be used used to adjust the central frequency f and
together with it the side frequencies f±, such that f corresponds to the local
contact resonance frequency.
Note that even with the resonance tracking described above, the quantification

of the measured piezo response remains chalenging, because also the quality factor
depends on the tip position and the local tip-sample contact mechanics. This was
demonstrated by Jesse et al in experiments where a tracking of the quality factor
was performed [62]. However this method is challenging and increases the mea-
surement as well as the analysis time because a resonance sweep has to be recorded
and analyzed for every pixel of the image. Further note that for various scanning
force microscopy applications, phase-locked loop (PLL) systems are used to track
the resonance frequency of the cantilever. In a PLL system, the frequency of the
signal driving the cantilever resonance is adjusted such that the phase remains
locked at 90◦. The actual cantilever resonance frequency is thus tracked. In PFM
the use of a PLL is not possible, because the phase changes by 180◦ when the tip
scans across a domain wall.
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Figure 5.6: Illustration of the changes in amplitude at the frequencies f±∆f arising from
a shift of the contact resonance frequency fres. The solid curve and lines illustrate the
initial situation where the oscillatory frequency f of the electric field equals the contact
resonance frequency fres. In this case the difference of the amplitude ∆A = A− − A+

vanishes. The dotted lines show the situation when the contact resonance is shifted
to a lower frequency but the frequency f of the excitation is kept constant. Now the
amplitudes A+ and A− at the frequencies f + ∆f and f −∆f , respectively, are different
and ∆A < 0

Fig. 5.7 presents PFM data that was recorded with and without frequency track-
ing. The images were scanned from the top to the bottom, and the frequency
tracking was switched off in about the middle of the image. Hence the upper
and lower part of the image shows the data recorded with and without frequency
tracking respectively. The solid and dotted lines in the images show the locations
of the corresponding cross sections. The data acquired without frequency tracking
(lower part of the image) shows a granular texture of the piezo response amplitude
and phase. This texture is absent, or very small, in the upper part of the images,
where the frequency tracking is on. The granular texture in the lower part of the
image must thus arise from variations of the contact resonance due to topography-
induced changes of the tip-sample contact mechanics. In any case the phase and
amplitude variation arising from this remain much smaller than the 180◦ phase
shift and amplitude drop occurring at the location of the domain wall. The data
recorded without frequency tracking however clearly shows that even the minute
topography of the single crystal generates an artifact PFM-signal that vanishes if
frequency tracking is used.
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Figure 5.7: PFM-measurement in resonance mode on a periodically poled lithium niobate
sample, with the frequency tracking switched on and off for the upper and lower part
of the images, respectively. The solid lines in the sections are from the part of the scan
with resonance tracking, and the dashed lines from the part without resonance tracking.

5.3 Microscopic piezoelectric properties of AlN
thin films

In this section, measurements performed on polycrystalline (002)-textured AlN
thin films are presented. As mentioned above, the films were deposited onto two
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different electrodes. The section starts with the results obtained for the aluminium
electrode. The results obtained with the platinum electrode follow.

Aluminum electrode

The aluminium electrode was deposited onto a chromium adhesion layer on a na-
tively oxidized silicon wafer substrate. The chromium interlayer also permits a flat
growth of the successive aluminum layer. In the following we will use the notation
’Cr/Al/AlN’, describing the layer struture, when referring to the results presented
here.

Fig. 5.8 shows a measurement in off-resonance mode, performed on a polycrys-
talline Cr/Al/AlN sample. For comparison, the cross sections include data of a
scan on the PPLN sample performed under the same conditions. The topography
cross-section of the AlN film (solid line) shows a much larger corrugation than
the corresponding cross section taken from the periodically poled lithium niobate
(PPLN) topography data (dotted line). While the granular, polycrystalline AlN
film topography shows a corrugation of 48 nm peak-to-peak and 7.8 nm root-mean-
squared, the corresponding data on the PPLN is 2.9 nm peak-to-peak and 0.35 nm
root-mean-squared. The amplitude image clearly shows features correlated to the
sample topography, even though the data was acquired in the off resonance oper-
ation mode. In contrast to the PPLN single crystal, where no such features are
visible (see Fig. 5.4), this is expected because of the presence of grain boundaries
in the polycrystalline sample. The amplitude measured on the AlN film is about 5
times smaller than that recorded on the PPLN sample, while from a comparison of
the piezoelectric constants (d33) of the two materials we would expect only a factor
of 1.4. Clearly the piezoeletric response observed on the AlN sample is small. Pos-
sible explanations for the low piezo-electric response are: The Cr/Al/AlN sample
is not a single crystal but a polycrystalline thin film with a less perfect crystallinity,
e.g. defects and tilt of the crystalites; Furthermore, the grain boundaries present
for a thin film could be responsible for a reduction of the amplitude. The phase
image reveals a weak contrast arising from the grain boundaries and considerable
fluctuations. However, the observed phase variations are considerably smaller than
the characteristic 180◦ phase shift expected for a domain of opposite polarity as
visible for the PPLN cross section. This permits the conclusion that the imaged
sample area and presumably the whole AlN film has a unipolar polarization.

The above discussed results illustrate the difficulties of measuring on a poly-
crystalline sample with a small piezoelectric coefficient. We therefore decided to
apply the resonance modes discussed above. First, a scan performed in resonance
mode without tracking of the resonance frequency is presented which illustrates
the pitfalls of this method. Thereafter a scan applying the resonance tracking for
half of the scan is shown for a direct comparison.
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Figure 5.8: PFM-measurement on an AlN-thin film deposited on an aluminum electrode
(sample A). The dotted lines show the results obtained across a piezoelectric domain wall
on the PPLN single crystal for comparison.

Fig. 5.9 shows a scan performed on the same Cr/Al/AlN sample with the fixed
frequency of the electrical excitation matching the contact resonance frequency
of the cantilever at one specific position of the tip within the scan area before
scanning. Note that the area imaged is different from that shown in Fig. 5.8, but
nevertheless representative for the sample, such that the typical height of the topo-
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raphical features can be compared. The amplitude image and the corresponding
cross section show distinct bright spots and peaks, respectively, corresponding to
a locally increased amplitude by up to a factor of 5. Similarly, dark spots and
sharp variations of the phase from +150◦ to about −40◦ are apparent in the phase
image and the corresponding cross section. The positions of the amplitude peaks
coincide with the positions of sharp changes in the phase (see vertical solid lines in
the cross sections). From the scans across the domain wall on the PPLN sample
shown earlier, we know that the amplitude drops at the domain wall and that the
phase changes by 180◦. This is different from what is observed here. We therefor
conclude that the phase changes, which are less than 180◦, visible in the data taken
on the AlN thin film do not indicate domains of different polarities. Nevertheless,
a local change of he polarity cannot be conclusively excluded, because of the strong
variations of the phase

However, such phase and amplitude changes can also arise from local changes of
the contact resonance frequency. When the contact resonance drops to match the
electric field oscillation frequency f , the amplitude increases strongly and the phase
shifts by up to −90◦ when the contact resonance matches f . If the contact reso-
nance becomes smaller than f the amplitude decreases again and the phase shifts
again by −90◦, see left side of Fig. 5.15 for an example of a resonance sweep. On
samples with a pronounced topography, strong variations of the contact frequency
will arise from the changes of the local tip-sample contact mechanics. Hence we
conclude that the bright spots in the amplitude image correspond to positions
where the contact resonance matches the frequency f and correspondingly the
dark spots in the frequency images are due to the phase shift occurring around
resonance.
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Figure 5.9: Scan of the Cr/Al/AlN sample in resonance mode. The vertical black lines
are a guide for the eye and indicate the same x-position in the sections showing the
topography, amplitude and phase of the piezo response (from top to bottom).
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Fig. 5.10 shows a scan performed on the same Cr/Al/AlN sample applying the
resonance tracking during the first half of the scan (part A of the image, solid
lines) and keeping the excitation frequency constant for the second half (part B
of the image, dotted lines).The cross sections taken from the two different parts
are plotted on the same axis for a direct comparison. Note that the scan size is 10
times smaller than in Fig. 5.9. The topography features for this scan area are on
the order of several nanometer and are similar for both parts. Fig. 5.10 contains
an additional plot, the excitation frequency.
For the data acquired in area A (frequency tracking on), the contact resonance

frequency varies by about 5 kHz around a central value of about 258.2 kHz. The
frequency image shows features reminiscent of the topography of the sample. This
frequency range is wider than the full width at half maximum of a typical contact
resonance curve, meaning that the amplitude would drop locally, by more than a
factor of two if the contact resonance frequency were not tracked and f adjusted
correspondingly.
Nevertheless, also with the contact resonance frequency tracked, some changes

of the amplitude are observed, but the phase remains constant. This indicates
that the piezo response amplitude or the quality factor of the resonance show local
variations, but that the imaged sample area is unipolar. Thus the conclusions
obtained in the off-resonance mode are confirmed. The results obtained in area
B, with the tracking of the contact resonance frequency switched off, are very dif-
ferent. First, a much larger variation of the local amplitude is observed. Second,
phase variations of up to 140◦ are recorded. Such phase shifts could easily be
misinterpreted as local changes of the polarity. Clearly, methods for tracking the
contact resonance frequency are required when PFM is performed using the con-
tact resonance for signal amplification on samples with a pronounced topography.

In conclusion it was shown that PFM was successfully implemented, both in
off-resonance and resonance-tracking mode. Furthermore it was observed that
the sample is unipolar. This shows that an aluminium electrode is suitable for
piezoelectric AlN thin films for macroscopic applications.
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Figure 5.10: Scan using resonance mode with DFRT turned on during the first half of
the scan (A, solid lines), and resonance mode without tracking (B,dashed lines) on the
Cr/Al/ALN sample. The data shown is Topography, Frequency, Amplitude and Phase
(top to bottom).
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Tantalum-Platinum electrode

The following section shows results of an AlN thin film deposited onto a platinum
electrode with a tantalum adhesion layer. The platinum shows a (111) orienta-
tion (see Fig. 5.11), which possesses a surface with a hexagonal symmetry similar
to the (001) plane of AlN [31].This promotes the growth of c-axis oriented AlN.
The sample has a root-mean-squared roughness of 1.9 nm. It is hereby consider-
ably smoother than the AlN film grown on the Al-electrode, with a roughness of
6.53 nm. Furthermore the AlN(002) peak in the 2θ− θ XRD-scan is more intense
than for the sample deposited on the Cr/Al electrode, see Fig. 5.11.
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Figure 5.11: Logarithmic representation of θ− 2θ XRD-scans. The data is normalized to
the Si(400) intensity.

Fig. 5.12 shows an off-resonance scan of the Ta/Pt/AlN sample. The topography
image shows smaller grains and a less pronounced topography compared to the
Cr/Al/AlN sample. The phase and amplitude images both show a granularity
reminiscent of the topography of the polycrystalline film, but the local variations
remain small. The amplitude varies by about ±50 µV around a value of about
300 µV, and the phase varies by only ±10◦ around −10◦. As for the Cr/Al/AlN
sample a homogeneous polarity is observed for this sample. These results suggest
that platinum is better suited as a bottom electrode for piezoelectric AlN.
The output of the photo diode and the LIA is a voltage which is proportional to

the vertical displacement of the cantilever. To obtain the vertical displacement, the
constant of the proportionality (S) has to be determined. For this purpose we used
the PPLN sample which has an effective piezoelectric constant of d33 = 7.5 pm V−1.
The constant S can then be determined with:

∆Z = d33 · Vts = S ·∆V , (5.9)

where Vts is the amplitude of the oscillatory voltage applied between the back
electrode of the sample and the tip, and ∆V is the output of the LIA for the mea-
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5.3 Microscopic piezoelectric properties of AlN thin films

sured amplitude in volts. Additionally the system Background can be determined
from a scan across a domain wall of the PPLN with the method described above.
Remember that this is not possible for the unipolar samples presented above. The
such obtained Background had an amplitude of only about 5 % of the measured
piezoresponse amplitude. For the Ta/Pt AlN sample the measured piezoelectric
coefficient is d33 = 2.6± 0.5 pm V−1.

