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Abstract

Amorphous silicon oxynitride (SiOxNy) thin films were grown by reactive high
power impulse magnetron sputtering from a pure silicon target in Ar/N2O plasmas.
The elemental composition of the films was shown to depend on the target surface
conditions during the film deposition, as well as on the reactive gas flow rate. When
the target was sputtered under poisoned surface conditions, the film composition
was predominantly silicon oxide, whereas films deposited in the transition regime
between poisoned and metallic target surface conditions showed higher nitrogen
concentrations, as measured by X-ray photoelectron spectroscopy (XPS) and elastic
recoil detection analysis (ERDA). The different target surface conditions were
identified based on the evolution of the target current waveforms upon variation
of the deposition parameters. The average electron temperatures during the peak
target current were determined by Langmuir probe measurements, to assist with
the explanation of the observed target current behavior and target poisoning
characteristics.

The chemical composition of the films was shown to range from silicon-rich to
effectively stoichiometric silicon oxynitrides, where no Si−Si contributions were
found in the XPS Si 2p core level spectra. The film optical properties, the refractive
index n and the extinction coefficient k, were shown to depend on the film chemical
bonding, with the effectively stoichiometric films displaying optical properties
falling between those of SiO2 and Si3N4.
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CHAPTER 1

Introduction

Amorphous thin films have applications ranging from antireflective coatings used
on solar cells to biocompatible wear resistant coatings on medical implants. One
commonly used ceramic amorphous thin film material is silicon oxynitride (SiOxNy).
Silicon oxynitride is widely used in optoelectronics as graded-index layers [1, 2],
waveguides [3, 4], and surface passivation layers [5, 6], due to its favorable optical
and electrical properties. Especially the tunable refractive index makes SiOxNy
well-suited for optical applications. [7] Furthermore, also the mechanical properties,
such as residual stress and hardness can be controlled through the elemental
composition. [8–10] Lately, there has been a growing interest for the use of SiOxNy
coatings in medical implants due to the good hemocompatibility of the material
along with the suitable mechanical properties. [11, 12] The reason for such a wide
range of applications for SiOxNy is the possibility to control its material properties
by adjusting the amount and ratio of oxygen and nitrogen in the material. This
yields properties ranging from those of amorphous silicon to amorphous silicon
oxide and nitride, or such shown by mixed compositions between the three. [13, 14]

Commonly SiOxNy thin films have been prepared by either chemical vapor
deposition (CVD) or by magnetron sputtering. The CVD methods are limited by
hydrogen-containing precursor gases, resulting in Si−H and N−H chemical bonding
in the films, which causes absorption losses in the near-infrared wavelength range.
[3, 13, 15] Two reactive gases, O2 and N2, are usually employed when SiOxNy
is synthesized by magnetron sputtering. [16–18] The two-gas approach results
in nonlinear target effects due to the inherently different reactivities of oxygen
and nitrogen, since oxygen as the more reactive element is more likely to form
a compound on the Si-target. [19] Additional equipment, such as a reactive gas
pulsing process or a feedback loop based on monitoring the discharge current or
voltage, can be employed to limit the O2 flow during the process, and to reduce the
nonlinear target effects caused by the different reactivities of oxygen and nitrogen.
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Figure 1.1. A ternary plot of the Si−O−N system.

[16, 17, 20]
A new synthesis route for amorphous SiOxNy thin films by reactive high power

impulse magnetron sputtering (rHiPIMS), using nitrous oxide (N2O) as a single-
source precursor gas, is presented in Papers I & II. General aspects about thin film
deposition by HiPIMS, details about rHiPIMS with oxygen-containing precursors,
as well as the main thin film characterization methods used in the papers, are
summarized in this thesis.

