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Kurzfassung

Nicht erst seit der von der Bundesregierung initiierten Energiewende besteht eine
große Nachfrage nach umweltverträglichen Energiequellen. Dabei ist eines der Haupt-
augenmerke die Entwicklung von Solarzellen mit wettbewerbsfähigen Herstellungs-
kosten, da die Solarzellen heutzutage hauptsächlich aus kristallinem Silizium beste-
hen und folglich deren Produktion in Konkurrenz zur Halbleiterindustrie steht.
Somit ist die Entwicklung von Solarzellen aus alternativen Materialien wie z.B.
Kupfer-Indium-Gallium-Diselenid (CIGS) von großem Interesse. Da von diesem Ma-
terial eine geringere Schichtdicke benötigt wird, können diese Solarzellen auf flexiblen
Substraten wie auf einer Metallfolie hergestellt werden, was eine breitere Anwendung
ermöglicht. In dieser Arbeit wird die Eignung von unpolierter Stahlfolie, die Kratzer
im µm-Bereich aufweist, als Träger für die Solarzellen untersucht. Die Verwendung
von Metallsubstraten erfordert eine Barriere zwischen dem Substrat und den So-
larzellen, um Kurzschlüsse zwischen den einzelnen Zellen eines Solarmoduls zu ver-
meiden. Außerdem soll durch diese Barriere die Diffusion unerwünschter Substratbe-
standteile in die Solarzellen verhindert werden. Hierzu werden in dieser Arbeit
Siliziumoxid- und Siliziumnitridschichten in einem Mikrowellen-Plasma-Prozess in
einem Gasgemisch von HMDSO (Hexamethyldisiloxan) und Sauerstoff bzw. Monosi-
lan und Ammoniak abgeschieden. Um das Schichtwachstum durch hochenergetische
Ionen beeinflussen zu können, wird der Einfluss eines zusätzlichen Substratbias un-
tersucht, was zu einer Überlagerung einer kapazitiven Entladung und der Mikro-
wellenentladung führt.

Die auf der Schichtoberfläche auftreffenden energiereichen Ionen führen zu einer
Glättung und Verschmelzung der Oberfläche, besonders bei Unebenheiten auf der
Substratoberfläche. Somit verbessern sich die Barriereeigenschaften der Schicht
deutlich, was mittels Isolationsmessungen ermittelt wurde. Die Veränderung des
Schichtwachstums wird anhand von Substraten mit einer definiert rauen Oberfläche
im µm-Bereich sowohl experimentell als auch durch Simulationen ermittelt. Die
Simulationen wurden mit dem Monte-Carlo Code SDTrimSP-2D durchgeführt, der
eine detaillierte Bestimmung der lokalen zum Schichtwachstum beitragenden Me-
chanismen analysiert. Durch die energiereichen Ionen wird zusätzlich die molekulare
Zusammensetzung der Schichten beeinflusst. Diese ist für die Materialeigenschaften
wie die Haftung, Härte oder das Diffusionsverhalten bedeutend. Die molekulare
Zusammensetzung der abgeschiedenen Schichten wird mittels Fourier-Transforma-
tions-Infrarot-Spektren bestimmt. Aus der Schichtzusammensetzung und dem Bre-
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chungsindex lassen sich Rückschlüsse auf das Diffusionsverhalten der abgeschiede-
nen Schichten bilden. Bei der Abscheidung mit Substratbias ergaben sich für das
Siliziumoxid härtere Schichten, so dass diese im Vergleich zu ungebiasten Siliziumox-
idschichten diffusionshemmender sind. Demgegenüber verhalten sich die Silizium-
nitridschichten entgegengesetzt: Diese werden mit angelegtem Substratbias poröser
und somit diffusionsfördernd.



Abstract

The demand for environment-friendly energy sources increases more and more, which
is not only caused by the energy turnaround initialized by the Federal Government.
In this context, the focus is set mainly on the development of wind power and solar
energy with competitive production costs. Above all, this is a problem for solar cells,
which, today, are mainly fabricated out of crystalline silicon and, therefore, are in
competition with semiconductor industry. Hence, the development of solar cells
based on alternative materials like e.g. copper-indium-gallium-diselenide (CIGS) is
of great interest. Because of the lower layer thickness needed for this material, these
solar cells can be fabricated on flexible substrates like metal foils. This possibility
offers a broader spectrum of applications. For reaching low production costs, the
applicability of unpolished steel foil, which exhibits scratches on the µm scale, is
investigated as substrate for the solar cells in this work. The use of any metal
as substrate requires a barrier layer between the substrate and the solar cells to
prevent short-circuits between the separate cells of a solar module and to prevent the
diffusion of undesired substrate elements into the solar cells. In this work, silicon-
oxide and silicon-nitride coatings are deposited as barrier layers in a microwave-
plasma process in a gas mixture of HMDSO (hexamethyldisiloxane) and oxygen or
monosilane and ammonia. To have the opportunity of influencing the layer growth
by high-energetic ions, an additional substrate bias is applied during the deposition,
which leads to a capacitive discharge superimposing the microwave one.

The high-energetic ions impinging on the layer surface lead to a layer smoothing
and melting, especially at positions of indentations in the substrate surface. Hence,
the barrier properties of the coating are improved clearly, which was identified by
insulation measurements of the deposited film. The layer growth modification is
analyzed on the basis of substrates with a well-defined rough surface structure in
the µm range experimentally as well as by simulations with the Monte-Carlo Code
SDTrimSP-2D, which allows a detailed analysis of the local layer growth mecha-
nisms contributing to the deposition. Additionally, the impinge of the energetic
ions affects the molecular structure and composition of the coatings as well. These
parameters are an important indicator for the layer material properties like adhe-
sion, hardness and diffusion properties. The molecular composition of the deposited
layers is analyzed in detail by Fourier-transform infrared (FTIR) spectroscopy. From
the layer composition and their refractive index, conclusions on the diffusion beha-
vior of the coatings are drawn. In case of applying the substrate bias, the spectra
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indicate a denser and harder film in case of silicon oxide. Hence, these layers are
more diffusion preventing compared to the unbiased ones. On the other hand, the
silicon-nitride coatings show contrary properties: They offer more porous layers,
when the substrate bias is applied, and, therefore, they assist diffusion.
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Chapter 1

Introduction

In the last decade, the public and world wide political discussion about energy has
become as intense as never before, since the demand for energy in, especially the
aspiring countries, increases strongly. The call for environmentally friendly energy
sources is growing louder. The focus is set mainly on renewable energy sources
without resource exhaustion like geothermal energy, wind power and solar energy.
For a broad acceptance, the power generation with renewable energies has to offer
competitive production costs. Above all, this is a problem for solar cells. Today,
common solar cells are fabricated out of crystalline silicon, which offers an indirect
band gap and, therefore, unefficient absorption characteristics. This manufacturing
sector is in competition with the semiconductor industry, which needs high-purity
silicon, too. Hence, the development of solar cells based on alternative materials
is of great interest. One key issue is the minimization of material costs through
a low consumption of raw material. Thus, research in this field concentrates on
thin-film solar cells consisting of materials, which offer a direct band gap. Examples
are amorphous silicon (a-Si), cadmium-tellurium (CdTe) or copper-indium-gallium-
diselenide (CIGS). Moreover, these cells have the advantage to be producible on
flexible substrates like metal or polymer foils in contrast to the well-established glass
substrates. With a higher flexibility, lower weight and finally lower production costs,
these cells offer a broader spectrum of applications. For these flexible substrates,
however, a barrier-layer between the substrate and the solar cells is required. The
present work focusses on the optimization of the barrier layer production for CIGS
solar cells [1, 2], which offer an actual record efficiency of 20.3% [3]. In parts,
this work is carried out in the framework of the publicly funded BMBF project
”FlexNet” (functional coatings for flexible, low-cost CIGS thin-film solar cells) in
collaboration with the ZSW – Center for Solar Energy and Hydrogen Research
Baden-Württemberg – and the StEM – Stuttgart Center for Electron Microscopy,
Max Planck Institute for Metals Research, Stuttgart.

The diffusion of undesired substrate elements into the CIGS material, which can
reduce the efficiency of the solar cell, and a short-circuit between the separate cells of
a solar module has to be avoided. Thus, the barrier layer has to fulfill the following
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2 CHAPTER 1. INTRODUCTION

requirements: It has to be diffusion preventing, and – in case of metal substrates –
it has to be insulating. Because of the high temperature needed during the CIGS
process (up to 650 °C), metal foils have a great advantage compared to substrates
consisting of polymers. Within this work, the properties of the barrier films and the
possibilities of improving them is investigated on unpolished steel foil.

As barrier films, silicon oxide (SiOx) or silicon nitride (SiNy) is deposited in
a microwave-PECVD (plasma enhanced chemical vapor deposition) process in a
gas mixture of HMDSO (hexamethyldisiloxane) and oxygen or monosilane and
ammonia. The PECVD process is widely-used and powerful to modify material
surfaces or deposit thin films in industrial processes. The presented depositions
are carried out in the modular plasma device called Plasmodul [4]. On the one
hand, the advantage of microwave plasmas is their high density, which leads to a
high deposition rate and therewith to a high productivity. On the other hand, the
plasma sheath of such a plasma is too small to cause a directed ion acceleration for
surface modifications. The impinge of high-energetic ions has an additional effect
on the layer growth and plays an important role in the following context:

The surface of the used metal foils is not polished. Hence, it exhibits scratches,
flakes, and isolated inclusions on the µm scale. It is well known, that such a
substrate-surface structure is replicated on the surface of the deposited coating in
a microwave-PECVD process [5, 6]. Hence, a homogeneous smooth coating cannot
be obtained and voids are developed in the deposited film at positions of notches on
the substrate surface [7, 8], whereby the barrier properties of the coating are lost.
The impact of high-energetic ions can smooth out these irregulations. To have the
opportunity of affecting the layer growth by an ion bombardment, an ”artificial”
plasma sheath is generated by applying a substrate bias. Because of the deposition
of insulating layers, the bias voltage has to be alternating. Hence, the microwave
plasma is superimposed by a capacitive discharge. This leads to an independent
control of the particle flux on the substrate – determined by the microwave plasma
– and the energy of impinging ions – determined by the plasma sheath.

The influence of the high-energetic ions on the layer growth at positions of
notches in the substrate surface is analyzed on the basis of substrates with a well-
defined rough surface structure. Due to the high application of energy, the repli-
cation of the substrate surface on the film surface is avoided. The resulting im-
proved barrier properties are verified by insulation measurements of the coatings.
To analyze the modification – induced by the ion bombardment – of the layer-
growth mechanisms in detail, the layer growth is simulated with the Monte-Carlo
code SDTrimSP-2D [9]. This code also includes the effect of the impacting ener-
getic ions, in contrast to former works, which deal only with thermal impinging
particles [10, 11, 12]. The modification of the layer growth influences not only the
profile of the coatings, but also their molecular structure and composition, which
determines mainly the material properties like adhesion, hardness or diffusion prop-
erties. Hence, the detailed knowledge of the influence of the ion bombardment on
the chemical composition is essential for the understanding of the manipulation of
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the layer growth. For the analyses of the molecular composition and structure of
the films, Fourier-transform infrared (FTIR) spectroscopy is used.

The aim of this work is the optimization of barrier coatings, which are suitable for
the production of CIGS solar cells on the steel substrate, and – going along with this
– a comprehensive understanding of the effects of the impinge of high-energetic ions
on the layer surface during the deposition. This thesis is organized as follows: The
theoretical background of this work is given in the following chapter 2. The theory
is mainly dedicated to the plasma sheath and their generation in different plasma
discharges. Chapter 3 introduces the investigated coating systems silicon oxide and
silicon nitride, the used experimental setup – the Plasmodul – and the utilized
diagnostics, by which the plasma in the Plasmodul and the deposited coatings are
characterized, respectively. The influence of the ion bombardment on the layer
growth is investigated in chapter 4. Subsequently, the effect of the manipulated
layer growth on the barrier properties of these coatings is determined by resistance
measurements. Detailed analyses of the effect of impinging high-energetic ions on
the growing layer are carried out in chapter 5 on the basis of Monte-Carlo simulations
with the code SDTrimSP-2D [9]. The influence of the high application of energy
on the molecular structure of the deposited films is analyzed in chapter 6 by FTIR
spectroscopy. At the end, a summary concludes this work in chapter 7.
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Chapter 2

Theoretical background

In this chapter, the basic principles of plasma physics are summarized in section 2.1,
mainly in terms of the properties of deposition processes to control the layer growth,
for which the plasma sheath plays an essential role. Subsequently, two methods of
surface modification in a plasma process are introduced in section 2.2: the plasma
enhanced chemical vapor deposition (PECVD) and the etching process. Section 2.3
is dedicated to the physics of the plasma sheath. Finally, two main processes,
which are used to generate plasmas for technical use, are described with regard to
their heating mechanism sustaining the discharge and their effect on the plasma
parameters. Both, the advantages as well as the disadvantages of the capacitively
coupled discharges (section 2.4) and microwave discharges (section 2.5) are discussed.
In this work, both techniques are combined for a new deposition process, which is
described in section 2.6.

2.1 Basic principles of plasma physics

In a plasma, the sum of free negative and positive charges must be zero. This is
called the quasi neutrality. The electric field of a charged particle brought into a
plasma is shielded by the surrounding particles. As a consequence, the potential
drops exponentially, and not as 1/r as for the Coulomb potential, on the Debye
1/e-decay length [13]

λd =

√

ǫ0Te

e2ne

. (2.1)

ǫ0 is the permittivity of vacuum, Te the electron temperature, e the elementary
charge and ne the electron density. A plasma with a higher density and/or a lower
temperature shields charged particles more effectively. The condition for a plasma
is that the number of particles participates in the shielding, i.e. the number of
particles ND in the Debye sphere, must be

ND =
4

3
πλ3

Dne ≫ 1, (2.2)
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6 CHAPTER 2. THEORETICAL BACKGROUND

and, of course, the plasma dimension must be L ≫ λD. This means, that the relative
change in density needed to shield an external charge q0

δn

n
=

q0/e

ND

(2.3)

is negligible and, hence, ne ≈ Zini with the ion charge number Zi. Most plasmas are
ideal, which means that the potential energy can be neglected against the kinetic
energy of the particles.

The electrons and ions respond to alternating electric fields in the plasma with
an oscillation. This is a collective phenomenon. The oscillation frequency is called
plasma frequency. It results from the one-dimensional Poisson equation to

ωpe,i =

√

ne,ie2

ǫ0me,i

(2.4)

with the electron mass me, the ion mass mi and the ion density ni. Due to the mass
difference of the electrons and ions, the ion-plasma frequency ωpi is smaller than

the electron-plasma frequency ωpe by a factor of
√

me/(Zmi). Thus, the electrons
determine the upper limit of electric field oscillation frequencies, which are effectively
shielded, and therefore, the electron-plasma frequency is commonly called plasma
frequency. Hence, electromagnetic waves with a frequency lower than the plasma
frequency cannot penetrate the plasma, whereas the ones with a frequency higher
than the plasma frequency can traverse the plasma volume. This subject plays an
essential role in the different kinds of generating a plasma, which are illustrated in
section 2.4, 2.5 and 2.6.