In conclusion piezoelectric AlN-thin films were successfully deposited onto two
different electrodes. A homogeneous polarity was observed for both electrodes
in PFM measurements. The Ta/Pt electrode proofed to yield the best films in
terms of the piezoelectric response. The piezoelectric coefficient of these films
(2-3 pm V−1) is comparable to values found in literature [30], but remains consid-
erably smaller than the theoretical value for single crystals of d33 = 5.53 pm V−1.
This is typical for piezoelectric coefficients of thin films measured by PFM, due
the clamping of the substrate and a less perfect crystal structure [151].
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Figure 5.12: Off resonance scan of the sample deposited on the Ta/Pt electrode. The
topography, piezoresponse amplitude and phase are shown (top to bottom)
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5.4 AlN-coated cantilevers for AFM applications

In the previous section, PFM was used to investigate the local longitudinal piezo-
electric response (d33) of sputter deposited AlN thin films. To explore the trans-
verse piezoelectric response (d31), cantilever structures have been coated (see Fig. 5.1
and Fig. 5.13). The transverse inverse piezoelectric effect, the deformation of the
material orthogonal to the applied field and axis of polarization, leads to an in-
plane stress of the coating and resulting from that, a bending of the cantilever
when a voltage is applied. This effect can be used for a direct and rapid actuation
for rapid imaging and a clean excitation of the cantilever resonances [83, 5].

In a similar way, the transverse piezoelectric effect can be used for sensing the
cantilever deflection. The use of cantilevers as strain sensors has found a lot of
attention for the investigations of biomolecules recently, e.g. to analyze the unfold-
ing of adhesins or for measurements in liquids [72, 67, 41, 5]. For the latter case
the use of self sensing cantilevers is more convenient than using a beam deflection
system. AlN coated cantilevers could be used for this purpose, but this application
was not sutudied in this thesis.

A common method to map tip-sample interactions, e.g. magnetic interactions
between a magnetic tip and a magnetic thin film [124], is to track the resonance
frequency of the cantilever when in close proximity but not in contact with the
sample. The resonance frequency depends on the z-derivative of the local tip-
sample interaction force. The cantilever oscillation is typically excited using a
piezoelectric shaker positioned below the cantilever holder. This indirect exci-
tation of the cantilever has the disadvantage that mechanical resonances of the
cantilever holder or mount are also excited and can appear in the spectrum[5, 41].
The first application and test of the coatings was the direct piezoelectric excitation
of cantilever resonances.

The second test was the use of the direct piezoelectric actuation of the cantilever
for the z-actuation in AFM-scans. Microfabricated cantilevers typically have reso-
nance frequencies of several tens of kHz or even several hundreds of kHz, while the
z-resonance of a typical piezotube scanner is only on the order a few kHz. There-
fore a much more rapid control of the tip-sample distance is possible and premits
a more rapid xy-scanning. Consequently a faster imaging speed is possible, up to
real time monitoring as demonstrated by Manalis et al. [83].

In this work, commercially available cantilever chips were coated with a layer
scheme as depicted in Fig. 5.1 c). Platinum was chosen for the bottom electrode
as it yielded the best results in the microscopic investigations, but a few tests with
a chromium electrode were also successful. The bottom electrode and the AlN
coating were deposited in the magnetron sputter chamber. For the top electrode
sputter-deposition led to a short between the top and bottom electrode, occuring
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5 Piezoelectric Properties of AlN

at the side of the samples, where the AlN film thickness is considerably smaller
and the film quality is poor. Because of the small dimension and the resulting
fragility of the cantilever, masking of the cantilever close to its boundaries was
not possible without risking to damage the cantilever or the tip. Therefore the
top electrode was deposited in a focused-ion-beam system. Fig. 5.13 shows the
front part of a cantilever chip with the top electrode framed in black lines. The
200x200 µm2 square served as a contact to the top electrode.

20
0 

μm

Figure 5.13: Top view electron microscope image of the front part of a cantilever chip.
The cantilever is the extension at the top in the middle of the image. The tip is located
below the pointy part of the cantilever and therefore not visible in the image. The
platinum top electrode is framed by the dashed lines and runs from the cantilever onto
the cantilever chip to a 200 µm square which served as a contact to the top electrode.

Fig. 5.14 shows the vertical displacement of the cantilever in response to the
applied voltage. A displacement of ±26 nm is achieved for a voltage of ±10 V. As
AlN has a high electric breakdown voltage (120-180 V µm−1) and the thickness of
the film is about 720 nm, a break-down potential of 86 V-130 V, larger then the
applied ±10 V is expected. Hence a range of up to 330 nm seems feasible.
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Figure 5.14: Vertical displacement of the tip as a function of the applied voltage across
the piezoelectric AlN coating. For the available output range from −10 V to 10 V a
vertical displacement of 52 nm is achieved.

Fig. 5.15 compares signals of the same cantilever driven through its first flex-
ural resonance peak using (indirect) mechanical excitation (with a shaker piezo)
to results obtained with the (direct) actuation via the piezoelectric AlN coating.
The direct piezoelectric excitation shows a clear and text-book-like resonance peak
with the steep 180◦ phase shift. The situation for the mechanical excitation looks
very different with several peaks within the covered range and several phase shifts,
arising from resonances of the cantilever holder. The results obtained for the (in-
direct) mechanical excitation are typically obtained in air or liquids with rather
stiff cantilevers. Such spectra make it difficult to determine the true cantilever
resonance peak and lead to difficulties for operation modes requiring a tracking of
the cantilever’s resonance frequency.
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Figure 5.15: Frequency sweep of first eigenmode. Comparison of mechanical (indirect)
and piezoelectric (direct) excitation.
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The second application, scanning with the AlN coated cantilever, was performed
on a silicon oxide calibration grid with 50 nm deep indentations. A measurement
scheme as depicted in Fig. 5.16 was implemented. . The measurements were
performed in off-resonance-intermittent-contact mode [104].
In this mode, the cantilever is sinusoidally oscillated at a frequency different

from the cantilever resonance frequencies. The oscillating tip is approached to the
sample. Once the tip starts to intermittently contact the sample surface, its os-
cillation amplitude decreases compared to the free oscillation of the cantilever far
from the surface. The decreased amplitude is used as a setpoint for a high band-
width z-feedback loop. The specific setup used here for the AlN coated cantilever
is shown schematically in Fig. 5.16. The feedback output signal is added to the
oscillatory drive signal and applied to the AlN cantilever coating. The feedback
output then reflects a high-bandwidth topography signal (high-bandwidth-∆z).
Note that the 20 V range for the output of the LIA has to be divided between
the output of the high-bandwidth-∆z feedback and the sinusoidal excitation of the
cantilever as both signals are supplied by the same LIA. We chose the settings
such that a 12 V range was available for the high-bandwidth-∆z feedback, which
corresponds to a symmetric range from −15.6 nm to 15.6 nm. Note that this range
of 31.2 nm could easily be surpassed continuously, for example when scanning over
large topographical features or if the sample’s z-position drifts. In order to remain
within the range of the cantilever deflection, a second-z-feedback adjusts the sam-
ple z-position with a low bandwidth, such that the average cantilever deflection
remains small. Consequently, the output of this second feedback represents a small
bandwidth topography (low-bandwidth-∆z) of the sample.

Fig. 5.17 displays results obtained on the calibration sample. The ’1st har-
monic’ image displays the first harmonic amplitude of the cantilever oscillation
measured by the LIA that is used as the input for the fast feedback (PI1 in
Fig. 5.16). The feedback output then reflects a high-bandwidth topography signal
(high bandwidth-∆z). Note that the range of the cantilever deflection is surpassed
at the locations of the indents, which therefore appear as only about 15 nm deep,
corresponding to the lower half of the available range. Because the range of the
cantilever deflection is momentarily surpassed, the tip does not reach the bottom
of the indents and it oscillates freely at these locations. Consequently the 1st har-
monic signal increases to a maximum here, instead of the chosen setpoint. The
’low Bandwidth ∆z’ image shows the output of the slow feedback (PI2). Because
of the small bandwidth of this second feedback, no topographical features related
to the calibration grid of the sample are visible. However a considerable difference
in the z-position (120 nm) between the first (bottom) and last (top) scan line is
apparent. This z-displacement either arises from a drift of the sample’s z-position
or a tilt of the sample along the y-direction.
In conclusion, both tests of the piezoelectric AlN coatings were successful. The

use of cantilevers with a piezoelectric coating could improve methods where can-
tilever resonances need to be excited or when the z-actuation of the x-y-z scanner
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5.4 AlN-coated cantilevers for AFM applications

limits the imaging speed. Another interesting application would be the use of the
piezoelectric coating as a sensor.
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Figure 5.16: Schematic of the setup for the off-resonance intermittent contact mode [104],
used for the scan shown in Fig. 5.17
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Figure 5.17: Scan of a calibration sample, using the AlN coating as actuator and the
setup displayed in Fig. 5.16. The top left panel shows the output of the fast feedback, i.e.
the high-bandwidth-∆z signal, while the top right panel shows the cantilever deflection
signal recorded by the beam deflection sensor, showing the same topographical features
of the sample. The bottom left image shows the 1st harmonic amplitude of the cantilever
oscillation. Note that this signal should be kept constant at 4.8 nm by the z-feedback.
But because the bottom of the indents is outside the range of the cantilever deflection, a
maximum corresponding to a freely oscillating cantilever, is reached for reasons discussed
in the text. The bottom right panel shows the output of the slow z-feedback, i.e. the
low-bandwidth-∆ z signal.
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Within the scope of this thesis AlN based coatings were investigated. AlN as a
wide-bandgap (6.2 eV) semiconductor is transparent in the visible range. Fur-
thermore it exhibits a high hardness (23 GPa). The combination of those two
properties make it an interesting candidate for protective coatings of displays or
windows for example. By adding silicon and/or oxygen to the material the crys-
tallographic structure of the material is changed, and consequently its functional
properties such as hardness or refractive index, can be tuned.

The work was carried out in the context of a research project supported by
the Swiss National Science Foundation (SNF) (project Nr. 200021-150095) which
involved two PhD-students (Maria Fischer and myself). My work was focused
on pure AlN, its piezoelectric properties, and how its microstructure is influenced
by the plasma conditions during film growth. Maria Fischer’s work concentrated
on alloying oxygen and silicon on the anion and cation lattice sites respectively.
The introduction of oxygen to the process leads to complications. Because of the
high reactivity of oxygen compared to nitrogen, the target poisoning aswell as the
reaction of the film with these gases is hardly controllable without further efforts.
Process instabilities, as well as irreproduceable oxygen concentrations in the films
are the consequences. The problem was addressed by the separation and strate-
gic placing of the gas inlets for the two gases. The modified setup enables stable
and reproducible depositions of AlON. Additionally quarternary AlSiON coatings
and their microstructural evolution with changing chemical composition were an-
alyzed. The results of the investigation of AlON and AlSiON are presented in the
following two sections as a verbatim copy of two publications. Maria Fischer had
the lead on these projects. My contributions include: helping with the conception
and execution of experiments, especially for XRD and stress analysis, as well as
contributions to and revisions of the manuscripts.
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Abstract

Aluminum oxynitride (Al-O-N) is a material suitable for hard, transparent thin
films. Its physical properties and structure can be adjusted through the O-to-N
ratio.
Reactive Direct Current Magnetron Sputtering (R-DCMS) is a practical, widespread
technique for the deposition of coatings. However, it proves to be challenging in
the case of Al-O-N. The reason for this is the high reactivity of O2. Poisoning
of Al targets by O2 causes formation of insulating oxide islands and consequently
leads to target destruction and a failure of the deposition process.
Here we show that with two separate gas inlets for the two reactive gases, a good
process stability can be achieved over the entire range of O-to-N ratios.

6.1.1 Introduction

Aluminum oxynitride (Al-O-N) is of high interest for transparent, insulating pro-
tective coatings. The highest transparency is obtained if no Al is left in its metallic
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state (fully reacted). In the binary case this can be achieved either by fabricating
pure AlN or Al2O3 thin films. While sputter-deposited AlN films are polycrys-
talline with grains of wurtzite structure [17], the Al2O3 films remain amorphous
for deposition temperatures below 500 ◦C [96].

In the ternary Al-O-N system, physical properties such as the refraction index
can be adjusted between the binary systems through the O-to-N ratio [25, 70, 69].
A higher O content also leads to a refinement of the grain size and finally to amor-
phization [107]. With the latter, diffusion processes along grain boundaries can be
suppressed. This is for example useful, if the material is applied as the dielectric
of a capacitor. It has been shown that for amorphous Al-O-N, leakage currents
are substantially reduced, and a higher breakdown field is obtained compared to
polycrystalline AlN [18]. Another application of Al-O-N are thin film coatings for
oxidation protection. The amorphization obtained at a higher O content changes
the stress of the coating on the substrate towards compressive [148] and substan-
tially reduces the O2 penetration through the thin film. Moreover, Al-O-N coatings
with high O contents are inert towards further oxidation [56].