1.1 Material properties of silicon oxynitride
The Si−O−N system shows only one thermodynamically stable ternary compound
with the composition Si2N2O. [21, 22] A ternary plot of the Si−O−N system is
shown in Fig. 1.1. The chemical bonding in amorphous non-stoichiometric SiOxNy
can be described by two bonding models, the random mixture model (RMM) and
the random bonding model (RBM). [23, 24] In RMM, separate phases of SiO2 and
Si3N4 are randomly distributed in the material, whereas in RBM the central Si
atom is randomly bond to four Si, O, and/or N atoms. [23, 24] Commonly, the
growth of SiOxNy is more closely governed by RBM than by RMM, especially for
sputter-deposited films, as the growth conditions are usually thermodynamically
far from those required for the growth of separate SiO2 and Si3N4 phases. [9, 25]

The material properties in the randomly bond SiOxNy mostly depend on the
ratio of O and N in the Si-matrix. This can be achieved by changing the reactive
gas flow ratios in reactive sputtering, for example. [26] The relative permittivity of
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stoichiometric SiOxNy can vary from 3.9 (SiO2) to 7.4 (Si3N4). [27] The refractive
index of SiOxNy can be tailored from that of SiO2 (n ∼ 1.5) to that of Si3N4
(n ∼ 2.0) by adjusting the O/N ratio in the material. [1, 2] Furthermore, the
refractive index for understoichiometric SiOxNy are found to range from Si3N4
values to those recorded for amorphous Si (n ∼ 4), depending on how much O
and N is incorporated into the Si-matrix. [28–30] The total amount of O and
N in SiOxNy also affects the extinction coefficient (k) values, the stoichiometric
compound is found to be transparent (k ∼ 0) in the visible wavelength range,
whereas for the understoichiometric compound the k values increase as the amount
of Si in the compound increases, finally reaching values recorded for amorphous Si
(k ∼ 0.2). [29, 30]

Mechanical properties, such as density, residual stress, and hardness, also
depend on the the O/N ratio of SiOxNy. The SiOxNy density can vary from that
of SiO2 (∼ 2.1 g/cm3) to that of Si3N4 (∼ 3.0 g/cm3). [31, 32] The residual
stress in CVD-grown films can change from compressive to tensile, depending on
if the material is oxide-like or nitride-like, respectively. [8] Moreover, both the
hardness (H) and Young’s modulus (E) of stoichiometric randomly bond SiOxNy
films is found to increase as the film composition shifts from SiO2 to Si3N4, H
from ∼ 10 GPa to ∼ 20 GPa and E from ∼ 100 GPa to ∼ 200 GPa. [9, 33]
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CHAPTER 2

Thin film deposition and process characterization

Physical vapor deposition (PVD) methods, such as magnetron sputtering, are
widely used both in research and in industry to grow a wide range of thin films for
various applications. In PVD, the film material is ejected from a solid or liquid
target and is transported to the substrate as a vapor. Usually PVD methods have
a line-of-sight substrate coverage, unlike chemical vapor deposition (CVD) and
atomic layer deposition (ALD) methods. The line-of-sight coverage limits the use
of complex-shaped substrates in PVD deposition. Some advantages of PVD over
CVD and ALD methods are, for example, off-thermal equilibrium film growth,
allowing the use of heat-sensitive substrate materials, and higher deposition rates,
respectively. Ionized PVD (IPVD) methods, such as high power impulse magnetron
sputtering (HiPIMS), can be used to overcome shortages associated with common
PVD methods, and open up possibilities to further tailor the film properties while
still maintaining the favorable aspects of PVD. [34, 35]

5
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2.1 Magnetron sputtering

substrate

pump

cathode

Vc

Vb

substrate table

gas inlet

Figure 2.1. A schematic drawing of a magnetron sputtering setup.

Sputter deposition is a plasma-based PVD technique commonly employed in
thin film growth. A potential difference applied between the negative cathode
and a grounded anode causes ionization of the process gas, most commonly Ar,
yielding a glow discharge. The ignition of the plasma is possible due to the ions
and free electrons naturally present in the gas. More ions are created through
collisions of the gas atoms with the free electrons, i.e., by electron impact ionization.
Positive ionized gas atoms or molecules are accelerated towards the negatively
biased cathode, where they sputter away material from the target. The ejected
material travels to the substrate in the gas phase and condenses into a film. The
grounded chamber walls and the substrate table can act as an anode, though
usually a negative bias voltage is applied to the substrate table to exceed the
floating potential and to achieve reproducible deposition conditions. [36, 37]