For defining the temperature of a plasma, it must be distinguished between
electron, ion and gas temperature. In contrast to high-density plasmas, in the
present applications the three temperatures cannot be considered as equal. Hence,
we have a non-equilibrium plasma. The ion and gas temperature is considered as
thermal and is roughly approximated to Ti = Tg ≪ Te, i.e. neglected compared
to the electron temperature Te. This is justifiable because of the excitation of
charged particles in a plasma: The generation and heating of the plasma is realized
by accelerating the electrons due to their lower inertia compared to the ions and
neutrals. The electrons collide with the other particles in the plasma. If their kinetic
energy is higher than the ionization energy of the collision particles, these can be
ionized according to the ionization-cross section. The electron velocity distribution
function in such a plasma is regarded as Maxwellian:

fM =

(
me

2πTe

)3/2

exp

{

−mev
2
e

2Te

}

(2.5)

with the electron velocity ve. The electron temperature and the mean electron



2.2. SURFACE MODIFICATION 7

velocity v̄e are linked through:

v̄e =

√

8Te

πme

. (2.6)

In an equilibrium plasma, the ion density and the density of the neutrals are
linked by the Saha equation [13]:

ni

nn

= 3× 1027
T 3/2

ni

exp

{

−Wion

T

}

, (2.7)

where nn is the density of the neutrals, Wion is the ionization energy of the atoms
and T the gas temperature in eV. Equation (2.7) has the form of a law of mass
action.

2.2 Surface modification in a plasma process

Plasma-assisted surface modification is a widely used method in industry. Many
different types of processes are embraced by this method. Thin-film deposition
is achieved by a PECVD process or a sputtering process [14]. A related task of
a surface-modifying plasma is ion implantation on the substrate surface. Plasma
etching is a key process for removing material from surfaces. By plasma functional-
ization, material surfaces are activated (free radicals are generated) to improve the
adhesion properties of the material. This is mostly done in an oxygen plasma and
in the case of polymer surfaces.

All processes describing the surface modification in a plasma process are plasma-
wall interactions. The specific plasma processes describing each surface modification
are taking place in the plasma-sheath region, which will be described in section 2.3.
In the following, the PECVD process and the plasma etching will be introduced.

2.2.1 Plasma enhanced chemical vapor deposition

PECVD is a common method for depositing thin films in the nm up to the µm
range. In contrast to a conventional CVD (chemical vapor deposition) process,
where a solid component is deposited on a strongly heated substrate due to che-
mical reactions from the gas phase, PECVD processes have the advantage to work
at low substrate temperatures. This is possible through the generation of the reac-
tive components like ions, electrons and radicals within the plasma. The radicals,
which are deposited on an inserted substrate, are created inside the plasma. Thus,
temperature-sensitive materials, e.g. foils, can be coated in such a process because
of the non-equilibrium properties of the plasma (i.e. Ti ≪ Te, section 2.1). The
ions impinging on the substrate have low energy and, therefore, cannot damage the
substrate despite their high mass. The only high-energetic particles are the elec-
trons, which also cannot damage the substrate because of their low mass. Hence,
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films for which high temperatures are needed in the CVD process, can be deposited
at low substrate temperatures. As in the CVD process, the surface reactions in a
plasma-enhanced process are mainly controlled by parameters like the gas composi-
tion, pressure (above all the partial pressure of the single gases, which controls the
concentration of the reactive species) as well as the substrate temperature. They are
determined empirically for each demand on the deposited film. In combination with
an ion bombardment from the plasma (see section 2.6), these parameters determine
the film properties like the molecular composition, stress and morphology.

In contrast to the conventional CVD process, however, PECVD processes cannot
be utilized in every industrial application. Layers fabricated in a plasma device have
an amorphous character, whereas the high substrate temperature and the clearly re-
duced deposition rate in a CVD application causes a rather crystalline layer growth.
Thus, the CVD process can be a choice for the deposition on temperature-resistant
materials like e.g. metals or glass.

PECVD processes are usually classified into two methods: The direct deposition
process and the remote plasma process. In a remote device, the substrate has no
direct contact to the plasma and therefore a damage of possible impinging ions is
reduced, but the layer forming radicals, which usually have a longer lifetime than
the reactive ions, can still reach the substrate. The disadvantage of such a setup
is a reduced deposition rate and, thus, higher production costs in manufacturing
devices.

In terms of the plasma generation, many different types of plasma deposition
devices are existent. In the sections 2.4 and 2.5, the most common plasma discharges
used for industrial application are introduced and compared in section 2.6. In this
work, a remote PECVD process is used, which is described in detail in section 3.2.
The specific coating-forming gas systems are introduced in section 3.1.

2.2.2 Plasma etching

In contrast to a plasma-deposition process, in an etching process, the plasma is used
as a tool for removing material from a surface. There are two different main etching
processes, which can be combined to yield a more distinct effect. A species selective
but isotropic etching can be achieved by pure chemical etching, i.e. the plasma
discharge supplies gas-phase caustic atoms or molecules. They react chemically
with the surface components and form gaseous particles. This produces a volatile
reaction product compound, which can leave the surface.

A method of removing nonvolatile products from a surface is sputtering. This is
a well-directed process. Hence, a strong anisotropic etching can be achieved by this
method. In a sputter process, atoms are ejected from a surface by strong ion bom-
bardment. If the energy transfer of the impinging particles to the target atoms is
greater than the surface-binding energy of the target material, the target particles
can leave the solid. This process is called sputtering. Because of the approxi-
mate equality of the surface-binding energy of different materials, this represents a
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non-selective method, but it can strongly depend on the angle of incidence of the
impinging ions [15]. Compared to chemical etching, it offers a low etching rate,
because the yield is of the order of one atom per incident ion. The combination
of both etching processes leads to a mostly anisotropic etching with a yield, which
is comparable to that of the pure chemical etching. This is called the ion-energy
driven etching.

2.3 The plasma sheath

The plasma sheath plays an essential role for technologically used plasmas. Through
the sheath the energy of the impinging ions can be controlled. This is discussed in
section 2.5 and 2.6. In this section, the formation and the basic principles of the
plasma sheath will be introduced.

2.3.1 Basics of the plasma sheath

The first time the plasma was subdivided into a bulk and a sheath region was 1928
by Langmuir [16]. In the following, the fluid approach of the stationary plasma
sheath is given. This model is fully legitimated in the case of high-voltage sheaths
[17]. The assumptions are independent of the specific plasma parameters in the
bulk. The common theoretical description of stationary boundary plasma sheaths
is based on Tonks, Langmuir and Bohm [18, 19].

By inserting an absorbing electrode into the plasma (Fig. 2.1a), it is charged
negatively with respect to the surrounding plasma due to the higher mobility of
the electrons compared to the ions. This is the usual situation in an electropositive
plasma, which means only positive charged ions are existent and which is the as-
sumption for all further considerations. The potential of the electrode is called the
floating potential

Φfl = −Te

2e
ln

√
mi

2πme

+ Φp (2.8)

with the plasma potential Φp. The consequence of this potential is a repulsion of
most of impinging electrons, namely those with an energy lower than eΦfl (Fig. 2.1b).
This leads to a strong decrease of the electron density in front of the electrode.
Therefore, a positively charged region of a few Debye lengths is formed in front of
the electrode (Fig. 2.1c). The position of zero potential is defined as the edge between
the bulk and the sheath of the plasma. The ions are accelerated by the negative
potential of the electrode. Hence, the ion density shows a slight decrease due to the
flux continuity ni(x)ui(x) = const. The density and the potential characteristics
in front of the electrode or the wall constituting the edge of a bounded plasma are
depicted in Fig. 2.1.

The following considerations are valid under the assumption of a collisionless
sheath, Maxwellian electrons with a temperature Te, cold ions (Ti ≈ 0) and equal
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Fig. 2.1: a) Shielding of the negatively charged wall against the plasma. b) Potential
characteristics in front of the boundary of a plasma. The ions are accelerated by the ne-
gative wall potential, the electrons are repelled. c) Electron- and ion-density characteristics
in front of an electrode.

densities of electrons and ions at the interface between the plasma and the sheath,
ne(0) = ni(0) = ns, where x = 0 is defined as the position of the plasma-sheath
transition, and ideally conducting walls.

Defining us as the ion velocity at entry into the sheath, the sheath is described
by the following four equations:

1

2
miu

2(x) =
1

2
miu

2
s − eΦ(x) ion-energy conservation (2.9)

ni(x)ui(x) = nsus ion-flux conservation (2.10)

ne (x) = ns exp

{
eΦ (x)

Te

}

electron Boltzmann distribution (2.11)

d2Φ (x)

dx2
=

e

ǫ0
(ne (x)− ni (x)) Poisson equation (2.12)
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The Poisson equation gives the sheath potential Φ (x) in dependence of the position.
To solve this equation, the ion density has to be determined from a combination of
Eqs. (2.9) and (2.10):

ni (x) = ns

(

1− 2eΦ (x)

miu2
s

)1/2

. (2.13)

Therewith, the Poisson equation is given by

d2Φ

dx2
=

ens

ǫ0

[

exp

{
eΦ (x)

Te

}

−
(

1− eΦ (x)
1
2
miu2

i (x)

)
−1/2

]

. (2.14)

2.3.2 The Bohm sheath criterion and the presheath

By solving Eq. (2.14) for the sheath potential, stable solutions can only be obtained
for sufficiently large ion velocities us at the plasma-sheath edge. Because of its non-
linearity, an accurate solution of this equation can only be determined numerically.
But an approximation with the boundary conditions of a field-free plasma, Φ(0) = 0
and dΦ/dx = 0, yields the condition:

us ≥ uB =

√

Te

mi

. (2.15)

Hence, the entrance velocity of the ions to the plasma sheath must not be lower
than the so called Bohm velocity uB. Otherwise, no shielding of the wall from the
plasma is possible. This condition is known as the Bohm sheath criterion [20].

With the condition of cold ions (Ti = 0, consequently ui ≪ uB), the Bohm
sheath criterion leads to the necessity of a directed acceleration of the ions right
into the in principle field-free plasma region by an electric field. The region of this
(very small) electric field is called presheath, which is located in front of the plasma
sheath and much more extended than that region. In contrast to the sheath, the
presheath is part of the plasma region by definition, because the quasi neutrality is
guaranteed in it. Both, the electron as well as the ion density decrease in the same
way over the expansion of the presheath, namely according to

ns = n0 exp

{−eΦp

Te

}

≈ 0.61n0. (2.16)

At the Bohm velocity, the momentum balance shows a singularity. This indicates
the transition between the plasma scaled presheath and the Debye scaled plasma
sheath [21]. The behavior of the densities and the potential in the presheath is
depicted in Figs. 2.1b,c.

If the plasma sheath is not collisionless, a unique Bohm velocity cannot be de-
termined and as a consequence, the plasma region and the sheath cannot be exactly
separated. A detailed essay of this subject can be found in Ref. [21].
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2.3.3 The high-voltage sheath

It is possible to extend the plasma-sheath region in front of an electrode by applying
a negative voltage to it. The consequence is an intense potential decay in the sheath
region, and, hence, the ion bombardment of the electrode can be regulated by the
applied voltage. For the case of high-voltage sheaths, two models are common: the
matrix sheath and the Child law sheath.

The matrix sheath

The matrix sheath model [15] is the more simple one. The precondition is a uni-
form ion density in the complete sheath region (ni (x) = ns). For the electrons,
ne = ns exp {Φ (x) /Te} → 0 is valid, because almost all electrons are repelled by
the strong negative potential of the plasma sheath. Hence, only ions are present
in the sheath region. This simplification leads to an easy calculation of the sheath
thickness s by using the Poisson equation

d2Φ (x)

dx2
=

ens

ǫ0
, (2.17)

and taking the boundary condition Φ (s) = −U0 into account. Thus, the sheath
thickness can be calculated to

s =

√

2ǫ0U0

ens

= λD,s

√

2eU0

Te

(2.18)

with the Debye length λD,s =
√

ǫ0Te/(e2ns) at the sheath edge. Hence, the thickness
of the plasma sheath can be a multiple of the Debye length, depending on the applied
voltage U0.

The Child law sheath

The Child law sheath model [15] includes a smooth decay of the ion density from the
plasma-sheath edge to the electrode taking the ion acceleration in the sheath region
into account. Hence, it is the more realistic model. The ion density as a function of
position is obtained from Eq. (2.13) using the simplification 1/2miu

2
s ≪ eΦ (x):

ni (x) =
Ii0
e

(

−2eΦ (x)

mi

)
−1/2

. (2.19)

The sheath thickness can be calculated in the same way as in the matrix sheath
model by including the constant ion current Ii0 = ensuB. This results in

s =

√
2

3

√

ǫ0Te

e2ns

(
2eU0

Te

)3/4

=

√
2

3
λD,s

(
2eU0

Te

)3/4

. (2.20)
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Hence, the sheath thickness derived from this model is by a factor (eU0/Te)
1/4 larger

than the one from the matrix sheath model.

The position-dependent potential inside the sheath region is obtained from the
Poisson equation [15]:

Φ (x) = −U0

(x

s

)4/3

. (2.21)

By inserting Eq. (2.21) into the energy conservation (Eq. (2.9)), a condition for the
ion-transit time through the sheath region is obtained:

dx

dt
=

√

2eU0

mi
︸ ︷︷ ︸

v0

(x

s

)2/3

. (2.22)

By integrating Eq. (2.22) and setting x = s, the ion-transit time is obtained:

τi =
3s

v0
. (2.23)

In summary, the model of the plasma sheath considered in this work is based on
the fluid description. It is universal, because of the validity of the Bohm criterion:
All ions enter the sheath region with nearly the same velocity, namely the Bohm
velocity uB. Hence, the description of the plasma sheath is only dependent on the
electron temperature and the ion mass and, therefore, independent of the remaining
properties of the corresponding presheath.

In a different approach like the kinetic analysis, the CX model or the Tonks-
Langmuir model [17], the detailed processes in the presheath become important to
determine the distribution function of the ions entering the sheath. But these models
differ markedly only in the case of low-voltage sheaths, where the ion velocity at
the sheath edge plays an essential role for their impinging velocity at the electrode.
If the acceleration of the ions in the sheath region due to a high-potential drop is
much higher than the initial velocity of the ions entering the sheath, the difference
of the initial ion velocities can be neglected. A comparison of the different models
can be found in Ref. [17].

2.4 Capacitive discharges

Capacitive discharges are widely used to generate technological plasmas for low-
pressure and low-temperature deposition processes. These discharges offer a well-
extended high-voltage capacitive plasma sheath of a few mm up to the range of 1 cm
in front of an inserted electrode. Hence, the growth mechanisms of the deposited
coatings are mainly influenced by ion bombardment. Therefore, these discharges are
not suited for coating sensitive substrates like e.g. foils.
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2.4.1 Setup

A capacitive discharge is driven by applying an alternating voltage or current on
two electrodes immersed in the plasma. In industry, the typical excitation frequency
of these discharges is ω = 13.56MHz, thus they are high-frequency discharges. The
most commonly used setup is a voltage applied to one electrode with the other elec-
trode grounded. This leads to a modulated plasma potential Φp. The rf current flows
across the plasma sheath generated in front of the electrode and the plasma bulk,
leading to stochastic and ohmic heating. These are the main heating mechanisms,
which sustain a capacitive discharge.

The description of capacitive discharges is simplified mainly by separating the
discharge into the sheath and the bulk region. Hence, the discharge can be described
by the equivalent circuit diagram shown in Fig. 2.2. The two sheaths, indicated by
the index a and b, can be represented as an ohmic resistance R, which is connected
in series with a parallel circuit of a capacitance C and a diode D. The bulk plasma,
described as a parallel circuit of a capacitance and a series of an ohmic resistance and
an inductance L with the index p, is connected in series with the two sheaths [22].