Reactive Direct Current Magnetron Sputtering (R-DCMS) has been success-
fully used for the deposition of AlN, but remained difficult to apply for Al2O3.
The causes for this have been addressed previously [2, 12, 118, 121, 134, 132]. R-
DCMS for AlN or Al2O3 deposition is typically performed with Ar as inert process
gas and N2 or O2 as reactive gas. While N2 does not affect the stability of the
sputter process, the addition of O2 renders process control difficult because of its
high reactivity with the target material. Consequently, the fabrication of oxide
films requires more elaborate sputtering methods such as radiofrequency (RF) or
pulsed direct current sputtering [134, 132, 118]. Maintaining a reasonable depo-
sition rate requires control of the reactive gas partial pressure [134, 132]. This
is achievable by keeping a suitable mass spectrometer intensity [133] or plasma
emission intensity [120, 53] or the plasma impedance [2, 142] constant. However,
these methods require sophisticated and costly hardware. A different approach
suitable for reactive DC sputter deposition of pure oxides was already described
in the 1980s: The target was enclosed in a box to shield it from O2. The latter
was introduced close to the substrate [84, 119, 39].

Here, we report a new design of a DC magnetron sputtering system for the
deposition of Al-O-N thin films that avoids the necessity to encase the substrate.
Instead, two separate gas inlets were installed for the two reactive gases (separated
inlets setup). N2 was fed in adjacent to the target while O2 was fed in near the
substrate in order to promote target poisoning by N2 and to prevent poisoning by
O2. This separated gas inlet configuration allows the deposition of Al-O-N in a
stable and reproducible process without the need for expensive hardware and is
implementable in any standard coating system. For comparison, sputter process
stability was also studied for a more conventional gas inlet setup (combined inlet
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setup).

6.1.2 Experimental

This work was carried out in an AJA ATC 1500 F sputtering system (AJA In-
ternational, Inc.) of cylindrical shape with a height of 33 cm and a diameter of
37 cm. The chamber is equipped with a TMU 261 turbo pump with a capacity
of 210 l/s (Pfeiffer Vacuum). Further details on the chamber design and imple-
mented modifications are described below (see section 6.1.3). R-DCMS deposition
processes of Al-O-N were performed with two unbalanced magnetrons arranged
in a closed field configuration about 12 cm below the substrates. The latter were
heated to 200◦ through radiation from lamps installed behind the substrate holder.
Metallic Al targets of 5 cm diameter and 99.999% purity grade (Hauner Metallis-
che Werkstoffe) were used. The power on the targets was kept constant at 200 W,
resulting in a nominal power density of 10 Wcm−2. Before each deposition process,
the targets were cleaned to their metallic state by sputtering for 3 min in pure Ar
introduced through a gas inlet at the chamber bottom (see fig. 6.1) with a flow of
16 sccm. This Ar flow was kept for all depositions to provide a constant process
gas background.

With the separated gas inlet setup (see fig. 6.1b)), a poisoning step of 2 min
with closed chimney shutters and 12 sccm N2 through the N2 gas inlet followed.
This flow rate was sufficient to bring the targets into the fully AlN poisoned mode,
as was checked recording the voltage in hysteresis experiments. The AlN coverage
served to protected the target before admitting O2 into the chamber.
During the subsequent 3 h film deposition process, the flow of 12 sccm N2 at

the targets was kept. 0-10 sccm of an O2/N2 mixture with O2 contents of 1% or
10% were introduced to the substrate through the central gas inlet, which yielded
a net O2 flow up to 1 sccm. The total reactive gas flow at the target and the
substrate was thus increased for processes with a higher O2 flow. A gas mixture
instead of pure O2 was chosen at the central inlet in order to keep the O2 flow low
enough for meaningful stoichiometries in between AlN and Al2O3. Working with
a gas mixture at the central inlet implies that in addition to the 12 sccm N2 at the
target, N2 also flows to the substrate. Alternatively, the installation of a mass flow
controller for lower flows of pure O2 could be considered or the use of compound
gases such as N2O [18].
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Figure 6.1: Combined O2/N2 gas inlet setup a) and separated inlets setup b). In both, Ar
had its own inlet at the chamber bottom center and its flow was kept constant at 16 sccm.
Photographs of the combined inlet setup in operando are published in ref[140]. In the
combined inlet setup a), the two reactive gases O2 and N2 entered via the same inlet
placed at the same position as the Ar inlet. Their total reactive gas flow amounted to
12 sccm. The O content within was varied between 0-10% to obtain samples of different
stoichiometries. In the separated inlets setup b), each reactive gas was introduced via its
own independent gas line to a specific chamber position. N2 was fed to the targets at a
constant flow of 12 sccm. O2 was piped past the sputter guns into the proximity of the
substrate at an additional flow of 0-1 sccm.

With the combined reactive gas inlet setup (see fig. 6.1a)), a 3 h deposition fol-
lowed directly after the target cleaning (without an intermediate poisoning step)
and was carried out with a total reactive gas flow of 12 sccm at a certain O2/N2

ratio. This ratio was changed from run to run to achieve O2 contents between
0-10% in the reactive gas. The total reactive gas flow was thus the same for all
processes carried out in the combined inlet setup irrespective of the absolute O2

flow.
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Voltage versus time traces were logged in steps of 5 s during all deposition pro-
cesses. After each process in either setup, the Al targets were again cleaned to their
metallic state by sputtering for 3 min in pure Ar. Modeling [12] and experiments
[9] showed that during the simultaneous use of two reactive gases, care has to be
taken to avoid a trapping of the target in the poisoned mode. Such a trapping
was not observed. Ar was of 6.0 quality grade, N2 and O2/N2 mixtures were of 5.0
quality grade (Messer Schweiz AG). All gases were purified over small Alphagaz
Purifiers (H2O free for the O2/N2 mixture and O2 free for the N2 and Ar lines)
(Air Liquide Deutschland GmbH). The working pressure during deposition and
poisoning processes amounted to 0.2-0.4 Pa (depending on the amount of reactive
gas required for a specific deposition) and was achieved at full pumping speed. For
cleaning steps, the pumping power was reduced to yield Ar pressures of 1.5 Pa.
The base pressure of the chamber remained below 2·10−5 Pa.

Simultaneous to the target preparation steps prior to a process, the substrates
were cleaned with an RF bias of 75 V for 10 min. Polished Si(100) wafers (Sili-
con Materials (Si-Mat)) and microscope glass slides (Menzel-Gläser) were used as
substrates. Deposition rates were calculated from film thicknesses measured with
a Dektak XT profiler (Bruker).

Transparency of the obtained films was checked by eye for the coated glass sub-
strates and confirmed by ellipsometry done on the coated Si(100) substrates. Film
compositions were determined by RBS and heavy ion ERDA. RBS and ERDA
measurements and evaluations were performed at the Laboratory of Ion Beam
Physics (LIP) at the Swiss Federal Institute of Technology, Zürich (ETHZ). For
RBS, samples were irradiated by 2 and/or 4 and/or 5 MeV 4He. The backscattered
beam was analyzed by a Si PIN diode detector placed under 168◦. For ERDA, the
samples were bombarded by 13 MeV 127I under 18◦ incidence angle, and recoiling
ions were analyzed in an ERDA detector telescope developed at LIP. It consists
of a time-of-flight (ToF) system coupled to a gas ionization chamber (CIG) [71].
The compositional contents of Al and the major e− acceptor - either O or N -
were determined by RBS. The minor e− acceptor content was then refined via
N/O ratio obtained from ERDA. This procedure was chosen, since ERDA has a
higher sensitivity for light elements, while RBS has a better absolute accuracy for
stoichiometry determination. For RBS, the algorithm RUMP [29] was applied to
simulate the obtained spectra. For ERDA, custom made analysis software has
been used to determine elemental ratios.

6.1.3 Results

Al-O-N thin films were deposited with two setups, differing only in their reactive
gas inlets. The process gas Ar was introduced at the center of the chamber bottom
at a constant flowrate of 16 sccm for all experiments.
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Fig. 6.1a) shows the (more conventional) combined inlet setup. The two reac-
tive gases O2 and N2 were introduced at the same position as the process gas Ar,
distant from the targets. The total flow of the reactive gases was kept constant at
12 sccm. To obtain different Al-O-N stoichiometries, the O2 content in the total
reactive gas flow was varied from 0-10%.
Fig. 6.1b) illustrates the (modified) separated inlets setup. Two separate gas inlets
were used for O2 and N2, alongside the unchanged Ar inlet. N2 was introduced
directly at the targets with a constant flow rate of 12 sccm to ensure their fully
nitrided state. O2 was introduced away from the targets through a central gas
inlet to close proximity of the substrate. Different stoichiometries were achieved
by varying the O2 flow between 0-1 sccm.

With the combined inlet setup (fig. 6.1a)), even small O2 flow rates resulted
in an unstable deposition process. Arcs, indicated by a visible flickering of the
plasma, were detected by the arc-supression electronics of the power supply. The
red curve in fig. 6.2a) shows a typical voltage versus time trace with repeated
voltage breakdowns indicative for frequent arcing. In fig. 6.2b), the dependence
of the measured deposition rates on the O2 flow is plotted as red rhombi.

Figure 6.2: Deposition voltages over time a), logged in time steps of 5 s, and deposition
rates versus O2 flows b). Red data traces and rhombi were obtained working with the
combined inlet setup, blue data traces and dots with the separated inlets setup. For
the typical deposition voltage trace a) recorded in the combined inlet setup, 12 sccm
of reactive gas containing 3% O2 were flowing. For that in the separated inlets setup,
12 sccm N2 were fed to the targets and 0.4 sccm O2 to the substrate via the central
inlet. The O2 flow rates were thus at the same level for both cases. Altering the flow
rates within the range applied for this work did not influence the nature of the voltage
traces in either case. For the deposition rates b), different O2 contents were applied. Eye
guides are added as dotted lines and significant stoichiometries are given for encircled
data points.

96
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The graph indicates a linear decrease of the deposition rate with increasing O2

flow rate (dashed eye guide). However, the deposition rates were found to be ir-
reproducible (red arrows). For example, a film prepared with 1.2 sccm O2 in 10.8
sccm N2 is encircled in red in fig. 6.2b). N2 constitutes 90% of the reactive gas, but
N is almost absent in the final film having the composition Al40O60N<1 determined
by RBS/ERDA. An inspection of the target after repeated deposition, depicted in
fig. 6.3a), reveals that the surface is covered by black spots (hillocks). RBS/ERDA
show that these consist of substoichiometric Al-O-N containing variable O and N
amounts. The magnified area illustrates the roughened surface.

With the separated gas inlet setup (fig. 6.1b)), stable deposition processes were
obtained for all O2 flows. The blue sputter voltage versus time trace in fig. 6.2a)
remains constant during the entire process, and a stable plasma is observed visu-
ally. No arcs were detected. The deposition rate, plotted as blue dots in fig. 6.2b),
stays at the level obtained for an O2-free AlN deposition and is reproducible within
the applied O2 flow range. A film sputtered with 12 sccm N2 at the targets and
1 sccm O2 at the central inlet, encircled in blue in fig. 6.2b), has the chemical
composition Al40O39N21. A target used in this setup, shown in fig. 6.3b), remains
smooth and clean.
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5 cm

b)

5 cm

a)

Figure 6.3: Photographs with magnified areas of targets used in the combined gas inlet
setup a) and in the separated inlets setup b). The target used in the combined inlet
setup has a rough surface covered by black spots (hillocks), while the target applied in
the separated inlets setup stays smooth and artifact-free.

For the work reported here, films with stoichiometries between AlN and Al2O3

were prepared. ERDA/RBS and optical transparency confirmed that all films were
fully nitrided and/or oxidized with no metallic Al left.