N

N

N

S

S

S

B

target

racetrack racetrack

Figure 2.2. A drawing depicting the orientation of magnetic field lines in a simple
balanced magnetron sputtering setup.
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In a magnetron sputtering setup electrons are confined into a magnetic field near
the target surface. Increased amount of electrons near the target surface enhances
the level of ionization of the working gas and results in greater plasma density in the
target vicinity. The working pressure can be decreased due to the increased plasma
density, resulting in decreased collisional energy loss of the target bombarding ions
in the gas phase, and thus enhanced sputtering rates. [38] A simple schematic
drawing of a magnetron sputtering setup is shown in Fig. 2.1. Typical gas pressures
used in magnetron sputtering are in the range of 100mPa−10Pa, depending on the
dimensions of the sputtering system, affecting the pressure required to ignite and
maintain a plasma. [39] Usually the magnets are arranged in a ring-like pattern,
with one pole in the center and the opposite pole circling it. Figure 2.2 shows
a balanced magnetron configuration, i.e., closed-loop magnetic field lines, which
results in a dense plasma contained in the target vicinity. Enhanced sputtering
over a certain area of the target may result in a so-called racetrack target erosion
pattern. Additionally, an unbalanced magnetron setup can be used, resulting in
open magnetic field lines and an increased plasma density away from the target,
promoting ion bombardment of the growing film. The applied magnetic field
configurations affect the ion-to-metal flux ratio arriving at the substrate, and can
be used to tailor the morphology and properties of the growing film. [36, 37]

Figure 2.3. Target current and voltage waveforms recorded during a HiPIMS pulse of
200 µs.
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2.1.1 High power impulse magnetron sputtering

HiPIMS is an IPVD technique introduced in the late 1990’s. [40] In HiPIMS the
power to the cathode is delivered in short unipolar pulses with a relatively long
halt time between the pulses (∼ 1− 10 ms). The pulse frequencies used in HiPIMS
can range from a few tens of Hz to a few kHz, and the pulse on-time from a few
microseconds to several hundreds of microseconds. The power on/off ratios during
the cycle (duty cycle) vary from a few percent to a few tens of percent. The high
energy delivered per pulse results in increased plasma densities in front of the
target, which in turn leads to elevated amounts of ionized sputtered material due
to electron impact ionization. In HiPIMS discharges the plasma density can reach
values up to 1019 ions/cm3, for dcMS discharges the peak plasma densities are two
or three orders of magnitude lower. The use of high power pulses allows effective
target cooling even when the power delivered to the cathode during the pulse on-
time exceeds the time-averaged power by two orders of magnitude, and can reach
values as high as several kW/cm2. In direct current magnetron sputtering (dcMS)
processes the target powers usually fall in the range of some tens or hundreds of
W/cm2. An example of a HiPIMS target current and voltage waveforms recorded
for a process done with an average target power of 2400 W, a frequency of 600 Hz,
a pulse width of 200 µs, and at a pressure of 400 mPa employing a N2O/Ar flow
ratio of 12.8% is shown in Fig. 2.3. The target voltage is not constant throughout
the pulse due to depletion of the capacitor bank of the power supply. [41–43]

Thin film processing by HiPIMS mostly relies on the increased portion of ionized
target material when compared to dcMS. The higher degree of ionization of the
sputtered material results in increased ion bombardment of the substrate and
the growing film. [40, 44, 45] For this reason, HiPIMS is found to yield denser
films with altered morphology, when compared to films grown by dcMS. [46] The
energy and direction of the ionized flux arriving at the substrate can be controlled
by electric or magnetic fields, allowing off-axis deposition on complex-shaped
substrates. [47, 48] For example, the energy of the ions impinging on the substrate
and the growing film can be tuned by adjusting the substrate bias voltage, thus
affecting the microstructure and the residual stresses of the growing film. [45] This
opens up a possibility to tailor the electrical and optical properties of the films, as
these properties depend on the microstructure. [45, 49–52]