~
Irf

Ca Cb

Ra Rb

Rp

Cp

Lp

Da Db

Fig. 2.2: Equivalent circuit diagram of a capacitive discharge with the two plasma sheaths
a and b and the plasma bulk indicated by the index p.

A complete self-consistent model of capacitive discharges is complicated. How-
ever, with a few simplifications these discharges can be described analytically. This
will be done in the following sections. First, the properties of high-frequency sym-
metric discharges are described. The condition for high-frequency discharges is that
their excitation frequency is higher than the ion-plasma frequency, ω > ωpi. Then
the ions respond only to the time-averaged electric field. As a common application
for coating processes in industry, dual-frequency discharges are presented in sec-
tion 2.4.2, too. In contrast to high-frequency discharges, low-frequency discharges
are introduced in section 2.4.3. Here, the physical properties of the discharge change
and a different model has to be used.
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High-frequency symmetric discharges

A schematic view of a symmetric capacitive discharge is depicted in Fig. 2.3a. Both
electrode areas are equal, Aa = Ab = A. The discharge-driving current is chosen to
be sinusoidal,

I (t) = Irf sin (ωt) . (2.24)

The amplitude, the angular frequency ω, the neutral gas pressure ng and the distance
between the electrodes l, which is very small compared to the electrode areas, are
the chosen control parameters. Certainly, a capacitive discharge can be driven with
any kind of alternating voltage, the solution of the specific equations in each case is
comparable to that presented here.

~
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Fig. 2.3: a) Schematic of a typical symmetric capacitive discharge, driven by a sinusoidal
current. b) Electron- and ion-density characteristics in the range of the whole discharge
(bulk and sheaths) of the homogeneous capacitive discharge model. c) Electron- and
ion-density characteristics in the plasma-sheath region of the inhomogeneous model.

With the given control parameters, the discharge parameters like the electron
density ne, the electron temperature Te, the voltage drop U (t) over the discharge
and the dissipated power S can be calculated by the homogeneous model. It bases
on several simplifications:
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• The applied frequency ω is higher than the ion-plasma frequency. Hence, the
ions can only respond to the time-averaged potential and can be regarded as
an inflexible background gas.

• The electron-plasma frequency is clearly higher than the current-driving fre-
quency. Therefore, the electrons respond to the instantaneously developing
electric field and oscillate between the two electrodes against the ion back-
ground.

• No transverse electromagnetic propagation is allowed. This can be legitimated
by l ≪

√
A. Consequently, the equations are reduced to one dimension.

• In the sheath region, ne = 0 is assumed.

• The ion density in the sheath region is assumed to be constant: ni = ns = const
(see Fig. 2.3b).

Hence, the homogeneous model acts on the condition of a Matrix sheath (sec-
tion 2.3.3). It is a very basic model, because it does not include a self-consistent
solution of the nonlinear electron and ion dynamics. A more precise description
of the plasma-sheath parameters are obtained by the inhomogeneous model, which
takes the acceleration of the ions during the transition of the sheath region into
account and is established in the Child law sheath theory (section 2.3.3). Therefore,
the ion density decreases from the bulk to the electrode. As a consequence, the
space charge of oscillating electrons is also modified by including the dynamics of
the sheath edge (see Fig. 2.3c). Thus, it is the more realistic model.

The following analyses of the high-frequency discharges are based on the homoge-
neous model, because it gives considerable insight into the behavior of the capacitive
discharges by comparatively simple descriptions.

The voltage characteristics

The voltage across the plasma bulk is determined by the applied current I (t) and
the resistance of the bulk, which is calculated under consideration of the equivalent
circuit of the discharge,

Zbulk =

(

1

Rp + iωLp +
1

iωCp

)
−1

(2.25)

with the ohmic resistance Rp, the inductance Lp and the capacitance Cp of the
plasma bulk. Hence, the voltage can be written as

Ubulk (t) = Zbulk · I (t) = Zbulk · Irf sin (ωt) , (2.26)

the response to the applied current is linear without any generation of a dc compo-
nent (self bias).
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The voltage, which drops from the plasma to the electrode in the sheath region,
is equal at both sheaths except for a phase shift of π. Furthermore, a distinction
between the voltage based on the displacement current and the one based on the
(clearly lower) conduction current is needed for the calculation of the sheath voltage.
The displacement current flowing through sheath ”a” (Fig. 2.3a) is
Ia (t) = ǫ0A(∂E/∂t). With the Poisson equation and the boundary condition of
a continuous electric field at the bulk-sheath interface, this results in

Ia (t) = −ensA
dsa
dt

. (2.27)

The solution of this equation is

sa (t) = s̄− srf sin (ωt) . (2.28)

The sheath boundary oscillates sinusoidally with an amplitude srf = Irf/ (ensωA)
around the dc value s̄. Therefore, it is obvious that the sheath-boundary oscillation
is a linear response to the applied current. From this, the voltage across sheath ”a”
is given by [15]

Ua (t) =

∫ sa

0

Edx = −ens

2ǫ0

(

s̄2 +
1

2
s2rf − 2s̄srf sin (ωt)−

1

2
s2rf cos (2ωt)

)

. (2.29)

An equivalent calculation taking into account the continuity of current Ib (t) = −Ia (t)
leads to the voltage across sheath ”b”. The result is a highly nonlinear voltage re-
sponse across one plasma sheath [22] and, accordingly, hysteresis effects [23]. The
combination of both nonlinear sheath voltages Ua (t) and Ub (t) and the voltage
across the bulk Ubulk (t) results in a linear response of the total voltage drop over
the whole discharge:

U (t) =







2enss̄srf
ǫ0

︸ ︷︷ ︸

Uab

+ Irf · Zbulk
︸ ︷︷ ︸

Ubulk







sin (ωt) . (2.30)

In general, almost all of the voltage drops across the sheath regions. Hence, the
assumption of |Ubulk| ≪ |Uab| is valid. This leads to the simplification, that the
sheath is purely capacitive and the bulk purely ohmic.

The total capacitance of both sheaths can be obtained by differentiation and
only taking the sheath voltage Uab in Eq. (2.30) into account:

Cab =
ǫ0A

2s̄
. (2.31)
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Heating mechanisms

Capacitive discharges are sustained by two main heating mechanisms: the ohmic
and the stochastic heating. The third one presented here is the nonlinear series
resonance heating, which is a result of the nonlinearity of the plasma sheath edge
motion resulting from the inhomogeneous model. Due to this oscillation, this heating
mechanism is a result of a modified ohmic heating.

Ohmic heating: Generally, the main current in the bulk of the discharge is the
electron-conduction current because of the nearly pure ohmic character of the plasma
bulk. Consequently, the main heating mechanism in this region is ohmic heating.
The electrons are accelerated by the externally applied electric field in one direc-
tion in space (thus they oscillate with the driving frequency), until they collide
inelastically with particles of the immobile background gas (ions and neutrals). By
colliding, the direction of their velocity is changed, but not the absolute value. This
leads to a Maxwell distributed electron velocity, from which the thermal velocity
and therefore the electron temperature

Te =
v2thm

2
e

4
(2.32)

can be derived. An ionization process of the neutrals by the colliding electrons is
unlikely, because of the comparatively low mean electron energy, which does not
reach the ionization threshold. The time-averaged power deposited in the plasma
bulk is given by [15]

S̄ohm =
1

2

(
Irf
A

)2
meνmz

e2ns

, (2.33)

with the electron-neutral collision frequency νm and the extension z of the plasma
bulk (see Fig. 2.3a).

Stochastic heating: Due to the non-existing or low electron density, the heating
mechanism in the plasma sheaths is due to the reflection of the electrons at the
plasma-sheath edge, which can be considered as an elastic collision with a wall.
Moreover, the velocity of the plasma-sheath edge, resulting from its oscillation, has
to be taken into account. Hence, the velocity of the reflected electrons ur can be
expressed by

ur = −u+ 2us. (2.34)

u is the velocity of the impinging electrons and us the one of the sheath edge. The
resulting dissipated power – by taking the Maxwellian electron velocity distribution
into account – is

S̄stoc =
1

2

mev̄e
e2ns

(
Irf
A

)2

(2.35)
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with the mean electron velocity v̄e introduced in section 2.1. This is valid for a single
sheath.

Because of the low electron density in the sheath region, it has an almost ca-
pacitive character. Hence, it can be described by a capacitance Ca and Cb and a
parallelly connected diode. The diode represents the time-depending electron cur-
rent, which reaches the electrode. Because of the introduction of the diode, the
ohmic resistance Ra and Rb in Fig. 2.2 can be neglected.

As mentioned in section 2.4.1, the presented models are developed in the homo-
geneous model of a capacitive discharge. By developing them in the inhomogeneous
one, they can be deduced in an analogue way, but a disturbed electron-distribution
function has to be taken into account. This is not a fixed Maxwellian any more,
but it is a time-dependent function resulting from the time-varying electron density
at the electron-sheath edge s (t), which is the assumption in the inhomogeneous
model. As a consequence, the main difference of these two models is the behavior of
the electrons at the plasma-sheath boundary: In the inhomogeneous model, many
electrons can penetrate the sheath region wherein they are reflected in contrast to
the homogeneous model, where all electrons are reflected right at the plasma-sheath
boundary. This difference was also seen in Fig. 2.3.

Nonlinear series resonance heating: The two heating models in a capacitive
discharge described above, the ohmic and the stochastic heating, describe the ef-
fective power dissipation in high-pressure discharges (p ≫ 0.1mbar) very well. But
experiments show a divergence of the predicted power dissipation and the mea-
sured one in very low-pressure discharges (p ≪ 0.1mbar) [24]. According to theory,
the proportion of the ohmic heating decreases with decreasing pressure, due to the
diminution of the collisions between electrons and neutrals in the plasma bulk. But
the dissipated power determined in experiments is much higher than the predicted
one [25]. This leads to the assumption of a third heating mechanism, caused by the
nonlinearity of the plasma sheath obtained by solving their equation of motion in
the inhomogeneous model [26].

The ohmic and stochastic heating are explained with the assumption of a sinu-
soidal rf current, which is linear to the driving voltage. By including the influence of
the nonlinearity of the plasma sheath, it becomes strongly anharmonic. Some of the
generated higher frequency components can be in resonance with the plasma series
resonance (PSR), which arises from a periodic exchange between the kinetic electron
energy in the bulk, represented by the ohmic resistance Rp and the inductance Lp,
and the electric field in the sheath, represented by the capacitor Cs (see Fig. 2.2).
An approximation of this frequency is given by [27]

ωPSR ≈
√

s̄

z
ωpe. (2.36)

It is lower than the electron-plasma frequency at typical rf discharge parameters.
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This offers the possibility of electron oscillations with ωPSR, which superimposes the
excitation frequency.

By reducing the pressure, these specific oscillations are less damped, since the
collisions between the electrons and the neutrals are more infrequent. Hence, their
amplitude can rise and the additional electron movement in the plasma bulk results
in an intensified ohmic dissipation compared to the ohmic heating on the basis of
the pure sinusoidal current. This is consistent with experimental results. A detailed
overview of this heating mechanism can be found in Ref. [24] and [28], the analytical
description is given in Ref. [27].

The total electron-power dissipation in the high-frequency capacitive plasma
is calculated by the sum of the individual contributions of the different heating
mechanisms. Which one gives the main contribution sustaining the discharge is
mainly dependent on the pressure. The dominant heating mechanism in a low-
pressure capacitive discharge is the stochastic heating [15], whereas the nonlinear
series resonance heating gains in importance – compared to the ohmic heating – the
lower the gas pressure is.

Asymmetric discharges

~

U sin( t)rf w

CB Aa

Ab

plasma

Fig. 2.4: Scheme of an asymmetric capaci-
tive discharge, where the driven electrode ”a”
is the smaller one compared to the grounded
one ”b”, separated from the voltage source
by a blocking capacitor CB.

The analytical models of high-frequency
capacitive discharges introduced above
are derived with the condition of equal
electrode surfaces. But the most used
technical setups are asymmetric, i.e. the
electrodes have different surface areas
(Aa 6= Ab). Commonly, the area of
the driven electrode Aa is smaller com-
pared to the grounded one Ab, which
often represents the vessel wall of the
device. This difference of the surface
areas leads to a dissimilar voltage drop
in the two plasma-sheath regions. The
voltage drop on the driven electrode is
much higher than on the grounded one
due to its smaller surface area. Because
of the inverse correlation of the voltage drop across the sheath and its capacitance,
the capacitance of the sheath in front of the driven electrode is smaller. Provided the
usual case that a blocking capacitor CB is used for separating the biased electrode
(see Fig. 2.4), the impinging charge carriers cannot flow off the electrode. Hence, a
dc self bias Ubias is established on the driven electrode. The driving frequency and
the self bias are superimposed: U (t) = Ubias + Urf sin (ωt). The self bias depends
on the ratio of the electrode-surface areas Ab/Aa, as well as on the ratio of the elec-
tron densities at the plasma-sheath transition ns,b/ns,a. From the current continuity
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|Ia| = |Ib|, the following expression can be derived [15]:

Ūa

Ūb

=

(∫

Ab
nb (x)

1/2 d2x
∫

Aa
na (x)

1/2 d2x

)4

. (2.37)

Ūa and Ūb are the mean voltages, which drop over the plasma-sheath region. The
dc self bias results from Ubias = −

(
Ūa − Ūb

)
. In the simplest case, the densities in

front of both electrodes are equal, na = nb = const. This leads to the basic scaling
of

Ūa

Ūb

=

(
Ab

Aa

)4

. (2.38)

In the case of a strong difference between the electrode areas Aa ≪ Ab, the appro-
ximation Ubias ≈ −Ua is valid [15]. This will be verified for low-frequency discharges
in the next section.

Fig. 2.5: Generation of a dc self bias on the driven electrode. It ensures the charge
neutralization during one period cycle of the applied driving voltage [29].

The requirement for the generation of such a dc self bias is not necessarily a
blocking capacitor on the driven side. An insulating effect of the electrode from
ground can be obtained by an insulating layer on the electrode surface as well, as
produced in plasmas which are used for depositing insulating films, e.g. silicon-
oxide or silicon-nitride layers. The capacitance leads to a modified phase shift and
nonlinearity of the sheath voltage as determined in the previous paragraphs of this
section. To ease the consideration of the physical properties of such discharges, the
insulating layer is approximated by a blocking capacitor with a high capacitance.
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Thus, its impedance is low and the original voltage is barely influenced, so that
the voltage on the electrode surface is approximately equal to the applied one. In
the case of a blocking capacitor and an insulating layer on the electrode surface
with CL as capacitance, these two capacitances can be considered as one capacitor
C−1 = C−1

B + C−1
L like in serial connection [30].

Figure 2.5 shows the adjustment of the self bias Ubias to the actual flowing electron
and ion current on the electrode, such that the accumulated net charge on the
electrode surface during one period cycle is zero. The current characteristics is
similar to the one found in the probe theory of Langmuir probes [31]. The externally
applied voltage Urf sin (ωt) is oscillating around the adjusted bias voltage. In this
process, electrons flow on the electrode only in the time interval, in which the current
characteristics reaches the negative region, precisely ”ta” in the showed example.
Consequently, the ions reach the electrode during tb. To guarantee net charge after
one period cycle on the electrode, the areas under the characteristics of the electron
and ion current shown on the right side of this figure must be equal. This is achieved
by the shift of Ubias along the voltage axis. It can be seen, that not only different
electrode areas or different plasma parameters in front of the electrodes lead to a
generation of a self bias, but also the choice of an asymmetric driving voltage. This
is discussed in detail in section 2.4.3.