6.1.4 Discussion

In R-DCMS, the reaction processes relevant for film formation take place at the
substrate and at the target. Here, two reactive gases (O2 and N2) with different
bond dissociation energies (BDEs) and different reactivities towards Al are used
(see table I). Our experiments revealed that the sputtering process was unstable
for the combined inlet setup, where both reactive gases are introduced near the
target. The inspection of the latter revealed a partially oxidized surface. Prior
experimental and simulation work showed that sputtering from an O poisoned
target is problematic [2, 134, 132, 118, 12]. Because of the lower BDE of O2

(498 kJ·mol−1) compared to that of N2 (944 kJ·mol−1) [82, 24], the high sticking
coefficient (α) of O2 in plasma towards Al (0.1 [28, 73]) and the high formation
enthalpy (4Ho

f ) of Al2O3 (-838 kJ·mol−1 for AlO1.5 units [21]), the oxidation of Al
can occur even outside the plasma at the substrate. A corresponding reaction of
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N2 with Al requires a substantial energy input, for example provided by a plasma.
Hence it is predominantly O2 that reacts with the growing film outside the dense
plasma created by the magnetron. At the Al target, however, inside the dense
plasma located there, both gases will react with the Al surface. Because the sput-
ter rate is approximately inversely proportional to the thermodynamic stability of
the local target surface[144], p. 6, the sputter yield from a nitrided part (4Ho

f = -
318 kJ·mol−1 for AlN units [21]) is higher than that from an oxidized one. As a
consequence, oxide islands will form, and rapidly grow in area and thickness, until
the whole target surface is predominantly oxidized. Due to the low thermal con-
ductivity (λ) of Al2O3 (35 W·K−1·m−1 [19]) regions and their large thickness, the
deposition process leads to a rise of the temperature on these islands, because heat
arising from sputtering cannot be deduced into the target. The additional ther-
mal energy further facilitates the growth of Al2O3 islands in area and thickness.
Because Al2O3-covered areas of the sputter target are electrically insulating, these

Table I: Characteristic quantities for gases and solids relevant in Al-O-N sputter deposi-
tion. αAl: Sticking coefficient of a gas towards Al. BDE: Bond dissociation energy given
in [kJ·mol−1]. 4Hof : Standard enthalpy of formation given in [kJ·mol−1]. λ: Thermal
conductivity given in [W·K−1·m−1]. 35 W·K−1·m−1 is for monocrystalline α-Al2O3 (sap-
phire). 319 W·K−1·m−1 is for for monocrystalline AlN wurtzite. γ: Secondary electron
emission coefficient.

gases O2 N2

αAl in plasma 0.1 [28, 73] not reported
BDE [kJ·mol−1] 494 [82, 24] 942 [82, 24]

solids AlO1.5 AlN Al
4Ho

f [kJ·mol−1] -838 [21] -318 [21] 0
λ [W·K−1·m−1] 35 [19] 319 [128, 127] 237 [139]

γ 0.19 [27, 26] 0.22 [27, 26] 0.09 [27, 26]

areas become positively charged with respect to the negative cathode potential on
the remaining metallic target surface. Once the electric field is strong enough, a
discharge takes place in the form of an arc. The arc provides the electrical contact
to generate a short between cathode and ground, and the voltage set to the target
breaks down (fig. 6.2a)). Continuous arcing destroys the target, and a rough sur-
face with black spots (hillocks) and valleys in the mm range forms (fig. 6.3a)). An
avalanche effect sets in, as the growth of hillocks and the arcing mutually reinforce
each other. Consequently the sputter rate becomes unstable and generally smaller.

With the separated gas inlet setup, the O2 gas reacts only at the substrate sur-
face, but not at the target. The gettering effect of the film growing on the substrate
reduces the O2 partial pressure near the target. The higher N2 concentration at
the target then leads to the formation of an AlN layer at the target surface (N2

poisoning). Because of the lower 4Ho
f of AlN and its good λ (319 W·K−1·m−1
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[128, 127]), the AlN coverage remains thin and no hotspots occur. This provides
stable sputtering conditions, as discussed in prior work [2, 134, 132, 118, 12].
A comparison of films fabricated with the same O2 flow rates using the separated
inlets and the combined inlet revealed compositions of Al40O39N21 and Al40O60N<1,
respectively. The higher O content of the latter film arises from a stronger target
oxidation and from negatively charged O species such as O− and O−2 , which form
in the combined inlet setup close to the target and are accelerated by the cathode
sheath towards the substrate. Such O species hit the substrate with high energy
and can cause sputter damage in the growing film [93, 116, 98][144], p.101/227, which
was however not observed in the coatings reported here. Note that the secondary
electron emission coefficients (γ) of AlN (0.22) and Al2O3 (0.19) are similar and
considerably higher than that of metallic Al (0.09). The sputter voltage can thus
serve as a proxy to distinguish between metallic and poisoned target state, but
not between nitrided or oxidized target.

6.1.5 Conclusion

Al-O-N thin films were fabricated with two different reactive gas (N2, O2) inlet con-
figurations in an R-DCMS system. No costly hardware installations were needed.
The composition of the films was varied between AlN and Al2O3 using different
flow ratios of the reactive gases. All films were fully transparent, indicating that
no metallic Al is incorporated in the films.

Stable sputtering conditions without loss in the deposition rate could only be
obtained when using separate gas inlets for the two reactive gases (at the target
for N2 and near the substrate for O2). With a combined inlet, stable sputtering
conditions could not be obtained, and the surface of the Al target roughened and
was finally covered by black hillocks.

Our work demonstrates that reactive sputtering with highly reactive gases such
as O2 can be performed by conventional R-DCMS, provided that the gas inlet
system is designed to obtain well-controlled target poisoning.
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Abstract

Optically transparent, colorless Al-O-N with O contents between 0 and 60%, and
Al-Si-O-N coatings with selected Si and O contents were fabricated by reactive
direct current magnetron sputtering (R-DCMS) from elemental Al and Si tar-
gets and O2 and N2 reactive gases. The Si/Al content was adjusted through the
electrical power on the Si and Al targets, while the O/N content was controlled
through the O2 flow piped to the substrate in addition to the N2 flow at the targets.

The structure and morphology of the coatings were studied by X-Ray Diffrac-
tion (XRD) and Transmission Electron Microscopy (TEM), while the elemental
composition was obtained from Rutherford Backscattering Spectrometry (RBS)
and heavy ion Elastic Recoil Detection Analysis (ERDA). The chemical states of
the elements in the coatings were analyzed by X-Ray Photoelectron Spectroscopy
(XPS). Based on these analytical results, a model describing the microstructural
evolution of the Al-O-N and also previously studied Al-Si-N [100, 102, 103, 111]
coatings with O and Si content, respectively, is established. The universality of
the microstructural evolution of these coatings with the concentration of the added
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element is attributed to the extra valence electron (e−) that must be incorporated
into the AlN wurtzite host lattice. In the case of Al-O-N, the additional valence
charge arises from the e− acceptor O replacing N in the AlN wurtzite lattice, while
the e− donor Si substituting Al fulfills that role in the Al-Si-N system.

In view of future applications of ternary Al-O-N and quaternary Al-Si-O-N trans-
parent protective coatings, their mechanical properties such as residual stress (σ),
hardness (HD) and Young’s modulus (E) were obtained from the curvature of
films deposited onto thin substrates and by nanoindentation, respectively. Mod-
erate compressive stress levels between -0.2 and -0.5 GPa, which suppress crack
formation and film-substrate delamination, could be obtained together with HD
values around 25 GPa.

6.2.1 Introduction

Protective coatings are of critical importance for obtaining a performance enhance-
ment of machinery and equipment or to protect the latter when used in harsh
environments [150]. The properties and lifetime of a coating depend on its mi-
crostructure and physical and chemical properties. The chemical composition of
the coating and the local chemical environment of its constituents must be con-
trolled by the fabrication process and tuned to obtain optimized properties for
specific applications. For example, the stress state of the coating must be op-
timized to prevent delamination and also to obtain closed boundaries between
individual grains for a high inertness in corrosive environments.

Here, we are interested in protective coatings that are optically transparent, for
example to protect optical devices or tools. A candidate material for transparent
hard coatings is AlN, a group III nitride that forms as a polycrystalline wurtzite
film when deposited by reactive direct current magnetron sputtering (R-DCMS). It
has been observed that a microstructural film evolution can be induced by doping
group IV and VI elements (Si, Ge, Sn and O) into AlN. Al-Ge-N [74], Al-Sn-N [75]
and Al-Ge-O-N [63] are however not totally transparent but show colors ranging
from yellow to red and brown, as the bandgap decreases from that of AlN with
increasing contents of Ge and Sn. In our previous work [100, 102, 103], we have
shown that Al-Si-N fabricated by R-DCMS is optically transparent and colorless
for the complete range of Si contents tested.
For Si contents up to 6%, the films show a polycrystalline (002) oriented wurtzite
structure with crystallites decreasing in size and a c-axis lattice parameter shrink-
ing linearly for increasing Si concentration. We concluded that the lattice shrinking
arises from Si incorporated in the wurtzite crystals in the form of a crystalline solid
solution. For Si concentrations between 6-12%, the c lattice parameter remains
constant. We concluded that an additional amorphous Si3N4 phase encapsulating
the wurtzite grains, i.e. a nanocomposite, formed in this Si concentration range.
A hardness (HD) maximum is obtained for about 10% of Si. For higher amounts

102



6.2 Microstructure and mechanical Properties of Al-(Si)-O-N

of Si, a gradual loss of crystallinity is observed, and coatings with more than 25%
Si were found to be fully X-ray amorphous [100, 102, 103]. In our previous work,
the microstructure and properties of the films were modified by changing the con-
tent of the group IV element Si in the Al-Si-N films. Si with its low Pauling
Electronegativity χSi=1.8 replaces the electron (e−) donor Al with χAl=1.5 in the
Al-N compound.

In this study, we use O, an electronegative group VI element, to obtain a spe-
cific film microstructure and with it modified physical properties of the resulting
Al-O-N films. Here, however, O with its high χO=3.5 replaces the e− acceptor N
with χN=3.0 [145] in wurtzite.

In addition to Al-O-N, we investigate quaternary Al-Si-O-N films fabricated by
the simultaneous increase of Si and O during the R-DCMS process. For both coat-
ing materials, Al-O-N and Al-Si-O-N, we report the changes in hardness (HD),
elastic modulus (E) and residual stress (σ) that occur with changing microstruc-
ture.

6.2.2 Al-O-N thin film preparation and chemical analysis

Al-O-N coatings were deposited onto Si(100) wafers and glass by R-DCMS from
metallic Al targets using O2 and N2 as reactive gases. Instabilities typically oc-
curring in reactive sputter processes with O2 could be avoided by our modified
sputter system setup described in ref.[45]. The chemical compositions of the films
were determined by RBS/ERDA.

Fully reacted, optically transparent Al-O-N films have a well-defined stoichiom-
etry given by AlO1.5(1−z)Nz with zmax = 1 (AlN with 0% O) and zmin = 0 (Al2O3

with 60% O), as can be derived from the valences of the chemical elements of the
films. The O content in the coatings was varied from 0-60% through the O2 flow
in the deposition process. Coatings in the range of 8-16% were found to contain
up to 3% H.

Further experimental details are given in ref.[45] and in the supplementary ma-
terial.

6.2.3 Analytical results obtained from Al-O-N films of
different O content

Crystalline structure

AlN films deposited by R-DCMS for this study show only the wurtzite (002) peak
and the higher order (004) peak in diffractograms from XRD θ-2θ scans symmetric
to the AlN film surface. This implies that AlN films are purely (002) textured in
the growth direction (z). This is confirmed by a (002) pole figure (PF), which
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shows a single central pole for a sample inclination angle ψ=0.

θ-2θ scans in-plane, thus orthogonal to the sample surface and correspondingly
to (002), show (100) and (110) signals. Both peaks have intensities that do not
vary if the sample is rotated around its central z axis by ϕ. The crystallites hence
have no preferred in-plane orientation. This is confirmed by (103) and (101) PFs,
which show rims at ψ=31.6◦ and 61.6◦, respectively, with constant intensities over
the entire ϕ-circle. The AlN films thus have (002) fiber texture.

For Al-O-N films with an O concentration between 0 and 8%, the (002) fiber
texture of the film persists. The (002) peak shifts linearly to higher 2θ diffraction
angles, broadens and decreases in intensity with increasing O concentration. The
c-axis lattice spacing calculated from the (002) peak position, the crystallite size
(CS) and the microstrain (MS) obtained from a line profile analysis (LPA) [15],
are plotted in fig. 6.4a), b) and c), respectively.

The wurtzite c-axis lattice parameter decreases by -0.5% from 0.4975 nm for
AlN to 0.4950 nm for Al-O-N for an O content increased from 0-8%. Asymmet-
ric θ-2θ scans reveal a lattice shrinkage also in the directions of (105), (104) and
(103) for increased O contents and hence a contraction of the crystal unit cell.
In previous work addressing the Al-Si-N system, the observed contraction of the
wurtzite crystal lattice with increasing Si content was attributed to the generation
of V(Al) vacancies in Al lattice sites. These V(Al) were proposed to form upon
Si(Al) substitution as compensation for the additional valence e− in Si compared
to the replaced Al [111]. As O also contains an additional e− compared to N,
we conclude that the O(N) substitution occurring in Al-O-N also leads to V(Al)
and therefore to the observed wurtzite lattice shrinkage upon increasing O content.