HiPIMS also has its limitations. One major drawback is the low deposition
rate of some materials compared to dcMS, when both are operated at the same
average target power. [53] The deposition rates for HiPIMS can be half of the dcMS
rate or even lower for some metals, for example Ti, Al, and Cr, though for some
oxides, e.g., ZrO2 and Ta2O5, the HiPIMS deposition rate can exceed that obtained
by dcMS. [41, 46, 54] Some explanations proposed for lowered deposition rates
include magnetic confinement of the sputtered species [48], non-linear energetic
dependence of the sputter yield [55], the effects caused by plasma conductivity
[56], and back-attraction of charged target metal ions [57]. Another concern is the
existence of multiply charged target metal ions, which are accelerated into higher
kinetic energies by the substrate bias and can cause undesirable effects, such as ion
implantation and higher residual stresses in the films. [58]
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2.1.2 Reactive HiPIMS

In reactive sputtering, the target is sputtered in the presence of one or more
reactive gases. When a reactive gas, for example O2 or N2, is introduced to the
chamber it is likely to react with the target surface by chemisorption and reactive
ion implantation, and with the sputtered target material at the substrate as well
as with the chamber walls, forming a compound. [59, 60]

The compound film formation at the target surface is known as target poisoning.
[61] The transition between the metallic and poisoned target surface conditions is
often observed as sudden changes in the cathode voltage and current, gas pressure,
and deposition rate. [62, 63] The high peak powers used in HiPIMS allow better
control over the onset of target poisoning by efficiently removing the poisoned
surface layer during the pulse. [64] Moreover, target poisoning by reactive gas
ion implantation between the pulses is limited, reducing the compound formation
on the target. [41, 64] This is an advantage compared to dcMS, as growth of
stoichiometric compound films often requires the deposition process to be run in
the transition regime between metallic and poisoned target surface conditions, to
achieve both the desired composition and an ample deposition rate. [64, 65]

2.1.3 HiPIMS in oxygen-containing atmospheres

Oxygen is commonly used as a reactive gas in rHiPIMS of several oxides, or together
with nitrogen to deposit oxynitrides. [64–66] The high reactivity of oxygen results in
pronounced target poisoning, yielding highly unstable transition region conditions.
Sputtering under poisoned target surface conditions often results in arcing of the
target, and can produce undesirable macroparticles and decrease the film quality.
[67, 68] Various reactive gas flow feedback systems, such as reactive gas partial
pressure sensing and reactive gas pulsing, have been employed to maintain the
process in the transition regime. [54, 69] Another possibility to achieve controllable
deposition processes in the poisoned mode is to use arc suppression. [70, 71]
Nonlinear target effects due to different reactivities of O2 and N2 are a common
problem occurring in synthesis of oxynitrides by magnetron sputtering. [17, 19] Due
to the higher reactivity of oxygen compared to nitrogen, it is more probable that
the target is trapped into the poisoned state by oxygen if the reactive gas flows are
not accurately controlled. [72] A pathway to achieve more controllable rHiPIMS
deposition processes for SiOxNy by using nitrous oxide (N2O) as a single-source
precursor gas is presented in Papers I and II.

As an electronegative element, oxygen is found to exist in large percentages
as O– in rHiPIMS plasmas. [73, 74] These negative ions are repelled by the
applied negative cathode potential and can have deteriorating effects on film
quality, depending on their origin and energy. [73, 75, 76] Low energy negative ions
can be generated via electron attachment to gas atoms or molecules, dissociative
electron attachment to gas molecules, or by fragmentation of the sputtered target
compound. [74] Ion energies corresponding to the applied cathode potential of
several hundreds of volts have been measured for O– ions originating from the
target surface. [76] The O– ions existing in the afterglow of the rHiPIMS pulse can
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potentially contribute to the film oxygen uptake even during the pulse off-time.
[73]

Figure 2.4. Peak target current as a function of N2O flow.

Compound formation at the target surface in the case of using silicon as a
target material is observed as a rise in peak target current due to higher secondary
electron yield of silicon oxide compared to silicon. [77, 78] Figure 2.4 shows the
target current waveform evolution as the percentage of nitrous oxide in the plasma
is increased, using an average target power of 4000 W and a pulse frequency of
1000 Hz, at a pressure of 400 mPa. Initially, the peak target current decreases as
more nitrous oxide is introduced. This can be attributed to the decreasing plasma
density in front of the target and thus decreasing plasma conductivity [79–81],
and to reduced secondary electron emission from silicon suboxides [62], limiting
the current that can be drawn to the cathode. After a certain threshold the peak
current starts increasing, indicating poisoned target surface conditions, because
the secondary electron emission yield from completely oxidized silicon surface is
higher than that from clean silicon or suboxides. [62, 77, 78]