2.4.2 Dual-frequency discharges

One main problem of capacitive discharges in terms of technological applications is
the correlation of the ion and the radical flux, which amongst others determines the
deposition rate on the substrate, and the energy of the impinging ions. For materials
processing it is of great interest to control these two values independently. This is
achieved by applying two different frequencies at the driven electrode of a capacitive
discharge. These capacitive plasmas are called dual-frequency discharges. Typical
frequency pairs are 27.1/2MHz, 60/13.6MHz and 160/13.6MHz. Commonly, the
amplitude of the higher frequency (Uhf) is much lower than the one of the lower
frequency (Ulf). To a good approximation, this results in a separate control of the
impinging ion energy on the electrode by the lower frequency (ωlf) and the total ion
density by the higher frequency (ωhf) [32].

The analytical model of a dual-frequency discharge is based on the same assump-
tions as those of the model for single-frequency discharges. An additional condition
is ωpe ≫ ωhf ≫ ωlf ≫ ωpi. Hence, the electrons respond to the instantaneous elec-
tric field caused by both applied frequencies, whereas the ions only respond to the
time-averaged electric field.

The modified driving current of this type of discharge is given by

I (t) = Ilf sin {ωlft}+ Ihf sin {ωhft} . (2.39)

Hence, the discharge parameters are determined similarly as in single-frequency
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discharges, with the disregard of the electric field component generated by the higher
frequency, because of Uhf ≪ Ulf [33].

2.4.3 Low-frequency discharges

The assumption for all analyses given above was a discharge-driving frequency lower
than the ion transit rate 1/τi across the sheath ω < ωi = 2π/τi, or simply lower
than the ion-plasma frequency: ω < ωpi. Consequently, the ions respond to the time-
averaged electric field by transiting the plasma sheath. In low-frequency discharges,
however, the change of the external voltage is negligible while the ions remain in the
sheath region. The discharge behaves like a continuous discharge at each half period
of the applied voltage. Hence, the ions respond to the instantaneous applied electric
field and the analyses presented in section 2.4.1 are not valid anymore. In this case
the sheath can be considered as a dc Child law sheath (section 2.3.3) with a pure
resistive character due to the predominance of the conduction current compared
to the displacement current. In this case, the conduction current is dominated by
the ions in contrast to the discharges discussed in section 2.4.1. The bulk-plasma
resistance is neglected in the following.

Low-frequency discharges sustained by a driving frequency in the kHz range are
discussed in many publications [15, 29, 34, 35, 36]. They all utilize the equivalent
circuit model of an asymmetric capacitive discharge (see Fig. 2.2) to describe the
physical properties of these discharges. The main subject of these characterizations
is the calculation of the dc self bias developed at the driven electrode. This is of
special interest, because the bias voltage is often used in industrial applications to
influence the ion bombardment on the substrate.

For analyzing these discharges, the electrodes are considered as perfect, plane
probes. Hence, the classical probe theory [18] is taken into account with the funda-
mental equation of the current flowing through the plasma sheath on the electrode
[37]:

I (t) = I0

[

1− exp

(
e (Φ (t)− Φfl)

Te

)]

. (2.40)

I0 = nseA
√

Te/mi is the ion-saturation current and Φ (t) the time-dependent elec-
trode potential, which implies the externally applied voltage and the developed self
bias. In the equilibrium state, the currents flowing on both electrodes during one
period cancel out. This is expressed by

∫ T

0

I (t) dt = 0. (2.41)
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In Ref. [38], the self bias is calculated as a function of different parameters and for
different input voltage wave forms. Here, the derivation for the case of a symmetric
rectangular pulse with an amplitude of U0 applied to electrode ”a” is outlined. The
voltage form is defined as

Uext = U0 for 0 ≤ t < T/2

Uext = − U0 for T/2 ≤ t < T. (2.42)

In the phase interval 0 ≤ t < T/2, electrode ”a” can be considered as the anode
and electrode ”b” as the cathode, due to the fact, that the current at the anode is
electron dominated and at the cathode ion dominated. In the second time interval,
the anode and cathode are exchanged. From these conditions, the time-dependent
potential at the two electrodes is

Φa = Φfl and Φb = Φfl − U0 + |Ubias| for 0 ≤ t < T/2

Φa = Φfl − U0 − |Ubias| and Φb = Φfl for T/2 ≤ t < T. (2.43)

Equation (2.43) describes the voltage of both electrodes during the whole period.
But only two of these equations are independent, because the resulting current
at both electrodes must be equal. In the following, only the actual cathode, and
therefore the ion current, is considered. Hence, by inserting Eqs. (2.40) and (2.43)
into (2.41), the result is

Ib0

∫ T/2

0

[

1− exp

(

−e (U0 − |Ubias|)
Te

)]

dt

−Ia0

∫ T

T/2

[

1− exp

(

−e (U0 + |Ubias|)
Te

)]

dt = 0. (2.44)

By solving Eq. (2.44) for the self bias, the following expression is obtained:

|Ubias| = U0






1 +

Te

eU0

ln




η − 1

2η
+

√
(
η − 1

2η

)2

+
1

η
exp

{

−2
eU0

Te

}









, (2.45)

with the substitution η = Ib0/Ia0. Assuming Te,a = Te,b = Te, the parameter η
gives the ratio of the products of the electrode areas and the electron densities,
η = ns,bAb/ (ns,aAa). For the usual case eU0 ≫ Te, thus Eq. (2.45) can be reduced
to the simplified form

|Ubias| = U0

{

1 +
Te

eU0

ln

[
η − 1

η

]}

. (2.46)

For different electron temperatures and voltage amplitudes, Fig. 2.6 shows |Ubias|
in dependence of the electrode area ratio η under the assumption of equal electron
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|
|

Fig. 2.6: Dependence of the dc self bias voltage Ubias on the electrode-area ratio η in the
case of a symmetric rectangular driving voltage.

densities ns,a = ns,b. For η ≤ 1 (Ab ≤ Aa), Ubias is not defined. For Ab ≫ Aa, the
value of the self bias converges to the amplitude U0 of the applied voltage. Hence, the
ions at the smaller electrode are accelerated by approximately the entire amplitude
of the applied voltage, namely U0. Furthermore, the electron temperature influences
the dependence on the electrode-area ratio. If Te is low, the convergence of Ubias to
U0 is smoother than in the case of higher electron temperatures.

Most discharges are driven by a sinusoidal voltage. The solution of the specific
equations is analogue to the one described for the rectangular pulse. The result is
the self bias [15]

Ubias = U0 sin

(
π

2

ns,bAb − ns,aAa

ns,bAb + ns,aAa

)

. (2.47)

In conclusion, the dc self bias developed at the driven electrode is strongly in-
fluenced by the shape and the amplitude of the externally applied voltage. In com-
parison, the self bias for the rectangular voltage wave form is larger than the one
caused by the sinusoidal driving voltage [38]. Therefore, a rectangular pulse leads
to a stronger influence on the energy of the ions impinging the electrode.

All these results are obtained under the assumption, that the electrode surface
is conducting. In the case of an insulating layer on the electrode surface, a potential
difference through the insulating film is developed. Hence, the voltage at the layer
surface (the voltage, which drops across the plasma sheath) is not the same as the
externally applied one. The limit of the applied frequency, above which the effect
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of an insulating electrode surface can be neglected, is given by Ref. [35]

f =
2dIi0
ǫǫ0U0

√

2 ln (πeU0/(2Te))

π
(2.48)

for sinusoidal voltage forms, with the layer thickness d and ǫ the permittivity of the
insulating material.

2.5 Microwave discharges

Microwave discharges exhibit another possibility of generating industrially used plas-
mas. They form, compared to capacitively coupled plasmas, a low potential, and
thus a very small plasma sheath in front of the substrate. Hence, the ions are ac-
celerated to the substrate by a lower voltage drop. For some applications, this is a
great advantage compared to capacitively coupled discharges, because a damage of
the substrate itself caused by impinging ions can be avoided. This is important for
the treatment of sensitive substrates like, e.g. foils. But consequently, there is no
possibility to influence the layer growth by a well-directed ion bombardment. The
various deposition processes are discussed in more detail in section 2.6.

Another advantage of microwave plasmas concerning deposition processes is their
relatively high density compared to capacitively coupled rf plasmas. A typical mi-
crowave discharge offers an electron density of a few 1017 m−3, whereas in rf plasmas,
the density is about 1015−1016 m−3. The higher plasma density leads to an increased
deposition rate, which results in a higher cost effectiveness of the industrial produc-
tion.

The most commonly used frequency in industrial applications is 2.45GHz. Mainly
magnetrons are utilized as microwave sources. In a low-pressure regime, the plasma-
production process is irradiated through the few stochastic electrons, which are al-
ways existent due to the cosmic radiation and then accelerated in the field of the
incoming high-frequency electromagnetic wave. Because of their inertia, the ions
are regarded as a stationary background gas.

The time-dependent velocity of the oscillating electrons is given by [39]

v (t) = − e

me

Re

{
E

νm + iω
exp (iωt)

}

(2.49)

with the applied electric field E and the collision frequency νm of electrons and
neutrals. By these collisions, the kinetic energy of the electrons is thermalized and
thus used to heat the electrons. The mean power transferred to one electron from
the oscillating field is [39]

P = −
∫ T

0

E (t)v (t) dt = 2νmū (2.50)
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with the mean kinetic energy

Ē =
1

2
meū

2 (t) =
e2E2

p

4me (ν2
m + ω2)

, (2.51)

and the sum of the squared field intensities in the three dimensions
E2

p = E2
x + E2

y + E2
z . Here, two cases have to be distinguished:

• The electrons do not collide, νm = 0: Then P = 0, i.e. the electrons oscillate
without interacting with other particles, due to the fact that the electron
velocity is π/2 out of phase with the electromagnetic field. Hence, the electrons
do not gain energy from the externally applied electric field.

• The electrons do collide, νm 6= 0: By colliding almost elastically with the
particles of the background gas (ions and neutrals), the electrons change the
direction of their velocity, but their kinetic energy remains roughly constant.
Hence, they are thermalized, this means they gain energy from the electric
field.

In general, the mean kinetic energy of the electrons over one period is far away
from the energy required for excitation or ionization of the neutrals. But due to the
steady elastic collisions of the electrons with the background gas, they absorb energy
from the applied field continuously, until they can carry out an inelastic collision
to ionize a neutral particle. After this, the electrons only have a small amount of
energy, and the complete energy buildup starts again.

The most important loss of charge carriers in the plasma is their recombination
at the wall (wall losses). Consequently, the ionization rate in the plasma must be
higher than the recombination rate to sustain the plasma.

The relative permittivity gives insight into the high-frequency properties of a
plasma (from electron motion):

ǫ = 1−
(ωp

ω

)2

1 +
(
νm
ω

)2 − i
νm
ω

(ωp

ω

)2

1 +
(
νm
ω

)2 . (2.52)

In the limiting case of νm = 0 and for ωp ≤ ω, the relative permittivity is real and,
hence, the refractive index, which is defined as N =

√
ǫ, is a real value as well. This

permits penetration of the irradiated wave into the plasma. For νm ≪ ω, which
is the case in low-pressure depositing plasmas, the approximation of a real relative
permittivity is valid:

ǫ = N2 = 1−
(ωp

ω

)2

(2.53)

The second limiting case is ω = ωp, which results in a refractive index of zero. At
the so-called cutoff, the irradiated wave is reflected and cannot penetrate further
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into the plasma. The cutoff density can be determined to

nc =
ǫ0me

e2
ω2 (2.54)

from the definition of the plasma frequency in Eq. (2.4). In many cases, microwave
discharges offer a clearly higher electron density than their cutoff density. This is a
result of the collisions between electrons and neutrals: Thus, the boundary at the
cutoff is blurred and the electromagnetic wave can penetrate even at higher plasma
densities to sustain the plasma. The cutoff density for microwaves at 2.45GHz is
nc = 7.45 · 1016 m−3.

To generate microwave plasmas, different concepts are established, as there are,
e.g., atmospheric-pressure microwave discharges, resonator plasmas or magnetically
confined plasmas. They are applied on the specific demand of the deposition pro-
cess. The plasma source used in this work – the so called Duo-Plasmaline [40] – is
another method to generate a low-pressure microwave plasma and is presented in
section 3.2.2.

2.6 Various deposition processes

The energy of the ions impinging on the substrate surface and, hence, the potential
drop in the sheath region, plays an essential role in deposition processes. In this
section, the properties of the plasma sheath in capacitive and microwave discharges
are opposed. Therefor, the different methods of injecting the power into the plasma
for sustaining the discharge have to be considered.

To sustain microwave discharges, an electromagnetic wave is irradiated into the
plasma (section 2.5). Thus, parts of the periphery like the enclosure of the device,
probes or stages, form passive electrodes. The properties of the dc plasma sheath
generated in front of these electrodes were introduced in section 2.3. The dimensions
of the sheath are dependent on the floating potential (Eq. (2.8)) and the plasma
density of the particular discharge. For instance, the thickness estimated for a high-
voltage sheath (Eq. 2.20) in an oxygen plasma with typical discharge parameters for
a microwave plasma Te = 1 eV, ns = 1 · 1017 m−3 is s = 32.5µm, and the floating
potential is Φfl = 2.1V. This value gives an order of magnitude estimation. The
potential decay in the sheath region, in this case the floating potential, is responsible
for the acceleration of the ions. From the low value of the floating potential it follows
that in microwave generated plasmas the effect of the plasma sheath can be neglected
and the ions impinge with about 1 eV on the substrate.

The power for sustaining capacitive discharges is injected in a different way,
namely by applying an alternating voltage to the electrode of the setup (section 2.4).
Thus, this is an active electrode, and the value of the applied voltage determines the
potential drop in the adjacent plasma sheath, and therewith the energy of the im-
pinging ions. To calculate the ion energy, the relation between the driving frequency
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ω and the ion- and electron-plasma frequency has to be considered. For a typical
discharge with a rf driving frequency of 13.56MHz, the electron density is about
1 · 1016 m−3. The electron temperature is assumed to be 1 eV like in the microwave
discharge described above, as well as oxygen as source gas. Hence, the ion-plasma
frequency is ωpi = 32.9MHz and the electron-plasma frequency ωpe = 5.6GHz. For
three cases of driving frequencies, the differences in the ion and electron current as
well as in the ion energy are depicted in Fig. 2.7:
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Fig. 2.7: Time dependence of ion, electron and total current and ion energy hitting the
biased electrode as a function of the applied rectangular substrate bias in the case of a)
the bias frequency being lower than the electron- and ion-plasma frequency, b) the bias
frequency being higher than the ion-, but lower than the electron-plasma frequency, c) the
bias frequency being higher than the ion- and electron-plasma frequency, from Ref. [39].

a) The rf excitation frequency is lower than the ion- and the electron-plasma fre-
quency, ω ≪ ωpi ≪ ωpe:
The ion as well as the electron current to the driven electrode is time-dependent
and oscillating according to the applied voltage. These characteristics are
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shown in Fig. 2.7a. The energy of the impinging ions also varies in time around
the value of Wi = −eUbias with the frequency of the rf driving frequency. The
maximum of the energy is given by [39]

Wmax = e

(

2U0 − Φfl −
Te

e
ln 2

)

. (2.55)

Due to the fact that the sheath corresponds to a dc biased sheath in each
half period of the applied alternating voltage (see section 2.3.3), the sheath
thickness can be calculated to s = 1.86 · 10m−3 (Eq. (2.20)) with the plasma
parameters defined above and the applied voltage assumed to be U0 = 100V.
Apparently, the sheath thickness is much larger than in the case of the mi-
crowave discharge.

b) The rf excitation frequency is in the range between the ion- and the electron-
plasma frequency, ωpi ≪ ω ≪ ωpe: The total current characteristics is the
same as for low-frequency discharges, but the characteristics of the energy of
the ions reaching the electrode is different. The ion energy is time-independent,
due to the fact that the ions cannot respond to the instantaneous electric field
in the sheath region. The ions impinge with a constant energy of Wi = −eUbias

on the electrode surface. This behavior is illustrated in Fig. 2.7b. In this case,
the energy is given by [39]

Wi = e

(

U0 − Φfl −
Te

e
ln 2

)

. (2.56)

Compared to the low-frequency discharges, the ion energy is clearly lower [41].
Hence, the effect of an ion bombardment in case of a low-frequency discharge
is larger.