Together with the crystal cell contraction, we observe a grain refinement (fig.
6.4b)). The CS decreases from 140 nm to 60 nm in Al-O-N with an O concentration
increased from about 2 to 8%. For films with a lower O concentration, scattering
of the CS between 70 and 130 nm is observed, typical for materials exhibiting
mosaicity. The MS (fig. 6.4c)) remains constant around 2·10−5. (002) rocking
curves (RCs) broaden with increasing O content, which indicates that the crys-
tallites assume a progressive misorientation of the c-axis off the growth direction z.

No further shift of the (002) peak is observed for films with 8-16% O content.
Consequently, the c lattice remains constant. This behavior is similar to that
found in the Al-Si-N system, where no further lattice shrinkage was observed for a
Si content higher than 6%. We thus identify an O concentration of 8 % as the sol-
ubility limit for O incorporated into the wurtzite lattice. Consequently, excess O
of concentrations between 8-16% is incorporated in the form of a separate phase.
As no additional diffraction peaks occur from this phase, and the films remain
transparent, we conclude that the second phase consists of amorphous Al2O3 that
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Figure 6.4: a) c-axis lattice parameter [nm] (found to be parallel to the (002) axis and
the growth direction z) of wurtzite crystallites. The literature value for c in AlN [122] is
marked by a purple cross. The dashed lines highlight the linear decrease of c observed
between 0 and about 8% O, as well as that no further lattice shrinking occurs above 8% O.
b) crystallite size (CS) [nm] and c) microstrain (MS) in Al-O-N plotted versus O content.
XRD results of specific samples without uniaxial (002) texture with O concentrations
below 16%, i.e. within the O content range typically leading to a (002) fiber texture, are
shown by open symbols.

encapsulates the AlN grains, hereby forming a nanocomposite. The CS was found
to shrink slightly from 60 nm down to 40 nm (fig. 6.4b)). The microstrain increases
from about 2·10−5 to about 6·10−5 for an O concentration above 8%, indicating
that the formation of the amorphous grain boundary phase exerts a pressure onto
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the Al-O-N grains.

At an O content approaching 16% O, wurtzite (100) and (101) peaks appear in
addition to the major (002) peak in symmetric θ-2θ diffractograms. We conclude
that at these high O concentrations the uniaxial (002) texture is lost, and crystal-
lites with other orientations appear. The XRD results of two typical samples with
such a mixed, yet highly preferred (002) orientation are plotted with open symbols
in Fig. 6.4. Their c lattice parameter and CS are lower, and their MS significantly
higher compared to purely (002) textured samples.

For Al-O-N films with 16-20% O, the (002) peak develops an asymmetric shoul-
der towards lower 2θ, possibly arising from a weakly ordered grain boundary phase.
For O contents of 20-30%, only small humps between 30◦-40◦ in 2θ are visible in the
diffractograms, which cannot be clearly attributed to a crystalline phase. We can
thus conclude that at such high O contents of 16-30%, the coatings contain small,
poorly aligned grains. The volume fraction of the crystalline phase decreases, while
that of the amorphous tissue phase increases. Films with O contents beyond 30%
are X-ray amorphous.

Cross-sectional film structure

Fig. 6.5 shows cross-sectional Transmission Electron Microscope (TEM) bright
field (BF) images (left), electron diffraction (ED) patterns (small insertions) and
high resolution (HR) images (right) of samples with O contents of a) 5.0%, b)
13.9% and c) 16.6%.

The cross-sectional TEM of the film with 5% O in Fig. 6.5a) shows a colum-
nar structure along the z-direction (green arrow). The ED pattern in Fig. 6.5a)
contains sharp wurtzite diffraction spots. The HR TEM reveals large coherent
crystalline regions. This confirms the (002) wurtzite fiber texture of the films re-
vealed by our XRD analysis.

Fig. 6.5b) displays cross-sectional TEM data for a film containing 13.9% O.
Again a fiber texture is apparent, but the ED pattern shows broadened spots,
compatible with the decreasing alignment of the (002) axes of crystallites along
the growth direction z.

The grain refinement (Fig. 6.4b)) and loss of (002) texture at higher O con-
centrations becomes apparent in the TEM results displayed in Fig. 6.5c), showing
data obtained on a film with 16.6% O. Only faint column features are visible in the
BF image. The ED pattern consists of rings with an increased brightness along
the (002) direction. This indicates that (002) is still the preferred orientation that
crystallites adopt in z, but that the pure (002) fiber texture observed in films with
lower O contents is lost, and grains of random orientation exist. The latter is con-
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firmed by the HR TEM data, where crystallites of 5-10 nm length with different
(002) orientations are visible (encircled with dashed yellow lines in Fig. 6.5c)).

a) 5.0% O

b) 13.9% O

c) 16.6% O

film growth crystallite (002)

orientation

d(002)d(002)

Figure 6.5: TEM images of cross sections of Al-O-N thin films with different O contents
of a) 5.0% (top), b) 13.9% (middle) and c) 16.6% (bottom). On the left, a BF image and
an ED pattern (small insert), and on the right, a HR image for each sample are shown.
Film growth directions are indicated with green, crystallite (002) orientations with blue
arrows. For the 16.6% O sample, nanometer-sized crystallites typically occurring for such
an O content are highlighted by yellow, dashed ellipses.
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Chemical states

The dependence of the chemical states of Al, N and O in Al-O-N films on their
O content was analyzed by X-Ray Photoelectron Spectroscopy (XPS), recording
binding energy (BE) and full width at half maximum (FWHM) evolutions of pho-
toelectron (photo e−) lines. Fig. 6.6 shows the BEs (panels a), c), e)) and FWHMs
(panels b), d), f)) of the photo e− lines Al 2p, N 1s and O 1s in Al-O-N coatings
with increasing O content from 0-60%. This O content range corresponds to a
variation of the material composition from AlN (0% O) over Al-O-N up to Al2O3

(60% O).

Figure 6.6: The top panels show the dependence of the a) Al 2p, c) N 1s and d) O 1s
binding energies (BEs) on the O content. The dashed gray lines highlight the evolution
of the BEs on O content discussed in the main text. Literature values are marked with
gray circles for AlN [101] and with gray open circles for Al2O3 [114]. The bottom panels
b), d) and f)) display the Full Widths at Half Maximum (FWHM) of the photo e−

lines. Again dashed gray lines are shown to highlight the observed dependence on the O
content. Solid and dotted lines are added to the graphs highlighting the observation of a
broadening more than by a factor 1.15 that has been previously indentified as a critical
value for the occurance of disorder-induced line broadening [99, 60, 23].

The BEAl2p in Al-O-N is higher than in metallic Al, which has a BEAl2p of
72.6 eV. The reason for this is that Al in Al-O-N is oxidized as it acts as an e−
donor, because χAl of 1.5 is lower than χO of 3.5 and χN of 3.0 [145]. The BEAl2p

increases linearly from 72.5 in AlN to 74.5 eV in Al2O3, i.e. with increasing O con-
tent from 0-60% (see dashed gray line in Fig. 6.6a)). Concordant values for Al 2p
in sputter deposited AlN of 72.5 eV [101] and Al2O3 of 74.6 eV [114] are reported
(see gray circle and gray open circle in Fig. 6.6a)). The increase of BEAl2p occurs
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as an increasing number of Al-N bonds are replaced by Al-O bonds. As O is more
electronegative than N, Al-O bonds are more polar than Al-N bonds, thus the av-
erage oxidation level of Al and therefore BEAl2p increase with increasing O content.

FWHMAl2p increases linearly from 1.5 to 1.8 eV with increasing O content from
0-8% (see dashed gray line in Fig. 6.6b)). In this O content range, XRD re-
veals that a solid solution forms, in which O populates the N-sites in wurtzite
crystallites. While Al as e− donor remains in cationic wurtzite lattice sites, incor-
porating O replaces N in anionic lattice sites, as both O and N are e− acceptors.
In wurtzite, cationic sites are coordinated to only anionic sites and vice versa. Al
is thus directly connected to N and O. Hence, the variability of the Al oxidation
states grows and the FWHMAl2p broadens with increasing O content. Beyond
the solubility limit of 8% O in wurtzite, FWHMAl2p stays constant at 1.8 eV (see
dashed gray line in Fig. 6.6b)). The reason for this is that from 8% O upwards O
is no longer incorporated into the AlN wurtzite lattice but an X-ray amorphous
Al2O3 grain boundary phase, that increases in volume with increasing O content
is formed. In this phase, no higher oxidation level of Al than that in Al2O3 can
form, thus the Al 2p line does not broaden further. The FWHMAl2p value for O
contents beyond 8% is more than 1.15 times wider than the initial FWHM in AlN
of 1.5 eV (see dashed gray line in Fig. 6.6b) and the dotted line highlighting the
FWHM broadening by a factor of 1.15). We attribute this to significant disorder
broadening due to a variation in the coordination around Al [99, 60, 23].

The BEN1s in Al-O-N is lower than in molecular N2, which has a BEN1s of
405.3 eV [137]. This is due to N acting as e− acceptor, as χN>χAl. For an O
content between 0-8%, Al-N bonds in the wurtzite lattice are gradually replaced
by Al-O bonds. In addition, V(Al) vacancies appear to compensate for the extra
e− from O compared to N [111]. We thus expect that the BEN1s and FWHMN1s

are modified by the presence of next-nearest neighbor O in the Al-O-N wurtzite
unit cell and nearest neighbor V(Al). As χO>χN, we expect that the e− density
at the N decreases with increasing O content, and consequently the BEN1s and the
FWHMN1s increase. The dependence of the BEN1s on the O content (Fig. 6.6c))
is compatible with such a scenario, while the FWHMN1s data clearly show a linear
dependence on the O content (Fig. 6.6d)). The latter is because the V(Al) induce a
variation and therefore an increased scattering of the BEN1s (Fig. 6.6c)) thus lead-
ing to a significant broadening of the N 1s line (see dashed gray line in Fig. 6.6d)
and the dotted line highlighting the FWHM broadening by a factor of 1.15). For
O contents between 8 and 30%, XRD reveals that no other crystalline phase than
that of wurtzite containing 8% O is in the films, and that the CS in the latter
decreases. It can therefore be proposed that an amorphous Al2O3 grain bound-
ary phase of increasing thickness grows around the shrinking Al-O-N crystallites.
Hence the chemistry of the Al-O-N grains and thus the BEN1s and FWHMN1s do
not change. For O contents beyond 30% the films are X-ray amorphous. As the
atoms no longer sit on lattice sites in the amorphous Al-O-N phase, a direct O-N

109



6 Al(Si)ON

interaction exists. The latter further increases the BEN1s as well as the FWHMN1s

(see dashed gray lines in panels c) and d) of Fig. 6.6 for this O content range).
In addition, a weak second N 1s photo e− line appears at a BE of 401.8-402.5 eV
compatible with the formation O-N bonds from partially oxidized N [55, 79, 33,
129, 143].

As with BEN1s , the BEO1s in Al-O-N is lower than in molecular O2, which has
a BEO1s of 538.8 eV [137]. Also the dependence of the BEO1s on the O content in
Al-O-N is equal to that of the BEN1s (Fig. 6.6e)). This is a result of both species
being e− acceptors. However, a pronounced difference between the dependence
of the FWHMO1s on O content (Fig. 6.6f)) and that of FWHMN1s (Fig. 6.6d))
is evident. The N 1s line widens at high O concentrations, while the O 1s line
widens at low O concentration because at low concentration of each species, there
is a wide variety of environments resulting in line broadening. The FWHMO1s

reduces to a minimum at 30% O because at this concentration O predominantly
exists in an amorphous Al2O3 grain boundary phase while the N is mainly present
in the nanoscale Al-O-N grains. Above 30% O, both the FWHMO1s and FWHMN1s

broaden due to the appearance of the additional N-O interaction in the amorphous
Al-O-N phase.

6.2.4 Microstructural evolution model

We propose a model for the structural evolution of our Al-O-N films with increas-
ing O content based on the experimental observations with XRD, TEM and XPS
described above. The model, shown in Fig. 6.7, is characterized by three regimes
distinguished by O content.