2.2 Langmuir probe
Plasma parameters in the HiPIMS discharge can be measured by using a Langmuir
probe. [82, 83] The probe has to be small to minimize perturbations caused to the
plasma. As the probe bias is swept from negative to positive voltages, both ions and
electrons are collected by the probe and an I − V curve is recorded. These curves
can be measured dynamically to record the I − V curves during different stages
of the pulse. An ideal I − V curve is shown in Fig. 2.5. At the floating potential
(Vf ) the ion and electron currents drawn by the probe are equal and probe current
(Ip) is nil. At the plasma potential (Vp) the probe is in the same potential as the
plasma itself, and the probe current is mostly resulting from electrons. [84]
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Vf

Vp

Figure 2.5. An ideal Langmuir probe I − V curve, showing both Vf and Vp.

Three different curve regions can be identified based on the applied probe bias
(Vb). When Vb < Vf , electrons are repelled and Ip is mainly caused by ions, until
the ion saturation current (Ii,sat) is reached at large negative Vb. At Vb > Vp,
only negative charge carriers are being collected by the probe and eventually the
electron saturation current (Ie,sat) is reached. [84]

Between Vf and Vp, increasing amount of electrons are being collected by the
probe. At a certain Vb only those electrons that have enough energy to overcome
the potential difference between the probe and the plasma are collected. In the
case of a Maxwellian energy distribution of electrons, the electron current collected
by the probe in this region follows equation (2.1):

Ie = Ie,sat exp e
Vb − Vp
kBTe

, (2.1)

where kB is the Boltzmann constant and Te is the average electron temperature.
The slope of ln Ie versus Vp yields the electron temperature. It is convenient to
give Te in electronvolts, by using the inverse of the slope. [84]

2.3 The effect of HiPIMS parameters on SiOxNy
material properties

The material properties of the SiOxNy grown by HiPIMS in Papers I and II are
found to depend on the amount and ratio of O and N in the material. The
two main findings are that the film N content can be controlled by the N2O
flow, and that the film O content can be controlled by the average target power.
The effect of N2O flow and applied power on the film elemental composition is
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more clearly demonstrated in Paper II, where much higher N2O/Ar flow ratios
(fN2O/Ar) were used (fN2O/Ar,max 22.2%) than in the studies conducted for Paper I
(fN2O/Ar,max 6.2%). In Paper II it is demonstrated that while the Si target is
sputtered under poisoned target conditions at low average target powers (1000 W),
the resulting film stoichiometry is approaching SiO2, whereas at higher average
target powers (2000−4000 W) the film N content is found to be stable at ∼ 26 at.%
and the level of incorporated O is decreasing towards higher average powers. The
effect of pulse frequency on film composition is not significant in this composition
range (film total O + N content above 30 at.%) over the studied frequency range
(300 − 1000 Hz).

The film optical properties are found to closely follow the film elemental
composition, with the stoichiometric SiOxNy films yielding n and k values between
those of SiO2 and Si3N4 (N ∼ 1.5−2.2, k ∼ 0 at 633 nm). The understoichiometric
films show values that approach those of amorphous silicon, n ∼ 4.5, k ∼ 0.38,
depending on the film film total O + N content.

The residual stress in the films can also be affected by the deposition temperature
and the substrate bias voltage. A ∼ 25% decrease in the film residual stress was
observed as the negative substrate bias was decreased from −200 V to −100 V or
when the deposition temperature was increased from ∼ 350 ℃ to ∼ 500 ℃. These
effects can be attributed to decreased energetic ion bombardment of the growing
film and to more thermodynamically favorable film growth conditions, respectively,
both leading into lower residual stresses in the film. [85]



CHAPTER 3

Thin film characterization

Several analysis methods are required to characterize thin film properties. A set of
techniques used to determine chemical composition, chemical bonding, mechanical
properties, and optical properties of the films are presented in this chapter.