The ion-sheath thickness can be calculated by the equation of an oscillating
sheath, Eq. (2.27). For the same parameters as above, it is s = 2.53 · 10m−3.
Hence, it is of the same order of magnitude as in the low-frequency discharge,
i.e. higher than in the case of microwave discharges.

c) The rf driving frequency is higher than the ion- as well as the electron-plasma
frequency, ωpi ≪ ωpe ≪ ω: In this case, neither the ions nor the electrons
respond to the temporal variation of the applied electric field. Hence, both
the electron and the ion current is constant in time and, therefore, the total
current on the electrode as well. This leads to the situation comparable with a
passive electrode, i.e. the potential decay in the sheath region only depends on
the appearing floating potential. Hence, the ion energy hitting the electrode
is Wi = −eΦfl, which is depicted in Fig. 2.7c. This means, the applied voltage
has no influence on the ion bombardment of the electrode.
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In conclusion, the effect of the plasma sheath with respect to the energy of the
ions impinging on the electrode surface can be neglected because of the low poten-
tial decay in the sheath region in microwave discharges. Hence, these discharges
are suitable for depositing heat-sensitive or damageable substrates like plastic foils.
Moreover, coatings which should be grown without any influence of energetic ions
can be deposited perfectly in such discharges.

If the growth process needs to be modified by an ion bombardment and with it
by an additional application of energy, a capacitive discharge is preferable. In this
process, the driving frequency must be lower than the electron-plasma frequency to
guarantee a sufficient voltage drop in the sheath region, such that the ion energy
can be regulated. The application of increased energy leads to an increased surface
mobility of the particles on the surface of the deposited film, whereby a smoothing
of the surface of the growing layer can be achieved as well as an increase of the
film density or a modification in the molecular composition of the layer due to the
possibility of building higher energetic chemical bonds.

To provide the opportunity of an ion bombardment of the substrate surface in
a microwave discharge, a bias voltage has to be applied to the substrate holder.
If conducting layers are deposited, a negative dc bias is sufficient to increase the
energy of the positive ions in the sheath region and the result is a dc high-voltage
plasma sheath as described in section 2.3.3. But in the case of an insulating film on
the electrode, the accumulated charge repels these ions. To guarantee a continuous
flow of ions to the substrate surface, the charge carriers have to be neutralized.
This is realized by an alternating substrate voltage. The result is a combination
of a capacitive discharge and the microwave plasma. Mostly, the substrate holder
is the driven electrode and the enclosure of the device is the grounded one. To
describe the properties of the sheath in front of the driven electrode, the theory of a
plasma sheath in a pure capacitive plasma can be used. The microwave discharge is
only responsible for the plasma density, and therefore for the absolute particle flux.
Hence, the ion and the radical flux, which is responsible for e.g. the deposition rate,
can be regulated by the parameters of the microwave plasma, whereas the ion energy
to the substrate, and therefore the surface mobility of the film-forming particles, is
determined independently by the applied bias voltage. This situation corresponds
to the one in a dual-frequency discharge (section 2.4.2). But a great advantage is
the exploitation of the higher density of the microwave plasma, which offers a higher
deposition rate compared to the pure capacitive dual-frequency discharges. In this
work, such a combined setup is investigated under the detailed aspects of surface
modifications in plasma processing.
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Chapter 3

Experimental setup

For the insulating and diffusion-preventing thin films deposited in this work, two
different coating systems are taken into consideration, namely silicon-oxide (SiOx)
and silicon-nitride (SiNy) layers. These coating systems, as well as the gas systems
from which they are deposited, are introduced in section 3.1. In addition, the de-
position of hydrogenated amorphous silicon (a-Si:H) is examined as a simple model
system for the comparison of experimental and simulation results, which are impor-
tant for the understanding of the mechanisms leading to the observed shape of the
growing layer at positions of indentations in the substrate surface. By analyzing
these mechanisms, the development of pinholes in the barrier layer on substrates
with a rough surface can be understood.

All these coatings are produced in a low-pressure microwave-plasma device, called
Plasmodul [4]. In order to manipulate the layer growth by an increased ion bom-
bardment, especially at positions of cavities on the substrate surface, an alternating
substrate bias is applied. The complete experimental setup and its properties is
presented in section 3.2. In section 3.3, the diagnostics, which are used for deter-
mining the coating characteristics, are introduced. Details on the Fourier-transform
infrared (FTIR) spectroscopy and the photospectrometer are given in section 3.3.1
and 3.3.2, respectively. The plasma parameters in the Plasmodul are measured by
Langmuir double probes, which are explained in section 3.3.3. The corresponding
measurements of the plasma parameters are described in section 3.4.

3.1 Coating systems

The SiOx coatings are deposited in a gas mixture of hexamethyldisiloxane (HMDSO)
and oxygen (O2), the SiNy layers in a mixture of monosilane (SiH4) and ammonia
(NH3). The amorphous silicon films are deposited in a pure monosilane plasma.
The motivation of the choice of these gases as well as their chemical reactions in the
plasma and the particles, which contribute to the layer growth in these systems, will
be introduced in the following.

33
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3.1.1 The silicon-oxide coating

To produce thin SiOx coatings with barrier properties like for insulation and diffu-
sion prevention in a low-pressure PECVD process, siliceous gases with a surplus of
oxygen were presented as suitable precursors in previous works [42, 43, 44]. One
of the common precursors used for depositing these layers is HMDSO, which is
mainly utilized for scratch resistant or diffusion barriers in industry [45, 46, 42].
The most common precursor for insulating barrier layers, on the other hand, is
tetraethoxysilane (TEOS). The origin of its application can be found in the semi-
conductor industry in the 1980’s [41, 47, 48], where an insulating layer is deposited
on electrical components. For this purpose, the coating has to provide good step
coverage. This is achieved with TEOS [49] because of its high surface mobility in
contrast to HMDSO [48].

The objective of this work is to create barrier layers, which fulfill all demands
simultaneously, i.e. insulating and diffusion-preventing layers with a good step cov-
erage at the same time. The used precursor is HMDSO, which was shown to give
good results for insulating and diffusion preventing coatings [50, 51]. In order to
improve the step coverage additionally, a separate substrate bias is implemented
(section 3.2.3).

HMDSO is a transparent, water-insoluble silicon oil and is available as a liquid
at room temperature. Its melting and boiling points are -59 and 101 °C, respectively.
Due to the fact that the vapor pressure of HMDSO is 3.7 kPa, a gas flux up to 20 sccm
into the vacuum chamber with a typical pressure of 0.1 to 0.3mbar is guaranteed.

The HMDSO molecule consists of six methyl (CH3) groups, which surround a
silicon-oxygen-silicon group. Its molecular formula is given by Si2O(CH3)6. In the
plasma, the precursor is dissociated and the following particles can be generated by
an addition of oxygen to the plasma: By oxidizing the methyl groups of the HMDSO
with elementary oxygen, the byproducts carbon dioxide (CO2) and water (H2O) are
produced, which are pumped out. An additional dissociation product is H2. In
addition to these volatile compounds, an amorphous SiOx structure is developed on
the substrate, which can contain parts of OH and methyl (CHx) groups. The ratio
of these groups can be regulated by the ratio of the gases [51, 52]. A simplified
equation for the chemical reactions in the HMDSO-O2 plasma is described by:

Si2O(CH3)6 + u ·O2 → SiOxCyHz + v · H2O+ w · CO2. (3.1)
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The coating with best barrier properties was found in a gas-mixture ratio of
HMDSO : O2 = 1 : 20 [50]. Such SiOx coatings with a high oxygen compound
are often referred to as quartz like films in literature because of their quartz like
structure (SiO2). A simple theoretical calculation shows [51], that a gas-mixture
ratio HMDSO : O2 of at least 1 : 12 is needed to deposit this layer. At a lower
mixture ratio, organic compounds like CHx, SiH and also OH groups can be inserted
in the coating, since the methyl groups of the HMDSO are not completely oxidized.
The different proportions of the molecular groups in the coatings will be described
in detail in chapter 6.

3.1.2 The silicon-nitride coating

The second coating system used in this work for depositing barrier layers are the
silicon-nitride (SiNy) films. They are deposited in a gas mixture of monosilane and
ammonia. In the semiconductor industry, nitrogen is often used instead of ammo-
nia [53, 54]. In contrast to nitrogen, the ammonia molecule can be dissociated more
easily into atomic nitrogen and hydrogen than breaking the triple bond of the nitro-
gen molecule. This leads to a higher rate of yield of atomic nitrogen in an ammonia
plasma and, therefore, is of special interest for this work. Because of the classifi-
cation of the two utilized gases as dangerous substances, their handling is tenuous.
Monosilane is a colorless, extremely flammable gas, which ignites spontaneously at
any contact with oxygen. Thus, any possible contact with the ambient air must be
prevented. The employment of ammonia is not that critical. Indeed it is a caus-
tic gas, but it smells intensely even if it has not reached the maximum workplace
concentration value.

In the plasma, the two gases split into their particular components, namely
silicon, nitrogen and hydrogen. Hence, the deposited layer has the structure of
SixNyHz, and the surplus nitrogen and hydrogen are exhausted. The corresponding
reaction equation is

SiH4 + a · NH3 → SixNyHz + b · N2 + c · H2. (3.2)

Similar to the deposition of the SiOx coatings, the final composition of the SiNy layers
can be regulated by the ratio of the two gases. In former work [50], it was shown
that coatings deposited in a gas mixture of SiH4 : NH3 = 3 : 22, which corresponds
to a monosilane portion of 12%, can achieve the best barrier properties. Detailed
investigations of the influence of the gas-mixture ratio on the molecular composition
of the silicon-nitride layers were done in [55].

3.1.3 The deposition of silicon layers

For detailed analyses of the film-forming processes by simulating the layer growth
(chapter 5), a simple coating system is needed, in which chemical reactions are
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as irrelevant as possible for the deposition process. Using the deposition of the
silicon-nitride films as starting point, such a system is easily accessible by omitting
the carrier gas ammonia. The resulting coating in a pure monosilane plasma is –
depending on the process parameters – hydrogenated amorphous silicon (a-Si:H)
or microcrystalline silicon (µ-Si). Thin-film silicon applications are often used as
technological applications like photoreceptors, thin-film transistor arrays for liquid-
crystal displays or especially in the photovoltaics [56]. Hence, the growth processes
of these layers are of great research interest (see, e.g., [57, 58, 59, 60]).

In the SiH4 plasma, the molecules are dissociated by collisions with high-energetic
electrons into different ions, radicals and molecules in an electronic excited state. An
overview of the dissociation pathway of the silane molecule is given in [57, 61]. Most
of these particles are highly reactive, and have a very short lifetime in contrast to
the SiH3 radicals and the atomic hydrogen, which shows low reactivity in the silane
plasma. Consequently, the density of the SiH3 radicals and atomic hydrogen is much
higher than the density of the other species. Thus, it is reasonable to assume that
these radicals in combination with the hydrogen are the dominant chemical species
for the growth process in this deposition process.

Fig. 3.1: Scheme of the layer-growth process
in a SiH4 plasma, from Ref. [57].

Which kind of silicon film grows
depends on the deposition conditions:
With the substrate temperature and op-
tionally with an additional hydrogen
content in the SiH4 plasma, the micro-
crystallite volume fraction of the other-
wise growing undiluted a-Si:H layer can
be regulated. For these two types of si-
licon layers, different growth models ex-
ist.

A schematic of the formation of
the amorphous silicon film is shown in
Fig. 3.1. The bonds on the surface of
the coating are saturated with adsorbed
hydrogen. By reaching the surface, the
SiH3 radicals start to diffuse on the sur-
face area. In doing so, they can be
reflected at the surface as SiH3, form
Si2H6 with another radical and leave the
surface, detract a bonded hydrogen and
leave the surface as a SiH4 molecule, leaving a dangling bond on the layer surface
behind. Or it can assume a Si-Si bond with an already existent dangling bond. This
is the only effective contribution to the layer growth. The Si-Si bond is formed with
the sticking probability s. Consequently, the loss probability of an SiH3 radical can
be expressed by 1− s.



3.2. PLASMODUL 37

The processes, which lead to the formation of a µ-Si layer, are not as well under-
stood as the formation of an amorphous network structure. In general, a substrate
temperature between 300 and 400 °C and a defined hydrogen content in the plasma is
needed. To describe the possible influence of these two conditions on the film growth,
three different growth models for the µ-Si layer exist. In the diffusion model, a com-
plete coverage of the coating surface with bonded hydrogen caused by the high H
flux is assumed. Additionally, local heating by hydrogen-exchange reactions is pro-
duced. These two processes lead to an increased surface diffusion of the impinging
SiH3 radicals. Hence, the accumulated SiH3 radicals on the growing layer surface
build high-energetic chemical bonds, which lead to a microcrystalline configuration.
The etching model describes the breakage of existing weak Si-Si bonds by impinging
atomic hydrogen. This leads to the survival of the strongest Si-Si bonds, which
causes the microcrystallinity of the layer. The third explanation delineates the in-
sertion of hydrogen into the subsurface of the growing film by alternating treatment
of the layer surface in a SiH4 and H plasma. This is the chemical-annealing model.

3.2 The Plasmodul

The Plasmodul [4] is a low-pressure microwave plasma device. It has a modular
design and can be adapted to different demands like etching, activation (modification
of the surface structure), sterilization or deposition, for which it is used in this work.
The modular construction allows to employ various diagnostics without a complex
reconstruction of the device. The dimensions of this laboratory device are handy,
but its principle can be copied to plasma devices on industrial scales.

3.2.1 The coating setup

To guarantee the modular handling of the Plasmodul, each task is integrated in its
own module and, hence, the different parts can be substituted easily. This ensures a
quick adaption of the setup to the particular demand of the plasma process. In the
present setup, the whole device has a cylindrical basic form with an outer diameter
of 35 cm and a height of 52 cm. The separate modules are aluminum rings with
a wall thickness of 2.5 cm. The separate modules sealed with O-rings are placed
on each other and fixed by a fastening. Besides the O-ring, a microwave sealing
consisting of a wire mesh, is fixed in an own cavity.