At low O content of 0-8%, XRD and TEM reveal a wurtzite (002) fiber texture
in the Al-O-N films. While the compositional analysis with ERDA and RBS shows
that an increase in O leads to a decrease in N, XPS reveals that both O and N
are chemically reduced (Fig. 6.6c) and e)) as they act as e− acceptors. It can
therefore be concluded that O substitutes N in the wurtzite lattice. Upon these
O(N) replacements, the wurtzite lattice shrinks linearly with increasing O content
(Fig. 6.4a)) and the photo e− lines Al 2p and N 1s exhibit a significant disorder
broadening in the XPS spectra (Fig. 6.6d) and f)). These observations can be
attributed to vacancies in the Al lattice sites, as one V(Al) forms per each three
O(N) in order to compensate the additional valence e− that O has compared to the
replaced N. Simultaneously to the crystalline changes in the wurtzite grains, XRD
shows a grain refinement (Fig. 6.4b)) and a gradual loss of preferred orientation
(XRD RCs) with increasing O concentration. This can be attributed to the e−
configuration of O, which mismatches the electronic structure of wurtzite and thus
interrupts crystal growth. TEM images (Fig. 6.5a)) reveal crystalline domains in
contact with each other. We can thus conclude that coatings with 0-8% O belong
to a crystalline solid solution regime (I) (Fig. 6.7)), in which O (red dots) is inte-
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grated into wurtzite grains (green) exhibiting (002) fiber texture (green arrows).

Figure 6.7: Microstructural evolution model of Al-O-N and Al-Si-N coatings with in-
creasing O or Si content. Three regimes could be identified: Between 0-8% O (0-6%
Si) a solid solution regime (I) exists. A shrinking of the c lattice parameter (Fig. 6.4a))
accompanied by a gradual refinement of the grains (Fig. 6.4b)) is observed. Between
8-16% O (6-12% Si) a nanocomposite sub-regime (IIa) is observed. The characteristics
of the latter is a formation of an amorphous Al2O3 (Si3N4 for the case of Si added) grain
boundary phase. In sub-regime (IIa) the (002) orientation of the crystallites remains
along the growth axis z. This differentiates sub-regime (IIa) from (IIb). In the latter,
the orientation of the crystallites along the 002 direction is gradually lost, as the O (Si)
content is further increased from 16-30% O (12-25% Si). Above 30% O (25% Si), the
coatings are X-ray amorphous.

At intermediate O concentrations of 8-16%, the c-axis lattice parameter of the
crystal grains in the Al-O-N films remains constant (Fig. 6.4a)). This observation
leads to the conclusion that the solubility limit of O in the wurtzite crystallites of
the sputter-deposited Al-O-N coatings is reached at 8% O and that the structure
of the wurtzite grains does not change with increasing O content. Consequently,
above 8% O, the additional O must be contained in an Al2O3 grain boundary
phase. This phase is not detected in XRD diffractograms and hence is amorphous.
The microstrain increases in coatings with 8 to 16% O (Fig. 6.4c)), supporting
the formation of a grain boundary phase that exerts a pressure onto the wurtzite
grains. In XPS spectra, the photo e− lines Al 2p and N 1s do not broaden further
between 8-16% O (Fig. 6.6b) and d)), an observation that also corroborates the
existence of a second phase. XRD PFs reveal that the (002) fiber texture persists,
while TEM images and XRD RCs show that the clear (002) alignment of the crys-
tallites along the z-axis is gradually lost at higher O contents (Fig. 6.5b)). It can
thus be concluded that Al-O-N films of 8-16% O are made up of a (002) fiber tex-
tured nanocomposite (IIa) (Fig. 6.7), in which crystalline Al-O-N wurtzite grains
with an increased (002) tilt (diverging green arrows) are progressively encapsu-
lated in an amorphous Al2O3 matrix (red). At O contents of 16-30%, the XRD
diffractograms show weak, broad peaks of (002) and further diffraction signals,

111



6 Al(Si)ON

and TEM reveals small crystallites oriented in arbitrary directions (Fig. 6.5c)).
Coatings with more than 16% O thus exhibit a gradual loss of crystallinity and
a loss of the fiber texture and therefore belong to the nanocomposite sub-regime
without uniaxial texture (IIb) (Fig. 6.7).

A third regime can be identified for O concentrations between 30-60%: XRD
diffractograms of the Al-O-N films do not exhibit crystalline diffraction signals,
signifying that the coatings are fully amorphous. XPS shows that the BE of all
photo e− lines as well as the FWHM of N 1s and O 1s increase, and that a second N
1s component from oxidized N appears. These XPS results support the formation
of an amorphous Al-O-N network in which bonds between all species exist. We
conclude that coatings with more than 30% O consist of an amorphous solid solu-
tion (III) (Fig. 6.7), in which progressively less N (green dots) is interspersed in an
amorphous network consisting mainly of Al2O3 (red) up to the maximum of 60% O.

The microstructural evolution model of the Al-O-N system discussed here is
reminiscent of the Al-Si-N discussed in earlier work [100, 102, 103, 111], apart
from a slightly lower solubility for Si in wurtzite and lower concentrations for the
boundaries between regimes of the latter system. The concentration boundaries of
the Al-Si-N system are also shown in Fig. 6.7. It is noteworthy that in the Al-O-N
system discussed here, the e− acceptor N is replaced by the e− acceptor O, while
in the Al-Si-N system, the e− donor Al is replaced by the e− donor Si.

6.2.5 Material performance of Al-O-N coatings

Residual film stress (σ), hardness (HD) and Young’s modulus (E) and their evolu-
tion with the microstructural state of protective hard (transparent) coatings govern
their performance in applications.

The residual stress states σ of the coatings investigated in this study were de-
termined with the new Stoney equation [61], using film thicknesses and curvatures
of extra-thin (30 µm Si(100) / 145 µm glass) substrates measured by profilometry
as input parameters. The dependence of σ in Al-O-N coatings with increasing
O content is shown in Fig. 6.8. For all coatings, |σ| remains below 1 GPa. In
the crystalline solid solution regime (I) of 0-8% O, σ is tensile and reaches val-
ues of 0.6-0.8 GPa. We attribute the tensile stress to the presence of open grain
boundaries and consequently to the occurrence of attractive intergranular forces
[148, 1]. We observed that this stress level is high enough to cause relaxation
cracks on regular (not extra-thin) Si substrates. Cross sections at locations of film
cracks, prepared and imaged with a Gallium Focused Ion Beam SEM (GaFIB-
SEM), revealed that the cracks propagate through the whole film and end inside
the Si wafer (see supplementary material). This is typical for films that are stiffer
than the substrate [13, 125], as is the case for Al-O-N coatings of regime (I) on
Si(100). EAl-O-N is 300 GPa in regime (I) (see Fig. 6.9 discussed below), while
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Figure 6.8: Evolution of the residual stress, σ, in Al-O-N coatings plotted versus the O
content. σ was determined from films on extra-thin (30 µm) Si(100) wafers, as these
bend instead of leading to stress relaxation cracks in the coatings. The microstructural
regimes are distinguished with gray boundary lines.

ESi is 130 GPa in (100) and 169 GPa in (110) direction. The Si substrates were
found to crack open along (100) planes, as the mismatch in E between Al-O-N
and Si(100) is larger than between Al-O-N and Si(110), and as the surface energy
for Si(100) is with 1.36 Jm−2 lower than that of Si(110) with 1.43 Jm−2[34, 147, 49].

In the fiber textured nanocomposite sub-regime (IIa) at 8-16% O, σ remains
tensile but is at a lower level of 0.2-0.3 GPa, a stress level that allows crack-free
films on substrates with conventional thickness. The reduction in tensile strength
occurs along with the encapsulation of the crystallites by the amorphous Al2O3

matrix in (IIa), which prevents attractive forces between the grains (Fig. 6.7). It
has been reported that there are additional mechanisms for the reduction of ten-
sile or the increase of compressive stress attributed to a volume increase arising
from the incorporation of O [148, 68, 1]. In the nanocomposite sub-regime (IIb)
at 16-30% O, σ becomes compressive and reaches values down to -0.5 GPa. This
happens together with the loss of the uniaxial (002) fiber texture.
In the amorphous solid solution regime (III), σ relaxes to moderate compressive
stresses of around -0.3 GPa.

Irrespective of the stress level, all coatings adhere strongly to the substrates
(Si(100) and glass) and no delamination has been observed. The evolution of the
film stress of the A-O-N thin film system with the O content described here is
similar to that of the Al-Si-N system with the Si content [100], supporting the
universality of the structural evolution model for these systems.

HD and E of Al-O-N coatings measured by nanoindentation are plotted in
Fig. 6.9 against increasing O content. In regime (I), the coatings exhibit high HD
values of 20-25 GPa; the same value range is found in literature for binary AlN
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films [100, 91, 69]. In sub-regime (IIa), the Al-O-N coatings undergo a pronounced

Figure 6.9: Evolutions of the hardness HD (blue rhombi, left axis) and Young’s modulus
E (bright blue crosses, right axis) of Al-O-N coatings plotted versus O content. The
microstructural regimes are distinguished with gray boundary lines.

dip in HD down to values around 10-15 GPa. This observation is somewhat sur-
prising, because the Al-Si-N systems shows a HD maximum in this sub-regime of
the structural evolution model. We attribute the observed reduction of the HD in
the Al-O-N system to the inclusion of hydrogen (H) that was detected by He-ERD
in concentrations up to 3% exclusively in this sub-regime. H terminates covalent
interactions in a network with a single bond and can therefore reduce the cohesive
strength of a material and with it the HD. We assume that incorporation of H
stemming from adsorbed H2O is possible in (IIa), as the Al2O3 matrix forming in
this sub-regime is hygroscopic [48, 78] and under tensile stress. In comparison, the
Si3N4 matrix in the Al-Si-N thin film system is less hygroscopic. Consequently,
the hardness of the latter system is governed solely by the microstructural state of
the film and not jeopardized by a H-induced weakening of the chemical bonds. In
(IIb), the HD values of the Al-O-N system increase back to a level of 20-25 GPa.
We attribute this to the compressive stress in this sub-regime which may prohibit
H incorporation. In fact, no H was detected for films in this sub-regime.
In regime (III), HD values decrease to around 15 GPa. Towards the oxidized side
of Fig. 6.9, Al-O-N coatings approach the value reported for sputter deposited
amorphous Al2O3 of 11.5 GPa [70].

In contrast to the HD, the Young’s modulus, E, shows no dependence on the
H incorporation in (IIa). E in Al-O-N coatings decreases continuously from 300
to 200 GPa as the O content increases from 0-40% over all three microstructural
regimes.

AlN, Al2O3 and Si3N4 and also stoichiometric mixtures of these binary systems
such as transparent Al-O-N, Al-Si-N and Al-Si-O-N are known to be widely chem-
ically and thermally inert. In addition, materials with an increased O content are

114



6.2 Microstructure and mechanical Properties of Al-(Si)-O-N

less prone to post-fabricational oxidation [85, 130, 18]. In order to test the ther-
mal stability of the fabricated Al-O-N coatings, high temperature in situ X-Ray
Diffraction (HTisXRD) was carried out for selected samples with O contents up to
16%. The tests showed a c-axis lattice parameter increase by 0.6% upon heating
to 900 ◦C due to the thermal expansion of the wurtzite lattice and full reversibility
upon cooling. From this we conclude that the films are inert up to 900 ◦C.

6.2.6 Quaternary Al-Si-O-N coatings

The XRD, TEM, and XPS results obtained on the Al-O-N system discussed above
revealed a microstructural evolution of the system with increasing O content that
is reminiscent of that observed for Al-Si-N system with increasing Si content de-
scribed in earlier work [100, 102, 103] (Fig. 6.7). We argued that the microstruc-
tural evolution in both systems is governed by the extra valence e− that arises
from e− acceptor O replacing the N in the Al-O-N and from the e− donor Si re-
placing the Al in the Al-Si-N systems. We thus expect that these mechanisms
would also be present in the quaternary Al-Si-O-N films and that the boundaries
between the regimes would be defined by the sum of the O and Si content. The
data obtained on the quaternary system, however, reveals that this is not the case
(see supplementary material). We attribute this to the formation of Si-O bonds in
the quaternary system, which is in competition with the replacement processes of
the e− donor Al by Si and of the e− acceptor N by O. These latter processes drive
the V(Al) formation and microstructural evolutions of the Al-Si-N and Al-O-N
systems.