3.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) can be used to determine both the ele-
mental composition and chemical bonding in the films. The operational principle
of XPS is based on the photoelectric effect caused by soft X-rays, commonly Al Kα
radiation (hν = 1486.6 eV). XPS is a surface sensitive technique, as the inelastic
mean free path of photoelectrons is in the order of ∼ 5−10 nm. The measurements
have to be performed under ultra-high vacuum conditions to suppress adsorption
of residual gas during analysis. [86]

Binding energies (Eb) of the emitted photoelectrons can be determined according
to equation (3.1), as their kinetic energies (Ek) are measured and the photon energy
(hν) is known:

Eb = hν − Ek − φ, (3.1)

where φ is the spectrometer work function. [86]
Both the elemental composition and chemical bonding structure of the sample

can be determined by the core level electron binding energies. Different elements
have distinct core level binding energies that can be slightly influenced by the
chemical environment of the atom, a phenomenon known as the chemical shift. For
example, the core level electrons of an atom bonded to a more electronegative atom
will have a stronger Coulomb interaction with the nucleus, as valence electrons
are drawn towards the more electronegative element. Charge compensation can

13



14 Thin film characterization

be applied in the case of dielectric samples, such as SiOxNy films, because charge
accumulation on the sample results in a shift of measured binding energies. [86]

The sample surface can be sputter cleaned with an ion beam etch to remove
the oxidized surface layer and adventitious carbon occurring on most materials.
A significant oxygen surplus in the elemental composition would be observed,
if the elemental composition was to be determined from this oxidized surface
layer. The energetic ions used for the sputter cleaning can, however, damage the
chemical bonding structure and alter the composition in amorphous materials.
The chemical bonding structure can instead be determined for as-received films,
without applying sputter cleaning, thus avoiding possible alterations to the chemical
bonding structure. [87]

Figure 3.1. A XPS Si 2p core level spectrum recorded for a SiOxNy film containing
27 at.% and 17 at.% of of N and O, respectively. Five peaks can be fitted to the spectrum.

A peak fitting procedure has to be implemented to obtain information about
the chemical bonding in the films. In compound films, the number of different
chemically shifted contributions in the core level spectra of elements partaking
in chemical bonding can be up to five, or even more in some cases. [88, 89] An
example of a Si 2p core level spectrum obtained before a sputter clean for a SiOxNy
film containing 27 at.% of N and 17 at.% of O, and fitted with a peak fit model
consisting of five distinct peaks is shown in Fig. 3.1. Here, the different chemical
bonding contributions can be assigned to Si−Si bonds at 99 eV, Si−Nx bonds at
99.7 eV, Si−OxNy contributions at 100.9 eV and 101.9 eV, and Si−Ox bonds at
102.9 eV. The Si−OxNy contributions have the largest FWHM values, as much as
1.8 eV, while for the Si−Si bonds the peak FWHM is under 1 eV.

In SiOxNy films, the number of different bonding contributions in the Si 2p core
level spectra depends on the bonding model of the films. In the case of the film
shown in Fig. 3.1, deposited at a relatively low temperature (. 350 ℃) by HiPIMS,
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both N and O are randomly distributed in the Si matrix. [88, 89] As silicon can
form four bonds, multiple different bonding configurations with varying x and
y in SiOxNy are possible. This results in large peak widths for the components
corresponding to SiOxNy compositions. [88, 89]

3.2 Elastic recoil detection analysis
Elastic recoil detection analysis (ERDA) is an ion beam analysis method used
to obtain thin film sample’s elemental concentration depth profiles. In ERDA,
high energy ion beam, such as 36 MeV 127I8+ used in Paper I, is collided with
the sample and the energies of forward-directed elastic recoils are measured. A
time-of-flight (ToF) spectrometer can be used to differentiate between recoils having
the same energy but different mass. The use of a ToF spectrometer also allows the
determination of element depth profiles, as ions originating from below the sample
surface lose some of their energy in collisions. [90]

The energy of a target atom with mass M2 after an elastic collision with a
projectile with mass M1 and energy E1 is given by equation (3.2):

E2 =
4M1M2 cos2 θ

(M1 +M2)2
E1 = KRE1, (3.2)

where θ is the scattering angle and KR is the kinematic factor for elastic recoil.
The maximum scattering angle depends on the ratio of the masses of the projectile
and the target atom. The maximum scattering angle is given by equation (3.3):
[91]

φmax = arcsin

(
M2

M1

)
. (3.3)

As can be seen from (3.3), the amount of detectable elements for a certain sample
depends on the system geometry and the choice of projectile. For film elemental
compositions measured in Paper I, a 36 MeV 127I8+ ion beam at an angle of 22.5°
relative to the sample surface was used.