The configuration used in this work consists of eight modules. The main parts
are the two separate gas inlets, the plasma source and the reaction chamber. With
the top-arranged exhaustion, they build an upstream plasma device. The advantage
of such a configuration is the possibility of an overhead deposition, which prevents
a contamination of the substrate with down-falling tinsels. A schematic view of the
device with the particular modular parts is illustrated in Fig. 3.2. A picture of the
setup and the applied diagnostics is shown in Fig. 3.3.
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The reactor is completed at the bottom and at the top with a plane cover plate.
The plasma source, which consists of an array of four Duo-Plasmalines [40] (de-
tails see section 3.2.2), is embedded into the two gas inlets. With the frequency of
2.45GHz fed in the Duo-Plasmalines, this leads to a remote microwave plasma de-
position process. The supplied microwave power can be regulated up to 2× 1.2 kW,
the standard setting for the presented coatings is 2 × 600W. In this configura-
tion the carrier gases, oxygen or ammonia, are injected by an electronic mass-flow
controller from MKS Instruments GmbH with up to 100 sccm through the lower
gas inlet, which is subdivided into four upwardly oriented tubes in order to ensure
a uniform gas flow through the whole setup area. The precursor gases, HMDSO
or monosilane, are fed remotely in the upper gas inlet, which is split symmetri-
cally into 16 gas outlets leading to a homogeneous deposition on the substrate.

lower gas inlet

upper gas inlet

plasmaline array

reaction chamber with
substrate holder and
spectroscopy tubes

connection to the
pumping system

Fig. 3.2: Schematic view of the used configuration of
the Plasmodul, from [51].

The configuration of the gas
inlets was optimized for this
deposition device in a former
work [50]. The monosilane
is injected by an electronic
mass-flow controller with up to
30 sccm, whereas the HMDSO
is fed in by a leak valve and an
electronic mass-flow meter since
HMDSO is liquid at room tem-
perature. This remote plasma
configuration was chosen to pre-
vent a rapid deposition on the
quartz tubes of the plasmalines
and the quartz windows of the
source module, which are in-
stalled at three sides to permit
spectroscopic investigations of
the plasma.

Above the upper gas in-
let, the reaction chamber is in-
stalled with a separating ring
acting as a distance piece be-
tween the reaction chamber and
the module of the upper gas in-
let. The main component of the
reaction chamber is the substrate holder, at which the samples are fixed overhead.
It has a round shape with a diameter of 16.5 cm. Hence, it is possible to deposit
substrates up to 10×10 cm2, which are fastened with retaining clips. The stage is
installed at a drawer, which can be opened at the front of the device. Hence, the
samples can be replaced easily, and the time, during which the vacuum chamber is
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vented, is kept short. The distance between the substrate holder and the plasmaline
array is 20 cm.

A new feature in this work is the possibility of applying a bias voltage at the
substrate holder. For this purpose a new substrate holder was designed and in-
stalled. It can be biased by a bipolarly pulsed power supply RPG-50 from MKS
Instruments, Inc. [62]. The power supply is connected via a high-voltage BNC
vacuum feedthrough embedded in a DN 40 ISO-K blank flange at the front of the
drawer and the cable is connected centrally to the top of the stage. To guarantee
the insulation of the sample stage against the other components of the setup, it is
fixed via ceramic slats at the drawer. This prevents a sparking of the bias voltage
on the enclosure of the device. Detailed information about the characteristics of the
substrate bias will be given in section 3.2.3.

Spectrometer

Pumping
System

Magnetron
Control
System

Fig. 3.3: Plasmodul with adapted FTIR spectroscopy, magnetrons and pumping system.

Additionally, the substrate holder contains a mica heating plate from Telemeter
Electronic and, hence, its temperature can be regulated up to 600 °C to guarantee
a constant, but variable substrate temperature during the deposition process. For
most of the coatings within this work, it was kept constant at T = 250 °C1 [50].
Its power supply is connected via a feedthrough, which is embedded in a DN 20
ISO-K blank flange besides the feedthrough of the bias voltage. The temperature is
controlled by a NiCr temperature sensor from Thermocoax, which is inserted by a
squeezing lead-through. The whole device of the sensor has to be insulated against
other components of the deposition chamber, mainly to prevent a conduction of

1When applying the bias on the substrate holder, however it cannot be kept constant. The
temperature can increase up to 350 °C likely due to the impinge of high-energetic ions.
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the bias signal. This is realized by embedding the sensor in a ceramic tube, which
insulates it against the substrate holder. The lead-through is fixed in a teflon blank
flange to prevent a contact with the enclosure of the Plasmodul.

The second part of the reaction chamber are the spectroscopy components, which
are attached to both sides of the module. Each of them consists of two tubes. One
of the tubes is installed in an angle of 90 °, i.e. perpendicular to the substrate holder
and contains a quartz window to enable spectroscopic investigations on the plasma
in front of the substrate holder. The other one is installed in an angle of incidence
of 72 °. It is used for measuring in-situ FTIR spectra of the coating during the
deposition process. Therefor, an IR-transparent KBr (potassium bromide) window is
placed at the end of the tube. By placing the spectroscopy windows at the end of the
tubes with a great distance to the plasma, a deposition on the windows is prevented.

Fig. 3.4: Schematic pathway of the ir beam of the
in-situ FTIR diagnostic in the Plasmodul, from [51].

These spectroscopic components
were designed and built up in
a previous work [51]. The op-
tical path of the beam from
the spectrometer through the
Plasmodul to the detector is il-
lustrated in Fig. 3.4. After
leaving the spectrometer, the
beam passes two mirrors and
enters the Plasmodul through
the spectroscopy tube. The se-
cond mirror is a parabolic one,
which focusses the beam on the sample. After the beam reflection on the substrate,
it exits the setup via the opposed tube, and the beam is directed to the detector by
another two parabolic mirrors. Basic information on the FTIR spectroscopy will be
given in section 3.3.1.

pressure frequency power temperature gas flux

0.2mbar 2.45GHz 2× 600W 250 °C 20− 105 sccm

Tab. 3.1: Typical parameters of a depositing discharge in the Plasmodul.

The last module ring below the cover plate of the device contains the pumping
connection, which is split into two inlets. They are installed symmetrically above
the substrate holder to guarantee a homogeneous gas flow through the whole device.
The pumping system consists of a rotary and a turbo molecular pump with an end
pressure of about 10−3mbar. The pressure is controlled by a leak valve and a
capacitance gauge, which are installed at this module as well. In previous works,
the best pressure in the Plasmodul during the deposition process was identified
to be 0.2mbar for depositing barrier coatings [50]. An overview of the standard
discharge parameters in this setup is given in Tab. 3.1 and 3.2, where the main
plasma parameters in an oxygen plasma (mi = 16 · 10−27 kg) are specified.
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position ne [10
16 m−3] Te [eV] ωpe [10

9 1/s] ωpi [10
6 1/s]

Plasmalines 30 3.6 30.9 193
substrate holder 0.6 0.6 3.57 22.3

Tab. 3.2: Typical plasma parameters of a depositing discharge in the Plasmodul.

3.2.2 The Duo-Plasmaline

The Duo-Plasmaline [40], which was developed at the Institut für Plasmaforschung,
Universität Stuttgart, is a linearly extended low-temperature microwave plasma
source, which is fed by a frequency of 2.45GHz. The mechanisms, which lead to the
maintenance of a microwave discharge, are explained in section 2.5.

stage
substrate

plasma

quartz tube

copper rod

coaxial waveguide

vacuum chamber

Fig. 3.5: Schematic illustration of the Duo-
Plasmaline.

A scheme of this plasma source is
shown in Fig. 3.5. It consists of a quartz
tube in a vacuum chamber. It is filled
with atmospheric pressure. The mi-
crowave is injected from one magnetron
on each side by coaxial conductors. The
outer conductor ends inside the vacuum
chamber such that the electric field can
enter the low-pressure volume outside
the quartz tube. In contrast to the
atmospheric-pressure regime inside the
lines, the mean-free path for the elec-
trons in the low-pressure area outside is
high enough to absorb sufficient ener-
gy from the microwave to ionize the gas
particles. Consequently, a plasma ignite
around the endings of the outer conduc-
tor. The plasma with density above the cutoff can be considered as an outer conduc-
tor for the electromagnetic wave, such that the microwave can propagate further in
the glass tube from both sides until the plasma is closed at the middle of the tube.
This is only possible, if the injected microwave power is high enough. Hence, the
length of the cylindrical plasma column around the tube depends on the injected
power and the pressure in the vacuum chamber.

In this work, an array consisting of four parallelly arranged Duo-Plasmalines
with a length of 45 cm each is used as plasma source to guarantee homogeneous
plasma conditions over the whole cross section of the device. To get a uniform
plasma distribution around the four lines, the power of the installed magnetrons
is split up symmetrically on each side. With regard to industrial applications, the
length of the Plasmaline can be enlarged up to several meters. The number of lines
in an array can be adapted to the particular demand as well.
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3.2.3 The substrate bias

The different possibilities of obtaining a bombardment of the growing film surface
with high-energetic ions are discussed in detail in section 2.4 and 2.6. For the
deposition of insulating SiOx and SiNy coatings in the context of this work, the
chosen pulse form of the substrate bias is an alternating one. Hence, the charge
carriers remaining on the substrate surface are neutralized during one period. To
reach an optimized efficiency of the bias process, an asymmetric bipolar rectangular
pulse is chosen as substrate bias. During an ideal rectangular pulse, there is no
start-up and run-out phase like for a sinusoidal pulse, because the maximum value
is reached instantaneously after switching the polarization. Hence, the start-up time
after each change of polarization can be omitted. The asymmetry and bipolarity
of the pulse both take the different ion and electron mobility in the plasma into
account. The bias frequency is chosen in such a manner that it is less than the ion-
plasma frequency. Thus, the ions react instantaneously to a change of the substrate
bias and, therefore, the positive ions can be accelerated up to energies determined
by the negative amplitude of the applied voltage. If any negative ions are available
like in electronegative plasmas as oxygen plasmas, they are attracted during the
positive pulse. Hence, the effect of the ion bombardment on a growing layer could
be more intense in electronegative than in electropositive plasmas.

TT/2

xT/2

Fig. 3.6: Ideal asymmetric bipolar rectangu-
lar pulse with the positive voltage value U1

and the negative one U2, as well as the pulse
width of pw = xT/2.

The substrate bias is generated by
a rectangular pulser from MKS Instru-
ments, Inc. [62]. It has a constant out-
put of +37V. The negative pulse is su-
perimposed. Negative ions would only
be accelerated by the low value of 37V.
Hence, their effect by impacting the
growing layer can be neglected. The
pulse can be regulated by three para-
meters: the voltage U (absolute av-
eraged value of the signal), the pulse
width pw (duration of the positive pulse)
and the frequency f . The amplitude of
the negative pulse can be adjusted up
to 500V in steps of 0.1V. The asym-
metry of the positive and negative pulse
is adjusted by the pulse width between
400 ns and 40% of the period length of
the pulse in 1 ns steps. Hence, it is dependent on the adjusted frequency, which can
be varied between 50 and 250 kHz in steps of 1 kHz. An ideal rectangular bipolar
pulse is shown in Fig. 3.6. In Tab. 3.2, the electron- and ion-plasma frequency in
front of the substrate holder is calculated to ωpe = 3.57GHz (fe = 0.57GHz) and
ωpi = 22.3MHz, (fi = 3.55MHz), respectively. The driving bias frequency is lower
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than the ion-plasma frequency. This case is consistent with Fig. 2.7a.

a) b)

Fig. 3.7: Perpendicular view on the front of the substrate holder a) in the case of the
microwave discharge only, b) with the additional capacitive discharge. The difference can
be seen in the additional glow in front of the stage in the case of the applied bias signal.

The bias voltage is applied to the substrate holder, which represents an additional
passive electrode in the microwave plasma (in the unbiased case), with respect to
the grounded enclosure of the device. This leads to a generation of a capacitive
plasma by the applied bias voltage, which superimposes the microwave generated
plasma. This additionally ignited plasma can be observed directly in front of the
substrate holder. An illustration of this process is given in Fig. 3.7. Hence, the ion
flux can be regulated by the parameters of the microwave discharge, whereas the
ion energy is manipulated independently by the bias parameters and therefore by
the capacitive discharge. The corresponding theory is given in section 2.6.

Because of the different electrode areas and the driving frequency in the kHz
range, this discharge can be described by the theory of a low-frequency asymmetric
capacitive plasma of section 2.4.3 and 2.6. Consulting the calculation of the self
bias carried out in section 2.4.3 for the case of a symmetric rectangular pulse, the
applied asymmetric bipolar pulse can be described by

Uext = U1 for 0 ≤ t < xT/2

Uext = − U2 for xT/2 ≤ t < T (3.3)

as analog to Eq. (2.41) with the positive value U1 and the negative one U2 (Fig. 3.6).
x must be x ≤ 0.8 by definition because of the parameter range of the power source.
The ratio of the two electrode areas η is about 12 (inner vacuum vessel to substrate
holder). Then the dc self bias can be calculated in the same way as in Eqs. (2.43)-
(2.45) to the simplified form

|Ubias| = U1

{

1 +
Te

eU1

ln

[

1 +
x− 2

ηx

]}

. (3.4)

The used standard bias parameters are f = 250 kHz, U = 500V (this leads to a
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negative peak value of about U2 = 1500V) and pw = 1376 ns (which gives x = 0.7).
By inserting these values into Eq. (3.4), a dc self bias of |Ubias| = 36.8V is obtained.
Hence, the applied bias pulse is shifted by this negative dc bias. Approximately,
this is the value of the applied positive pulse.

Fig. 3.8: Time-dependent characteristics of the current and voltage signal applied to the
substrate holder.

The time dependence of the current and voltage applied to the substrate holder
was measured in the supply line in front of the feedthrough outside the vacuum
chamber. For measuring the voltage characteristics, a voltage divider with a ratio
of 100:1 was used. The downscaled signal was transmitted to an oscilloscope. The
current was measured by a clamp-on ammeter, which divides the signal by the ratio
of 10:1, and transmitted to the oscilloscope as well. The characteristics for the bias
parameters f = 250 kHz, U = 300V and pw = 1376 ns is shown in Fig. 3.8.

The real voltage signal does not show a perfect rectangular profile. The negative
pulse is of triangular shape. The whole signal is shifted by the negative dc self bias.
This can be clearly seen for the positive pulse, which – without self bias – should
reach +37V as limited by the pulser. In the current characteristics, a definite diffe-
rence between the electron and ion current can be observed. The electron current is
characterized by a sharp peak due to the insignificant inertia of the electrons. Hence,
they respond instantaneously to the applied positive voltage until the electrode
surface is charged negatively. During the applied negative voltage, the substrate
holder attracts the ions. The characteristics of the ion current is smoother than that
of the electron current. Another peculiarity are the oscillations, which superimpose
both the voltage and the current signal. According to section 2.4.1, these oscillations
are related to the nonlinear resonance effect, which represents a nonlinear oscillation
of the electron-sheath edge [24, 27, 28].
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An estimation of the limit frequency, above which the influence of the deposited
insulating film can be neglected, is given by Eq. (2.48). With the assumptions
d = 50µm (layer thickness on the electrode), Te = 0.6 eV (Tab. 3.2), ǫ = 3.9 (SiOx

coating), Ii0 = 1A (Fig. 3.8) and U0 = 1000V, the limit frequency is determined to
f ≈ 7MHz. This is only a very rough approximation, because Eq. (2.48) is given for
a sinusoidal driving voltage. But it shows, that – in the range of the used frequencies
– the deposited insulating coating on the substrate holder can influence the voltage
characteristics of the applied bias. This is a possible explanation for the deformation
of the rectangular pulse.