Similarly to Al-O-N and Al-Si-N, the valences of the involved elements strictly
define the stoichiometry for transparent Al-Si-O-N. The stoichiometry of such films
is given by AlSixOy=1.5+2x−1.5zNz with zmax = 1+ 4

3
x for y = 0. This can be derived

from a mixture of the binary stoichiometries AlN, Al2O3, Si3N4 and SiO2 and was
confirmed by ERDA/RBS for the Al-Si-O-N coatings fabricated for this study. As
in our earlier work [100, 102, 103], an additional Si target was used in the sputter
deposition system to fabricate the quaternary Al-Si-O-N films. The Si content in
the coatings was varied from 0-20% through the power on the Si target during the
R-DCMS process.

In the quaternary system, the residual stress σ shows no dependence on either
Si or O, such that all films exhibit moderately compressive stresses of around
-0.3 GPa. This suppresses the formation of cracks in all Al-Si-O-N coatings in-
dependent of their chemical composition. Furthermore, Al-Si-O-N films show no
significant H incorporation and thus no dip in the hardness HD. We observed that
the HD of Al-Si-O-N depends only on the O, but not on the Si content. In Al-
Si-O-N coatings of low O content, the HD is with 23-27 GPa slightly higher than
that of Al-O-N, and decreases linearly to ∼8 GPa for Al-Si-O-N coatings contain-
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ing around 65% O. Concomitantly with HD, the Young’s modulus E of Al-Si-O-N
decreases linearly from 250 to 150 GPa with O increasing up to 65%. For high O
contents, Al-Si-O-N shows similar HD and E values as glass consisting of amor-
phous SiO2, which has a HD of ∼8 GPa and an E of ∼75 GPa [11]. This suggests
a structural similarity between Al-Si-O-N with low N content and glass, possibly
arising from a large number of Si-O bonds. The advantageous mechanical proper-

Figure 6.10: Evolution of HD/E (hardness divided by Young’s modulus) of Al-O-N (blue
rhombi) and Al-Si-O-N (open red dots) coatings plotted versus O content.

ties of protective coatings are often quantified by the HD/E coefficient (hardness
divided by Young’s modulus) [77]. The higher the HD/E value, the more resilient,
tough and fracture resistant a coating is. Fig. 6.10 shows HD/E against O content
for the Al-O-N and Al-Si-O-N systems. While HD/E is similar for Al-O-N and
Al-Si-O-N of high O contents, Al-O-N shows a dip in HD up to 16% O. In this
O content range, Al-Si-O-N clearly shows improved mechanical properties with an
HD/E up to around 0.105. However, in the range of 16-30% O, Al-O-N has better
HD/E values around to 0.095.

6.2.7 Conclusions

Transparent thin films of Al-O-N and Al-Si-O-N with different O and Si contents
were fabricated by R-DCMS. The structure, morphology, hardness HD, Young’s
modulus E and stress state σ of these coatings, the chemical states and bonding
of the constituents were analyzed as a function of the O and Si content. We found
that O addition to wurtzite induces the same microstructural evolution as Si ad-
dition, as both species lead to an e− excess. This commonality allows a general
material evolution model to be proposed for both Al-O-N investigated in this study
and Al-Si-N discussed in prior work [100, 102, 103]. In this evolution model, three
regimes are distinguished by the O or the Si content: A crystalline solid solution
regime (I), a nanocomposite regime (II) and an amorphous solid solution regime
(III).
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Microstructural tuning in thin films of the Al-Si-O-N system is therefore achiev-
able by adjusting the chemical composition of the coatings through the sputter
deposition conditions. In future work, the R-DCMS may be used to fabricate
coatings with vertical gradients. This could, for example, be achieved through a
change of the sputter power on each of the targets or by changing the gas flow dur-
ing deposition. The possibility of microstructural tailoring within gradient layers
provides a powerful methodology for the design of coatings for specific applica-
tions. At the substrate-film interface, for example, the mechanical properties of
an Al-(Si-)(O-)N coating can be adapted to those of the substrate through HD
and E. If the coating shall provide e.g. a diffusion barrier, a nanocomposite under
moderate compressive stress and without open grain boundaries can be chosen for
the bulk of the film. Towards the surface of the coating, the O content can be
increased to obtain stability and inertness against post-depositional oxidation, or
decreased to obtain a scratch-resistant coating with a high HD.

Preliminary experiments have shown that additionally, the refractive index n
can be varied over a large range in fully transparent Al-(Si-)(O-)N coatings. Our
future work therefore focuses on the tuning of the optical properties, together with
the optimization of the microstructurally governed coating properties reported
here. Preliminary results reveal good candidate material systems for protective,
antireflective coatings.
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7 Summary and Outlook

This thesis presents research carried out in the field of thin film deposition. The
investigated materials are aluminum nitride and aluminum nitride based ternary
and quarternary oxynitrides. Magnetron sputtering, a plasma based physical vapor
deposition process, was used for the deposition of thin films of these materials. An
extension to a conventional dual magnetron sputtering setup is presented, where
the interaction of the substrate with the plasma can be varied by altering the
plasma distribution inside the chamber. This is achieved with a variable mag-
netic field, in addition to the magnetic field of two unbalanced magnetrons. This
setup was used to study the influence of low energy ion bombardment on thin
film growth. For the oxynitrides, a model for the microstrutural evolution in de-
pendence of the oxygen content is proposed. Coating properties of the oxynitride
thin films for the application as transparent optical and protective coating are
presented. In addition piezoelectric properties of aluminum nitride were explored.

The main focus of this thesis is on magnetic field design for plasma control.
The additional variable magnetic field is used to control the plasma distribution
in the area between the magnetrons an the substrate. Thereby, the ratio of ions
to film forming atoms impinging on the substrate’s surface (rim) can be varied,
while keeping the ion energy low (< 50 eV). With low ion energies, possible in-
corporation of the sputter gas (argon) into the film or the creation of defects can
be avoided. An electro-magnetic coil was designed and built into the deposition
chamber. In the region between magnetrons and substrate, the additional field is
primarily vertical, and its field lines intersect the substrate holder approximately
at a right angle. The modified plasma conditions at the substrate position were
analyzed and quantified using two complementary plasma probes, a Langmuir and
a calorimetric probe. The variable magnetic field of the coil shows the desired ef-
fect of extending the plasma from the magnetron discharge towards the substrate.
Thus rim is varied by up to a factor of 30. This inevitably leads to a similar be-
havior of the energy flux towards the substrate and consequently a change of the
substrate’s surface temperature.

A specific feature of the presented setup is the spatial inhomogeneity across
the substrate holder, with a bell shaped distribution of the ion current across the
substrate holder. This distribution proofed to be beneficial, as it allows to de-
posit samples exposed to different plasma conditions within a single deposition
process, which ensures otherwise identical conditions and saves time. In an indus-
trial setting with larger magnetrons, the inhomogeneity might be less pronounced
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but needs to be fully eliminated and adjustments to the field design could still be
necessary. To this end two possible approaches can be thought of. Firstly, sweep-
ing the bell shaped distribution continuously across the substrate holder, e.g. by
using an additional oscillating horizontal field. Secondly, bending of the field lines
away from the point of highest ion flux so that they run parallel to the substrate
holder’s surface rather then intersecting it orthogonally. This might be realized
using permanent magnets with a magnetic field opposing the coil’s magnetic field
at the substrate position.

The setup was used to investigate the influence of low energy ion bombardment
on the growth of aluminum nitride thin films. The ion flux clearly influences the
microstructure of the thin films. With an increasing ion flux, the morphology
changes from an open to a closed grain boundary situation. This was consistent
with a change of the residual stress from tensile to highly compressive (up to
−4 GPa). The crystalline orientation remained unaffected. This method could be
used for stress control of delicate substrates, e.g. MEMS-devices where AlN is
commonly used as a piezoelectric coating. Very recently (2019) stress tailoring of
ferroelectric AlScN has been shown to be an effective way to adjust the coercive
field strength [42]. Application of the principle to HIPIMS-technology could be of
interest as well. Here the film forming atoms are ionized and can also be influenced
by the effect of the magnetic field. From a more theoretical point of view, the ap-
plication of the method to ternary or quarternary material systems with a more
complex energy landscape could be interesting. For instance it can be assumed
that the plasma density at the film’s surface correlates with the non-equilibrium
solubility in metastable nitride alloys.

Such ternary and quarternary materials, namely aluminum (silicon) oxynitrides,
have also been studied within this thesis, using a conventional magnetic field de-
sign. The addition of oxygen to the reactive sputtering process leads to a number
of complications such as damaging of the targets and correlated to this, arcing.
To avoid these problems a setup with modified gas inlets was conceived. Here,
the highly reactive oxygen is introduced close to the substrate separately from the
nitrogen, which is introduced at the targets. With this setup stable and repro-
ducible depositions of aluminium oxynitride films are possible, covering the entire
range from AlN to Al2O3. The addition of oxygen has a strong influence on the
microstructure of the thin films. A model is proposed that illustrates the evolu-
tion of the mirostructure with changing oxygen content. Going from zero atomic
percentage to fully oxidized Al2O3, the morphology changes from a wurtzite solid
solution, into a fiber textured nanocomposite, then a nanocomposite without uni-
axial texture and finally an amorphous solid solution. This model is coincident with
previous observations for aluminum silicon nitride, despite the different electron
configuration and occupied latice sites of oxygen and silicon atoms. The deter-
mining factor and commonality of the two material systems is an electron excess
in the AlON crystallites upon inclusion of silicon or oxygen. The systems adjust
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to this by creating vacancies. This has been confirmed by simulations carried out
by collaborators. The evolution of the morphology is reflected in the hardness,
elasticity, refractive index and residual stress of the thin films. The coatings are
suitable as protective coatings for displays, e.g. of mobile phones, or antireflective
coatings. In the future, the work could be continued towards films with a verti-
cal composition gradient to achieve matching properties of the film and substrate
while the film’s surface properties, e.g. the refractive index, could be adjusted to
the specific application.

Finally, the piezoelectric reponse of AlN coatings was investigated. To study
the piezo electric properties on a microscopic scale, piezoresponse force microscopy
(PFM) was used. Because of the, expected, small response (displacements in the
pico-meter range), resonance enhanced methods were applied. As the topography
of polycrystalline thin films leads to a shifting contact resonance and consequently
to artifacts in the measured signal, a special method was implemented. This
method (dual frequency resonance tracking, DFRT) tracks and adjusts the driving
frequency to the changes in the contact resonance, during scanning. The mi-
croscopic analysis revealed that piezoelectric AlN thin films were deposited with
a homogeneous polarization onto both used electrode materials, aluminum and
platinum. Using the latter, a higher piezoelectric response was achieved, on the
order of 3 pm/V, which is comparable to values found in literature [31]. For an
application in an AFM-setup, commercially available cantilever were coated with
a piezoelectric AlN thin film to provide an alternative way of actuation. The direct
actuation of the cantilever, using the piezoelectric coating and a high bandwidth
PI controller, was successfully integrated to measure in an intermittent contact
mode [104]. This setup allows for a faster actuation and could be used for high
speed imaging in the future. Furthermore, the cantilever resonances were excited
yielding a clean amplitude and phase signal. In the future, this could be ben-
eficially used for AFM-modes detecting tip sample interactions by mapping the
cantilever resonance frequency. Instead of actuating, the piezoelectric AlN thin
film could also be used for sensing the deflection of the cantilever in the future.
Replacing the standard beam deflection setup would e.g. allow a miniaturization
of AFM systems, and facilitate the measurements in liquids.
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~Bcoil magnetic field of the coil

Icoil current applied to the magnetic coil

Isat ion saturation current

jp ion current density

K unbalance coefficient

rim ratio of ions to film forming atoms

Vfloat floating potential

Vp plasma potential

xi inner position on the substrate holder

xm middle position on the substrate holder

xo outer position on the substrate holder
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CMOS complementary metal oxide semiconductor

DC direct current

I-V current-voltage

LIA lock-in amplifier

MEMS microelectromechanical systems

MS magnetron sputtering

N nitrogen

OF open field

PE piezoelectric

123



List of Acronyms

PFM piezoelectric force microscopy

PPLN periodically poled lithium niobate
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2.1 Comparison of the Coulomb and Debye-Hückel potential (DHP).
The latter describes the shielding of a point charge by the surround-
ing plasma. The dotted line indicates the Debye shielding length
λD. For distances smaller than λD the DHP converges towards the
Coulomb potential while for larger distances it decays exponentially
(see Eq. (2.1)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Ion and electron density (black) together with the potential (red)
evolution near an electrically isolated surface, at x = 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 sur-
face both species are depleted, and the electron density falls below
the ion density. Hence a positive space charge is developed. . . . . . 12

2.3 I-V curve measured with a cylindrical Langmuir probe. The dot-
ted and dashed line indicate the plasma and floating potential re-
spectively. 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 fits (dot-dashed lines) to the linear electron retardation
region and the electron saturation region. . . . . . . . . . . . . . . . 13

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 indicated by the yellow triangle is
the Al-polar surface as defined in the text. The right side shows ion
displacement as a reaction to an applied electric field 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]. . . . . . . . . . . . 17

2.5 Definition of piezoelectric axis . . . . . . . . . . . . . . . . . . . . . 18
2.6 a) Illustration of the creep effect present in ferroelectric materials.