3.3 X-ray reflectivity
X-ray reflectivity is a technique based on specular reflection of X-rays from surfaces
and interfaces. The reflection is based on the different electron densities of the
layers. The method can be used to determine thin film thickness, density, surface
roughness, and multilayer structures in a glancing angle θ/2θ configuration, where
the incident and reflected angle are equal (ω = θ). Below the critical angle θc, the
incident beam undergoes total external reflection. For θ > θc the reflected intensity
starts to fall and interference fringes are observed due to different path lengths of
X-rays scattered from different interfaces. For a monolayer film, equation (3.4) can
be used to obtain the film thickness: [92]

nλ = 2t sin θ

√
1 +

η2 − 1

sin2 θ
, (3.4)
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where n is an integer, λ is the wavelength of incident X-rays, t is the film thickness,
and η is the film’s complex refractive index. To asses properties such as density
and surface roughness, the recorded data can be iteratively fitted with a suitable
theoretical model of the sample, if the film composition is known. [93]

3.4 Residual stress measurement
The residual stresses in amorphous thin films can be determined by the wafer
curvature method, using X-ray diffraction to obtain the substrate curvature after
deposition. An assumption made here is that the residual stresses in the film
have only uniform in-plane components, which is a reasonable approximation for
amorphous films. [94]

The curved crystallographic planes in the stressed silicon substrate cause the
angle of diffraction to shift along the rigid translation of the sample. When
displacing the sample along the x-axis and maintaining the 2θ-reflection, the radius
of curvature of the substrate can be determined from the measured shift of the
ω-angle (the angle between the beam and the sample surface) as a function of the
x-displacement. The specimen curvature is related to the change in orientation of
the diffracted beam after displacement in the x-axis by equation (3.5): [95]

1

R
=

dω

dx
, (3.5)

where R is the radius of curvature of the specimen, dω is the change in the
orientation of the diffracted beam, and dx is the sample displacement along the
x-axis.

Figure 3.2. A measured shift in the angle between the X-ray beam and the sample
surface, while maintaining the 2θ-reflection, versus sample displacement.

The effect caused by intrinsic substrate curvature and possible erroneous stage
translation can be determined by measuring the curvature of an uncoated substrate.
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The obtained value is subtracted from the curvature value measured for the coated
specimen to obtain the true curvature:

1

R
=

dω

dx
− dω

dx uncoated
. (3.6)

The radius of substrate curvature is then given by the slope of x-displacement
versus the ω-angle in radians. [95]

The measured substrate curvature can be related to the residual film stress by
using the Stoney formula for anisotropic single crystal Si(001) lattice:

σf tf =
h2

6(sSi11 + sSi12)R
, (3.7)

where σf is the in-plane stress component of the film, tf is the film thickness, h is
substrate thickness, and the term 1/(sSi11 + sSi12) is the biaxial modulus of Si(001)
(1.803 · 1011 Pa). [94, 96] An example of the ω-angle versus sample displacement is
shown in Fig. 3.2. With a film thickness of ∼ 420 nm the residual stress can be
calculated to be approximately −680 MPa, indicating compressive residual stress
in the film.

3.5 Spectroscopic ellipsometry
Spectroscopic ellipsometry is a technique widely used for structural and optical
characterization of thin films and surfaces. In the case of standard ellipsometry,
the measured parameters are the ellipsometric angles Ψ and ∆. In reflection mode
the state of polarization of light reflected from the sample is analyzed, when the
incident light has a known polarization. The complex reflectance ratio ρ between
the p and s polarization planes can be linked to the measured angles by equation
(3.8): [97]

ρ =
rp
rs

= tan Ψ exp i∆, (3.8)

where rp and rs are the complex reflection coefficients for p- and s-polarization,
respectively.