3.3 Diagnostics and analysis methods

In this section, three different analytical methods used in this work are introduced.
The Fourier-transform infrared (FTIR) spectroscopy is a noninvasive method for
analyzing the chemical composition of gases, liquids or solids. In the presented
context, the chemical structure of the deposited layers is investigated by FTIR
spectroscopy. Because of its noninvasive character, it is suitable for an in-situ inves-
tigation of the growing coating during the deposition. With the photospectrometer
the refractive index of the coating is determined by measuring their reflectance. The
plasma parameters like the electron temperature and density are measured with a
double probe.

3.3.1 The Fourier-transform infrared spectroscopy

The molecular composition of the deposited layers can be determined by irradiating
the probe with polychromatic infrared light, typically in the range of ν̃ = 400 −
8000 cm−1, where ν̃ is the wavenumber, the inverse of the wavelength λ. Most of
the molecule specific oscillation frequencies are in the energy range of the infrared
light and their oscillations can be excited by absorbing the corresponding frequency,
which is mainly determined by the two atoms of the bonding and their very next
neighbors. The condition is the existence of a molecular bond with a dipole moment.
By irradiating the probe with polychromatic light, the frequencies specific for the
existing molecular bonds are absorbed and diluted after penetrating the investigated
coating. The reduction of the intensity of the light by irradiating the probe can be
described by the Lambert-Beer law:

I = I0 exp{−µd}, (3.5)

where I is the intensity of the transmitted light, I0 the intensity of the incident
light, µ the absorption coefficient and d the layer thickness. The molecular compo-
sition of the sample can be determined by relating the absorbed frequencies to the
corresponding molecular bonds.
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In general, FTIR spectra can be measured in reflectance as well as in trans-
mission. For the reflectance measurements, two methods are available: the single
reflection as well as the attenuated total reflection (ATR) method. In this work,
the presented spectra are measured in single reflection, exclusively. For using this
method, the coating is deposited on a reflective substrate, e.g. a metal sheet with
a plane surface or a molybdenum mirror. The IR beam penetrates the coating, is
reflected at the substrate surface dependent on the variable angle of incidence and
penetrates the coating a second time before it reaches the detector.

Fig. 3.9: Schematic of the processing of an absorption FTIR spectrum. By varying the
mirror position of the Michelson interferometer in the spectrometer, an interferogram is
obtained. To obtain the absorption spectrum of the investigated coating, this interfero-
gram must be Fourier transformed and compared with the reference spectrum.

The FTIR spectrometer ”Vector 22” is from Bruker Optics GmbH. The IR light
is generated by a globar, which emits a spectrum nearly similar to the one of a full
radiator. The advantage of a FTIR spectrometer is its high resolution as well as the
good signal to noise ratio, resulting from using a Michelson interferometer instead
of a dispersive element. By varying the position of one mirror of the interferometer,
the detector measures an interferogram, which is recorded. Its signal strength is
dependent on the displacement of the movable mirror and therefore of the optical
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path difference between the two compared beams. By Fourier transforming this
interferogram, the spectrum of the investigated probe is obtained. The absorption
spectrum results from estimating the difference of the reference spectrum (measured
without irradiating the probe) with the one of the sample. Hence, the maxima in
the obtained absorption spectrum are in fact minima in the spectra of the coating.
The measuring procedure is depicted in Fig. 3.9.

In the framework of Ref. [51], an in-situ FTIR spectroscopy was installed on
the Plasmodul, which is illustrated in section 3.2. This method allows monitoring
the chemical composition of the layer right during the deposition process by an
externally installed detector, in contrast to the ex-situ measurement, which gives
information about the total layer after the deposition and is measured with the
detector installed inside the spectrometer. To get the opportunity of switching be-
tween the external and the internal detector, a pivoted mirror was implemented in
the optical path of the spectrometer. The internal detector is a DTSG (deuteriu-
minated triglycinsulfide) detector. To overcome higher intensity losses during the
in-situ measurements resulting from the deflection mirrors and the KBr windows
installed on the Plasmodul, the used MCT (mercury cadmium telluride) detector
has a higher sensitivity. The adaption of this in-situ diagnostic at the Plasmodul is
described in detail in section 3.2.1.

3.3.2 The photospectrometer

To determine the refractive index of the deposited layers, the photospectrometer Hy-
per UV-3101PC from Shimadzu is used, which is a specular reflectance attachment.
This is done by analyzing the interferogram of the coatings and identify the refractive
index out of the wavelengths of the maxima and minima of the interferences.

The light beam for measuring the reflectance of a probe is generated by a deu-
terium lamp, which covers a range of 190 − 300 nm, or by a halogen bulb, which
supplies wavelengths up to 3200 nm. The light beam passes through two grading
monochromators, whereof each consists of three separate concave grids, each one
covering a distinct wavelength range. After this, the beam is split into two similar
parts by a semi-permeable mirror. One is directed to the sample through a 5mm
or alternatively through a 15mm mask, the other one is the reference beam and
is reflected at an aluminum mirror. Both beams have an angle of incidence of 5 °.
After striking the reflective sample, both beams are superimposed and detected by
a photomultiplier or a PbS cell in the infrared range. The result is an interferogram
like that one shown in Fig. 3.10a, which results from the optical path difference of
the two beams.

In order to determine the refractive index of the investigated layer, the order
of the discrete maxima and minima have to be calculated by the condition for
constructive and destructive interferences:
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Fig. 3.10: Determination of the refractive index of the deposited layers: a) interferogram
obtained from the photospectrometer, b) refractive index depending on the wavelength,
obtained from the interference maxima and minima of the interferogram.

2d
√

N2 − sin2 α = jλj constructive interference

2d
√

N2 − sin2 α =
2j + 1

2
λj destructive interference, (3.6)

where d is the layer thickness, N the refractive index, α the angle of incidence, j
the order and λj the wavelength of the corresponding maximum or minimum. For
the present case with α = 5 °, the equations can be simplified by the assumption of
sinα ≈ 0. The following considerations are carried out for constructive interferences,
the calculation for the destructive interferences are similar. The associated order
of the constructive interference can be obtained by two adjacent maxima. The
refractive index corresponding to the wavelength of this maximum is

N =
j · λj

2d
. (3.7)

The layer thickness is measured separately with a Perthometer C5D (details on this
method can be found in Ref. [63]). The refractive index shows an exponential decay
with increasing wavelength, which is shown exemplarily in Fig. 3.10b. In literature,
the refractive index is given with respect to a wavelength of 589 nm. This can be
determined by fitting N = A exp{−λ/(t1)}+ y0 to the data.

3.3.3 Langmuir double-probe measurements

Probe measurements are a common diagnostic method in low-temperature plasmas
(Te < 100 eV). In contrast to single Langmuir probes [13], which are utilized in
plasmas with a good contact to a grounded electrode being the reference point for
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the probe measurements, double probes [64] can be used in the case of plasmas
without any reference point of the potential or in plasmas with time-dependent
conditions, since they constitute a floating setup.

+ -
U

I

probe 1
probe 2

A1 A2

plasma

-I

U

I1,sat

I2,sat

b)a)

Fig. 3.11: a) Schematic of a floating double-probe system showing the electrical circuit
of the two probes and the plasma, b) current-voltage characteristics of an ideal Langmuir
double probe (I1,sat = I2,sat).

Ideally, a double probe consists of two identical probes, in the simplest case
composed of a tungsten wire insulated by a ceramic tube, such that only the tip of
the wire is in electrical contact with the plasma. The two probes are located in the
plasma in such a way that they are not disturbing each other (the spacing between
them has to be greater than several Debye lengths), but the distance between them
must be small enough to guarantee identical plasma conditions at each probe. By
applying a voltage between the probes, a current flows through the electrical circuit
consisting of the two probes and the plasma. This process is depicted in Fig. 3.11a.
The current is positive in the case of a positive voltage by definition. By sweeping
the applied voltage, a current-voltage characteristics is obtained, which is shown
schematically in Fig. 3.11b. Here, the saturation currents of both probes are equal,
I1,sat = I2,sat, and the characteristics is totally symmetric. This is the case of an
ideal double probe. For U = 0, both electrodes are at the same potential (floating
potential), consequently the net current is zero. By lowering the applied voltage,
a net current flows from probe 2 to probe 1. This is a symmetric process for both
probes. The flowing net current is given by [65]:

Ij = Ij,sat · tanh
{
eU

2Te

}

, (3.8)

with the indicators j = 1, 2 of the two probes and the applied voltage U .

In practice, the two probe tips never have completely the same surface area
and, consequently, the ion-saturation currents I1,sat and I2,sat are not equal. With
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different probe-surface areas (A1 6= A2), Eq. (3.8) can be transformed into [65]

∣
∣
∣
∣

dI

dU

∣
∣
∣
∣
U=0

=
e

Te

I1,sat · I2,sat
I1,sat + I2,sat

. (3.9)

Thus, the electron temperature can be obtained by determining the derivative of
the I-U characteristics at U = 0.

The electron density ne is calculated by

Ij,sat = 0.61eneA

√

Te

mi

(3.10)

with the ion mass mi and the probe-surface area A similarly to the determination
from single Langmuir probes [13]. In the case of different probe-surface areas the
density is obtained by averaging the two densities determined from the two ion-
saturation currents I1,sat and I2,sat.

The double probe was installed vertically on the top plate of the Plasmodul. The
probe carrier was attached to a DIN ISO KF-40 flange, the probe itself was inserted
in the vacuum chamber through a squeeze feedthrough, such that the position of the
probe could be varied via a guiding rod. A picture of the installed probe is shown
in Fig. 3.12.

hole in substrate holder,
where probe is fed

Langmuir
double probe

Fig. 3.12: Picture of the Langmuir-probe attachment on the Plasmodul (left) and
feedthrough in the substrate holder (right).
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In order to carry out measurements in the region between the plasmaline array
and the substrate holder, the double probe was fed through a hole in the middle
of the substrate holder. This way, radial measurements of the plasma parameters
perpendicular to the plasmaline array were accomplished.

3.4 Measurements of plasma parameters

To identify the input parameters of the simulation code, that will be used in chap-
ter 5 for the determination of the particular layer-growth processes induced by the
ion bombardment on the substrate, an exact information of the plasma parameters
– especially the electron density and the electron temperature – is needed. For
this purpose, double-probe measurements were carried out inside the Plasmodul in
the region between the plasmaline array and the substrate holder. Thus, position-
dependent characteristics of the electron density and temperature can be obtained.
Special attention is paid to the influence of the additional capacitive discharge, which
superimposes the microwave plasma, on the plasma parameters. These measure-
ments were done with a double probe instead of a single Langmuir probe, because
the plasma in the Plasmodul has only poor contact to the vessel wall due to the in-
sulating layer deposited in the whole device. Hence, probe measurements, which are
independent of a defined ground point, were needed. The theory of Langmuir double
probes and the installation of the probe at the Plasmodul was introduced in sec-
tion 3.3.3. Because of the vertical orientation of the probe, the position-dependent
characteristics of the measured plasma parameters are in radial direction relative to
the plasmalines and vertically to the plasmaline array.

To avoid a deposition of the probe tip, the measurements had to be done in a
non-reactive plasma. For this reason, the results presented here were obtained in a
pure nitrogen plasma. The discharge parameters were chosen to be the same as in
the deposition process used in this work: a pressure of p = 0.2mbar, nitrogen-gas
flux of φ = 105 sccm and a microwave power of 2 × 600W. The bias voltage was
varied up to 500V at constant parameters of f = 250 kHz and pw = 35%.

The distance between the substrate holder and the plasmalines is 20 cm (see sec-
tion 3.2.1). To obtain a position-dependent characteristics of the electron density
and temperature in this plasma region, the measurements were carried out in 2 cm
steps. An overview of the I-U characteristics at each position with a substrate-bias
voltage of 100V is given in Fig. 3.13. In these measurements, the probe was biased
in the range of −70 to 70V. All of the characteristics are smooth and symmetric.
Hence, they seem to be unaffected by the alternating driving frequency of the su-
perimposed capacitive discharge. Consequently, these measurements are qualified
to determine the plasma parameters.

Quantitative analyses of the electron density will be given in section 3.4.1, fol-
lowed by the determination of the electron temperature profile. At the end, a short
conclusion will be given in section 3.4.3.
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Fig. 3.13: Overview of the position-dependent I-U characteristics of the double probe.
No influence of the applied time-varying substrate bias voltage can be observed.

3.4.1 Electron-density characteristics

Figure 3.14 shows the electron density in the region between the microwave plasma
source and the substrate holder of the Plasmodul. For all three profiles with a
capacitive driving voltage of 0V, 100V and 200V, a similar decrease from the plas-
malines at the position x = 0 cm to the substrate holder at x = 20 cm is observed.
Additionally, a slight increase of the density with increasing bias voltage is obtained.

Without substrate bias, the electron density at x = 0 cm is ne = 3 · 1017m−3. It
decreases to approximately 6 ·1015m−3 in front of the substrate holder at x = 18 cm.
Hence, the density drops by about two orders of magnitude. This reduction is due
to the higher recombination rate of the electrons and ions at increasing distance to
the plasma, i.e. the energy source. By superimposing the capacitive discharge, a
slight increase of the whole density profile is observed. An overview of the electron

driving voltage [V] ne [10
16m−3] at x = 0 cm ne [10

16m−3] at x = 18 cm

0 30 0.6
100 32 2.3
200 35 5.0

Tab. 3.3: Overview of the electron densities at the position of the plasma source
(x = 0 cm) and in front of the substrate holder (x = 18 cm) at different bias voltages.
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Fig. 3.14: Position-dependent electron-density characteristics in the region between the
microwave plasma source at x = 0 cm and the substrate holder at x = 20 cm. The probe
measurements were done without any additional capacitive discharge (0V) and with a
voltage of 100V, 200V and 500V.

density ne at x = 0 cm – the position of the microwave plasma source – and at a
position 2 cm in front of the substrate holder at x = 18 cm is given in Tab. 3.3 for
all three analyzed capacitive driving voltages. The increase of the electron density
with increasing bias is due to the higher power fed into the plasma, which results
in a higher dissociation rate and thus in a higher charge carrier density. The higher
power input seems to affect the plasma in the whole volume.

An additional effect is the abrupt decrease of the density in front of the substrate
holder (from x = 18 cm to x = 20 cm). It may be possible that the plasma sheath,
which is developed at each negative pulse of the applied alternating bias voltage,
with its strong decrease of the electron density towards the point of the electrode
influences the measurements. The extension of the plasma sheath is in the range
of 0.5 cm, obtained by inserting ne = 5 · 1016m−3, Te = 0.7 eV and U = 200V into
Eq. (2.20). The presheath is extended in the range of 1− 3 cm. Hence, a detection
of the slight density decay in the presheath would be possible. To confirm this
hypothesis, the density was measured with an applied bias voltage of 500V in front
of the substrate holder. It clearly shows a sharp decay. Because of the influence
of the presheath, the valid plasma parameters in front of the substrate holder are
taken to be those at x = 18 cm, which are similar for the bias of 200 and 500V.
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3.4.2 Electron-temperature characteristics

The position-dependent electron-temperature characteristics, which corresponds to
the electron density of section 3.4.1, is depicted in Fig. 3.15. In the pure microwave
discharge, the electron temperature decreases from Te = 3.6 eV at the position of
the plasmalines to 0.6 eV at x = 18 cm. The profiles of the electron temperature
with the capacitive discharge superimposed are similar to the one measured without
a voltage applied. An overview of the temperature values at x = 0 and x = 18 cm
is given in Tab. 3.4.