After a fast response to an applied voltage the expansion of the crys-
tal 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 different
for an increasing or decreasing voltage. Both effects arise from the
motion and pinning of ferroelectric domain walls. . . . . . . . . . . 19
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2.7 Cross section of a circular magnetron sputtering setup. The target
atoms that form the film on the substrate are shown as white cir-
cles. The argon atoms and ions are depicted as grey circles and the
electrons as black dots. At the left bottom is schematic topview of
the magnet block that is situated below the target. The field lines
generated by the magnets are indicated by dashed lines. . . . . . . . 21

2.8 Cross sections of circular magnetrons with diffrent types of unbalac-
ing and the resulting magnetic fields indicated by the dotted lines.
Note that all magnetic field lines are closed. The difference between
the balanced and unbalanced configuration is that the field lines
extend further away from the magnetron surface for the latter. . . . 24

2.9 Cross sections of a confocal magnetron sputtering setup in the CF
and OF configuration with the substrate facing the targets. The
dotted lines illustrate the magnetic field. . . . . . . . . . . . . . . . 26

3.1 Photograph showing the inside of the chamber. One of the mag-
netrons is disassembled showing the cooling block with the magnets
inside. The other magnetrons are upright against the chamber walls.
At the top right one can see the heater block installed on the toplid
of the chamber. The substrate holder is placed right in front of the
glass disc so that it faces the bottom of the chamber when the lid
is closed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2 a),b) 3D view of the magnetic field of the magnetrons. The sym-
metry plane, indicated by dashed lines, is located at x = 0 going
through the middle of magnetron #1 and #2. Guns #1 and #2 are
tilted inwards toward the substrate, whereas guns #3 and #4 are
upright along the chamber walls. No component of the magnetic
field perpendicular to the symmetry plane was measured. c), d)
Cross section of the magnetic field in the symmetry plane. 10 mT
arrows are provided for reference. The magnetic poles facing up-
wards, for the outer magnets of the magnetrons, are given in paren-
theses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.3 Photograph of the deposition chamber with the external coil on the
lid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4 a) Cross section of a 3-D computer model of the in-situ coil. b), c)
Potographs of fully assembled in-situ coil. . . . . . . . . . . . . . . 36

3.5 Photograph of the coil with cooling block, 4 finished cylinders and
a cleaned cylinder and the wire ready for the final winding. . . . . . 37

3.6 Magnetic field of in-situ and external coil for Icoil = 25 A. The verti-
cal dashed lines indicate the substrate and magnetron position. The
horizontal dashed lines indicate the design criteria for the magnetic
field at the corresponding positions. The drawing to the right shows
the chamber with the relevant components, with z = 0 defined as
the center of the in-situ coil. . . . . . . . . . . . . . . . . . . . . . . 38
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3.7 Ion saturation current measured with substrate holder for the ex-
ternal (crosses) and in-situ (circles) coil. . . . . . . . . . . . . . . . 39

3.8 Photographs taken without (a) and with a field from the external
(b) and the in-situ (c) coil respectively operated at 26 A. The mag-
netrons are in the closed field configuration . . . . . . . . . . . . . . 40

3.9 Schematics of the experimental setup showing the closed field (left
side) and open field (right side) configuration with a qualitative rep-
resentation of the magnetic field lines arising from the magnetrons
(Icoil = 0 A). The substrates were placed at three different posi-
tions along the x-axis (xi = 1 cm, xm = 2.5 cm, xo= 3.75 cm). By
inverting the current inside the electromagnetic coil the direction of
the magnetic field can be reversed. The graph shows the magnetic
field strength as a function of the vertical position along the central
axis of the coil for |Icoil| = 26 A. Position z = 0 corresponds to the
substrate holder surface position and the dotted line indicates the
z-position of the targets [adapted from [140]]. . . . . . . . . . . . . 41
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4.2 Ion saturation current and floating potential as a function of the

current in the coil for open field and closed field configuration. Here,
the substrate holder was used as an electrical probe. Graphs a) and
c) show the results of measurements performed powering a single
magnetron. Note that in both cases magnetron #2 was used, which
has the same magnetic arrangement for both configurations. Graphs
b) and d) show the results of measurements where both magnetrons
were powered simultaneously. . . . . . . . . . . . . . . . . . . . . . 51

4.3 Panel a) shows the total energy flux density (crosses, left axis)
and ion current density (bullets, right axis) as a function of the
x-position in the closed field configuration for various coil currents.
The measurements were performed above magnetron #1 with the
calorimetric and Langmuir probe. Panel b) shows the ion current
density as a function of the coil current at position x = 3. . . . . . . 53

4.4 Dependence of the residual stress on temperature (a) and ion cur-
rent density (b). Graph c) shows the dependence of the ion energy
(Eion = Vp − Vf ) on the ion current density. The dashed lines are
linear fits to selected data points. . . . . . . . . . . . . . . . . . . . 57
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4.5 Panel a) shows normalized XRD spectra of samples deposited un-
der the conditions listed in Table I and are presented in the same
order as therein. The sample at position xi (position of lowest en-
ergy influx) deposited with the heater and the coil switched off (see
Table I) is marked by the *. The dotted lines indicate the peak po-
sition of Si and hexagonal wurtzite [122, 138]. Panel b) shows the
residual stress measured on the borosilicate glass samples plotted
versus the AlN (002) peak position obtained from the 2θ − θ scans
of the silicon samples. The dashed line shows the linear fit to the
data, and the dotted lines indicate 0 residual stress and the AlN
(002) peak position from literature respectively. . . . . . . . . . . . 60

4.6 Cross section morphology of selected samples imaged by SEM. Sam-
ples a), b) and c) were exposed to almost identical ion current den-
sities but deposited at different temperatures. For the images d)-f)
the ion current density increases, which is accompanied by a change
in the substrate temperature because of the plasma heating. The
values corresponding to the different deposition conditions are plot-
ted in the graph on the right side, and are also listed in I. . . . . . 61

5.1 Illustration of the converse piezoelectric response. The mathemati-
cal formulation is given in a), together with the piezoelectric coef-
ficients for AlN. b) shows the effect on a bulk sample with group
symmetry 6mm. c) and d) show the setups employed in this thesis
to measure d31 and d33 using the bending of a cantilever or PFM
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 Atomic force microscopy beam deflection setup and additional com-
ponents needed for PFM (in green). For scanning, the xyz-scanner
moves the sample below the tip, which is either in contact or in close
proximity to the sample. The tip is attached to a cantilever and its
deflection is measured with a laser beam reflected on the backside
of the cantilever. Changes in position of the reflected beam are
monitored with a position sensitive photo diode (PSD). To keep
the reading of the PSD at a given setpoint, the sample z-position
is adjusted to compensate the deflection of the cantilever due to
the sample’s topography. For this purpose a feedback loop with
a proportional-integral (PI) controler is used, and the reading of
the sample z-position corresponds to the convolution of the sample
topography with the tip geometry. For PFM the cantilever needs
to have an electrically conductive coating, and the sample needs to
have a back electrode. The piezoresponse signal is measured in a
dynamic manner which requires a lock-in amplifier (LIA). . . . . . . 66
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5.3 Vector diagram of the signals measured by PFM on negatively and
positively poled domains. The different contributions to the signal
are the Background (B), and the piezoelectric response (d). SN and
SP indicate the signal measured on negatively an positively poled
domains respectively . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.4 PFM-measurement in off-resonance mode on a periodically poled
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5.11 Logarithmic representation of θ − 2θ XRD-scans. The data is nor-
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6.1 Combined O2/N2 gas inlet setup a) and separated inlets setup b).
In both, Ar had its own inlet at the chamber bottom center and its
flow was kept constant at 16 sccm. Photographs of the combined
inlet setup in operando are published in ref[140]. In the combined
inlet setup a), the two reactive gases O2 and N2 entered via the same
inlet placed at the same position as the Ar inlet. Their total reactive
gas flow amounted to 12 sccm. The O content within was varied
between 0-10% to obtain samples of different stoichiometries. In the
separated inlets setup b), each reactive gas was introduced via its
own independent gas line to a specific chamber position. N2 was fed
to the targets at a constant flow of 12 sccm. O2 was piped past the
sputter guns into the proximity of the substrate at an additional
flow of 0-1 sccm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.2 Deposition voltages over time a), logged in time steps of 5 s, and
deposition rates versus O2 flows b). Red data traces and rhombi
were obtained working with the combined inlet setup, blue data
traces and dots with the separated inlets setup. For the typical
deposition voltage trace a) recorded in the combined inlet setup,
12 sccm of reactive gas containing 3% O2 were flowing. For that
in the separated inlets setup, 12 sccm N2 were fed to the targets
and 0.4 sccm O2 to the substrate via the central inlet. The O2 flow
rates were thus at the same level for both cases. Altering the flow
rates within the range applied for this work did not influence the
nature of the voltage traces in either case. For the deposition rates
b), different O2 contents were applied. Eye guides are added as
dotted lines and significant stoichiometries are given for encircled
data points. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.3 Photographs with magnified areas of targets used in the combined
gas inlet setup a) and in the separated inlets setup b). The tar-
get used in the combined inlet setup has a rough surface covered
by black spots (hillocks), while the target applied in the separated
inlets setup stays smooth and artifact-free. . . . . . . . . . . . . . . 98

6.4 a) c-axis lattice parameter [nm] (found to be parallel to the (002)
axis and the growth direction z) of wurtzite crystallites. The lit-
erature value for c in AlN [122] is marked by a purple cross. The
dashed lines highlight the linear decrease of c observed between 0
and about 8% O, as well as that no further lattice shrinking occurs
above 8% O. b) crystallite size (CS) [nm] and c) microstrain (MS) in
Al-O-N plotted versus O content. XRD results of specific samples
without uniaxial (002) texture with O concentrations below 16%,
i.e. within the O content range typically leading to a (002) fiber
texture, are shown by open symbols. . . . . . . . . . . . . . . . . . 105
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6.5 TEM images of cross sections of Al-O-N thin films with different O
contents of a) 5.0% (top), b) 13.9% (middle) and c) 16.6% (bottom).
On the left, a BF image and an ED pattern (small insert), and on
the right, a HR image for each sample are shown. Film growth di-
rections are indicated with green, crystallite (002) orientations with
blue arrows. For the 16.6% O sample, nanometer-sized crystallites
typically occurring for such an O content are highlighted by yellow,
dashed ellipses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.6 The top panels show the dependence of the a) Al 2p, c) N 1s and
d) O 1s binding energies (BEs) on the O content. The dashed gray
lines highlight the evolution of the BEs on O content discussed in
the main text. Literature values are marked with gray circles for
AlN [101] and with gray open circles for Al2O3 [114]. The bottom
panels b), d) and f)) display the Full Widths at Half Maximum
(FWHM) of the photo e− lines. Again dashed gray lines are shown
to highlight the observed dependence on the O content. Solid and
dotted lines are added to the graphs highlighting the observation of
a broadening more than by a factor 1.15 that has been previously
indentified as a critical value for the occurance of disorder-induced
line broadening [99, 60, 23]. . . . . . . . . . . . . . . . . . . . . . . 108
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with increasing O or Si content. Three regimes could be identified:
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shrinking of the c lattice parameter (Fig. 6.4a)) accompanied by a
gradual refinement of the grains (Fig. 6.4b)) is observed. Between
8-16% O (6-12% Si) a nanocomposite sub-regime (IIa) is observed.
The characteristics of the latter is a formation of an amorphous
Al2O3 (Si3N4 for the case of Si added) grain boundary phase. In
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6.8 Evolution of the residual stress, σ, in Al-O-N coatings plotted ver-
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6.10 Evolution of HD/E (hardness divided by Young’s modulus) of Al-
O-N (blue rhombi) and Al-Si-O-N (open red dots) coatings plotted
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