Sample

Light source
Polarizer

Compensator Compensator

Analyzer
Detector

φ

Figure 3.3. A schematic drawing of a dual rotating compensator spectroscopic ellip-
someter.
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A dual rotating compensator ellipsometer setup can be used to measure the full
Mueller matrix M of the sample. A Mueller matrix is a 4 × 4 matrix describing
the polarization properties of an optical element interacting with the incident light.
Measuring the Mueller matrix allows determination of depolarization effects, caused
by, for example, nonuniform film thickness. A simple schematic of a dual rotating
compensator ellipsometer setup is shown in Fig. 3.3. Unpolarized light is passed
through a polarizer and a rotating compensator modulating the polarization, before
being reflected from the sample. After being reflected, the light passes through a
second rotating compensator and an analyzer before being detected. [97]

In the case of isotropic reflecting samples, such as amorphous SiOxNy films, the
number of non-zero elements in M decreases to 8 and M takes the following form:
[97]

M =


1 −N 0 0

−N 1 0 0
0 0 C S
0 0 −S C

 . (3.9)

The elements N , C, and S can be related to the ellipsometric angles by relations
(3.10) a-c:

N = cos 2Ψ, (3.10a)
C = sin 2Ψ cos ∆, (3.10b)
S = sin 2Ψ sin ∆. (3.10c)

For N , C, and S it holds that

N2 + C2 + S2 = 1.

The N , C, and S can also be connected to equation (3.8) by equation (3.11): [97]

ρ =
rp
rs

=
C + iS

1 +N
= tan Ψ exp i∆. (3.11)

In most cases the ellipsometric measurement is indirect, and does not yield
the sample’s structural properties, but they have to obtained by iteratively fitting
the data with a suitable model including the possible layers and interfaces in the
sample. In the case of amorphous SiOxNy films, the Tauc–Lorentz (TL) dispersion
model was used to model the complex dielectric function (ε = ε1 + iε2) of the films
to obtain their refractive indices n and extinction coefficients k. [98, 99] Both n
and k can be calculated from ε, as ε1 = N2 − k2 and ε2 = 2nk. In TL model, ε2
has the following expression above the band gap energy:

ε2 =
1

E

AE0C(E − Eg)
2

(E2 − E2
0)2 + C2E2

, E > Eg , (3.12)

where E is the photon energy, A the peak amplitude, Eg is the band gap energy,
E0 is the peak transition energy, and C is a broadening term. Below the band gap
energy ε2 = 0. The real part of the dielectric function, ε1, can be calculated from
ε2 by using Kramers–Kronig integration. [98]
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The measure of how well the model fits the measured data is quantified by mean
squared error (MSE). The MSE is minimized by iteratively fitting the constructed
model to the measured data. However, the smallest MSE does not necessarily
implicate that the used model is correct. The model has to also yield physically
meaningful results for the layer thicknesses, for example. [97]
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CHAPTER 4

Results and included papers

4.1 List of publications
I Silicon oxynitride films deposited by reactive high power impulse
magnetron sputtering using nitrous oxide as a single-source precur-
sor
T. Hänninen, S. Schmidt, J. Jensen, L. Hultman and H. Högberg
Journal of Vacuum Science and Technology A 33, 05E121 (2015).

II Stoichiometric silicon oxynitride thin films reactively sputtered in
Ar/N2O plasmas by HiPIMS
T. Hänninen, S. Schmidt, J. Wissting, J. Jensen, L. Hultman and
H. Högberg
Submitted for publication.
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4.2 Summary of included papers

Paper I

A new synthesis route for SiOxNy thin films by rHiPIMS, using N2O as a
single-source precursor gas, is presented. The films were characterized based on
their chemical, optical, and mechanical properties. The changes in film elemental
composition were related to the used deposition parameters through target poisoning
mechanisms occurring during the process when N2O is introduced to the system.

Paper II

Effectively stoichiometric SiOxNy thin films, meaning no observable Si−Si
chemical bonding contributions the XPS Si 2p spectra, were synthesized by rHiPIMS.
The optical properties of these stoichiometric are shown to fall in between those
of SiO2 and Si3N4. Favorable film deposition conditions can be established in the
transition and poisoned target surface regimes, based on the analysis of the target
current behavior and plasma properties upon the introduction of N2O.
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