0 5 10 15 20
0

1

2

3

4

5

 0 V
 100 V
 200 V
 500 V

T e [e
V]

x [cm]

Fig. 3.15: Electron-temperature profiles in the region between the microwave plasma
source and the substrate holder. They were measured for different driving voltages (0,
100, 200 and 500V) of the superimposed capacitive discharge.

driving voltage [V] Te [eV] at x = 0 cm Te [eV] at x = 18 cm

0 3.6 0.6
100 3.9 0.6
200 4.5 0.7

Tab. 3.4: Overview of the electron temperatures at the position of the plasma source
(x = 0 cm) and in front of the substrate holder (x = 18 cm) at different bias voltages.

A clear decrease of the whole characteristics with increasing bias is observed.
With increasing density at higher driving voltages (section 3.4.1), the electron-
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collision frequency increases and therewith the ionization rate. Thus, the electrons
give off their absorbed energy faster. This process leads to a lower electron temper-
ature.

Similar to the electron density in Fig. 3.14, a possible influence of the plasma
presheath is observed in the temperature profiles. This is indicated by the slight
increase of the temperature in front of the substrate holder at about x = 18 cm, when
a bias voltage of 100 and 200V is applied. The electron temperature measured at
500V confirms this trend. It increases from Te = 0.95 eV at x = 18 cm to 2.1 eV at
the substrate holder. Due to the alternating voltage applied at this electrode, the
electrons are strongly attracted at each positive cycle. On average, this could lead
to an increase in Te.

3.4.3 Conclusion

Electron-density and temperature profiles were measured with a Langmuir double
probe in a nitrogen plasma. As expected, they decay strongly from the microwave
plasma source to the substrate holder. By superimposing a capacitive discharge, the
density in the whole observation volume increases with increasing driving voltage.
The decrease in the temperature in this region is consistent with the density increase.
The measured electron density values are about ne = 3 · 1017m−3 at the position
of the plasmaline array and ne = 6 · 1015m−3 in front of the substrate holder. The
corresponding electron temperatures are Te ≈ 3.6 eV and Te ≈ 0.6 eV, respectively.

A very interesting point is the region close to the substrate holder: Here, the
influence of the presheath could possibly be reflected in a reduced density and an
increased temperature due to the slight potential drop in the presheath. This is
observed in the region of 2 cm in front of the substrate holder.
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Chapter 4

Influence of high-energetic ions on
the growth of barrier coatings

This chapter is dedicated to tests of the applicability of thin metal foils (RPG
steel [66]) as an alternative flexible substrate material for the fabrication of thin-
film CIGS solar cells [1, 2]. If any metal is used as substrate material, an additional
layer has to be applied to guarantee a diffusion preventing and insulating barrier
between the substrate and the solar cells. It prohibits the diffusion of undesired
substrate elements into the CIGS material, which can reduce the efficiency of the
solar cells, and a short-circuit between the separate cells of a solar module [67]. In
this work, these barrier layers, consisting of silicon oxide (SiOx) or silicon nitride
(SiNy), are deposited in a microwave-PECVD process. The layer requirements are
obvious: They must prevent diffusion, have to be insulating and they have to offer
a homogeneous smooth surface.

The non-polished surface of the substrate has scratches and flakes in the µm scale.
This is shown in Fig. 4.1a. It is well known from literature that such a substrate
surface structure is replicated on the surface of the deposited coating fabricated
in a PECVD process with a thickness of a few µm [5, 6]. Hence, a homogeneous
smooth surface cannot be obtained, which is seen in Fig. 4.1b. As well, voids can
develop in the deposited film at positions of notches on the substrate surface [7, 8],
so that the barrier property of the coating is lost. To counteract the development of
pinholes in the barrier layer, the layer growth is affected by a substrate bias, which
induces an impinge of high-energetic ions. The analyses of the influence of the ion
bombardment on the layer profile on rough surfaces is the topic of this chapter.

The formation of such pinholes have to be analyzed on the basis of substrates
with a well-defined rough surface structure to guarantee comparable conditions. For
this purpose, silicon wafers with a trench structure in the µm range are chosen as
model substrates. Related analyses were done in previous works in the context of
the semiconductor industry, mainly in the 1990’s, to determine the step coverage of
electric circuits with an insulating or passivation layer [8, 68, 47, 69]. There, the
precursor used for the deposition of silicon oxide is often TEOS (tetraethoxysilane)

57
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10 µm 5 µm

uncoated without substrate bias

a) b)

Fig. 4.1: a) Surface of an uncoated rough steel substrate, on which thin-film solar cells
are planned to be fabricated. b) Surface of a substrate, which was coated in a microwave-
PECVD process. The surface structure of the substrate is replicated on the film surface.

in combination with oxygen or ozone. The layer-forming particles in a TEOS plasma
have a high surface mobility and, hence, they offer a long surface diffusion before
forming SiOx [41, 70], so that a widely homogeneous coating can be achieved [47,
68]. For the deposition of silicon nitride, the standard precursor is monosilane in
combination with ammonia as also used in this work (section 3.1.1). Monosilane is
well-known for the high surface mobility of its layer forming radicals [71].

The considered trench dimensions in these publications are of the same order
of magnitude as those investigated in this chapter, namely a few µm in height and
width. The devices used in previous experiments include a wide spectrum of plasma
generation: Most of them are parallel-plate reactors with a driving frequency in
the MHz range [8, 47]. In these deposition processes, the ion bombardment of
the substrate surface is caused only by the self bias (the corresponding theory is
described in section 2.4.1 and 2.6). In other works, an additional substrate bias
in the kHz range is applied to regulate the ion bombardment independently of the
self bias [48]. Besides coatings, which are deposited by a sputter process [72], the
microwave plasma process plays an essential role in the coating of cavities. These
plasmas are widely spread because of their comparably high ion density, so that
the layer growth can be highly influenced by ion bombardment with an additional
substrate bias [41, 68]. The theory of this mechanism was introduced in section 2.6.

In this work, a microwave plasma process in combination with a superimposed
capacitive discharge driven with a frequency in the kHz range is used for the de-
position of the barrier layers. In this process, the advantages of both discharges
are united: The high dissociation rate and, therefore, high deposition rate of a mi-
crowave plasma and the direct influence of the kHz-driving frequency on the ion
motion, which – compared to a substrate bias in the MHz range [41] – results in a
higher energy of ions impinging on the substrate surface.

HMDSO in combination with oxygen was chosen as precursor for the deposition
of the silicon oxide, because in previous works very good results for the barrier
properties of these layers were obtained [50, 51]. The aim here is to overcome
the well-known low surface mobility [73] by the additional energy from the ion
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bombardment. For the deposition of silicon nitride, monosilane is used as precursor.
Its surface mobility is known to be much higher than the one of HMDSO. Therefore,
a more conformal coverage of the SiNy film on a step is expected.

At the beginning of this chapter, the model substrates, which are used for the
characterization of the achieved step coverage, will be introduced. A simple layer-
growth model, which describes the resultant coated step profiles, is given in sec-
tion 4.1. In section 4.2, the distinct influence of the bias parameters is analyzed and
standard parameters for further investigations are determined. The coating profiles
at the positions of the trenches will be compared in section 4.3 for an unbiased and
a biased deposition. In particular, an application oriented analysis of barrier-film
depositions on flexible steel is carried out. Section 4.4 is dedicated to the analyses
of insulation properties. A short conclusion of this chapter is given in section 4.5.

4.1 The layer-growth model

To guarantee comparable preconditions for the coatings deposited at various bias
parameters, substrates with a well-defined surface structure are needed. For this
purpose, silicon wafers with a trench structure in the µm range (which is up to the
surface-defect dimensions on steel foils) are used as model substrates. Their great
advantage is the offering of all relevant surface dimensions on one wafer. They will
also be utilized in chapter 5 to analyze the layer-growth mechanisms by simulations.

100 µm

20 µm 5 µma = 1 a = 4

Fig. 4.2: View of the breaking edge of a silicon wafer with a well-defined surface structure
in the µm range. The wafers are used as model substrates for analyzing the layer growth
on rough substrate surfaces.

The width w of the trenches varies from 0.6 to 4.4µm, their height h is almost
constant with a value of 3 to 4 µm. Hence, the aspect ratio a = h/w covers a
range from 1 to 5. The aspect ratio is the most relevant parameter, which influences
the layer growth on these trenches. For the interpretation of the coated wafers,
their breaking edge (which is very easy to prepare alongside the lattice planes of
these wafers) is analyzed in a scanning electron microscope (SEM). Hence, the layer
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deposition inside the cavities can be investigated. The breaking edge of an uncoated
substrate is shown in Fig. 4.2. The analyses will be done on the basis of the widest
trench with an aspect ratio of a ≈ 1 (representing a wide indentation) and one with
a ≈ 4 (representing a small cavity).

a) b)

Fig. 4.3: Illustration of the popular model [74] to describe the layer growth on a cavity
in the substrate surface in a PECVD-microwave process a) without any substrate bias, b)
with an applied substrate bias.

Figure 4.3 shows the qualitative difference of the shape of the coating deposited
without (Fig. 4.3a) and with (Fig. 4.3b) substrate bias at the position of a trench.
Without a substrate bias, the layer forming radicals as well as the ions impinge non-
directional on the substrate surface. Furthermore, both species have thermal energy.
In a microwave plasma, the plasma sheath is insignificantly small, since almost no
accelerating potential exists in front of the substrate (see section 2.5). The growing
film shows the shape depicted in Fig. 4.3a as a consequence of screening effects of the
substrate geometry as well as the self-shadowing induced by the growing layer [75].
The coating is formed ball-shaped over the enhancements on the substrate surface.
Hence, the layer is closed over the cavity and a void is developed. It is obvious,
that the barrier property is not guaranteed at this position, because the film is not
melted over the cavity and a crack is developed in the growing layer. Through this
defect, particles can diffuse or an electrical breakdown can occur.

By applying a substrate bias, the plasma-sheath region in front of the substrate
is extended and the potential drop leads to an acceleration of the ions perpendicular
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to the substrate surface (section 2.3). The uncharged radicals are unaffected by the
bias voltage. Due to the application of energy on the layer surface by the impinge
of energetic ions, the surface mobility of all layer forming particles is increased.
This is consistent with a ”quasi-fusion” of the film surface, which leads to a more
homogeneous distribution of the particles on the substrate geometry due to their
rearrangement. Due to the impinge of high-energetic ions, already bonded particles
can be relocated on the layer surface, existing chemical bonds can be cracked and
replaced by new (higher energetic) ones. Hence, a change in the molecular compo-
sition of the coating is possible. This will be studied in chapter 6. An additional
effect of the high-energetic ions is a sputtering of the already deposited film. This
sputtering can smooth out the layer shoulders above the cavity. The result is a
retardation of the film closure. Hence, the absolute layer thickness inside the inden-
tation is increased compared to the unbiased coating. In the ideal case, a uniform
filling of the cavity is achieved. This is depicted in Fig. 4.3b.

An increase of the substrate temperature can increase the surface mobility as
well [75] and, therefore, have a similar effect on the layer profile as the substrate bias.
As mentioned in section 3.2.1, the substrate temperature varies during the deposition
with an applied substrate bias. For this reason, unbiased coatings deposited at
a substrate temperature of 250 and 400 °C were compared. Their profiles at the
position of the trenches did not show a clear difference. Hence, all following worked
out differences of the layer profiles with and without substrate bias result from the
ion bombardment and not from the additional heating of the substrate.

The combination of a deposition and a sputter process for obtaining a uniform
layer growth on rough surfaces was carried out in Ref. [76]. In that work, the
deposition and etch cycles were operated in turn, because they were carried out in
different devices. Here, both processes take place simultaneously.

4.2 Influence of the bias parameters

In order to analyze the influence of the three particular bias parameters (frequency,
voltage and pulse width) on the layer growth, a specific value, which characterizes the
particular film shape, must be introduced. Hereby, the optimized bias parameters
for the best coating of the cavity can be determined. For this purpose, two values
are defined: the relative layer thickness ∆ and the relative coating of the flanks Φ:

∆ =
b

d
and Φ =

fb
ft
. (4.1)

d is the absolute layer thickness at the top of the trench, b the film thickness at the
bottom of the trench, ft and fb are the thicknesses of the coating at the top and the
bottom of the flanks. These values are illustrated in Fig. 4.4. For a homogeneous
coating inside the trench ∆ = Φ = 1, i.e. the layer thickness is equal at each
position of the substrate surface. Similar definitions can be found in Ref. [75].
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Fig. 4.4: Definition of the values d,
b, ft and fb for the characterization
of the coating by the dimensionless
parameters ∆ and Φ.

The dependence of ∆ and Φ on the three bias
parameters is depicted in Fig. 4.5 separately for
the SiOx and SiNy layers. The dependence on
each bias parameter is analyzed by keeping the
two others constant. Only fully open cavities are
taken into account (aspect ratio a = 1) to guar-
antee an unaltered result of the layer thickness
inside the cavity.

The dependence of ∆ and Φ on the bias fre-
quency is illustrated in Fig. 4.5a. The unbiased
coating is depicted as f = 0kHz. An increase
of these parameters and, therefore, of the fill-
ing of the trench is observed with increasing
bias frequency. This is explainable by comparing
the ion-plasma frequency in an oxygen plasma
ωpi = 22.3MHz (see Tab. 3.2) with the bias-
driving frequency: ωpi is quite higher than the
applied bias frequency and, hence, the ions fol-
low the applied external electric field. Therefore, the higher the applied frequency
the more ions impinge on the substrate. Thus, a higher efficiency of the ion bom-
bardment is achieved.

Fig. 4.6: Characteristics of the self bias Ubias

in dependence of the pulse width pw.

Furthermore, the values of ∆ and
Φ increase with increasing bias voltage
(Fig. 4.5b). The higher the voltage am-
plitude, the higher is the energy of the
impinging ions. Hence, the sputter yield
increases with increasing bias voltage
and the closure of the layer over the in-
dentations is retarded. Therefore, the
layer-forming particles have the oppor-
tunity to enter the cavity.

The dependence of ∆ and Φ on the
pulse width is shown in Fig. 4.5c. Here,
a clear influence of this parameter can-
not be seen. This could be explained
by the characteristics of the established
self bias at the substrate holder (see
Eq. (3.4)) in dependence of the pulse width. It is depicted in Fig. 4.6 with U1 = 37V,
Te = 2 eV (from section 3.4.2), η = 12.17 and x = 0.7. The self bias increases
abruptly at very low pulse width and remains almost constant in the investigated
range of 15 to 35%. Consequently, this parameter does not suggest any influence
on the filling of the trenches.

In conclusion, the most homogeneous SiOx as well as SiNy films are achieved
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Fig. 4.5: Dependence of the parameters ∆ and Φ on the bias parameters a) frequency, b) voltage and c) pulse width. All three
characteristics are determined for the SiOx as well as for SiNy films.
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for the parameters f = 250 kHz, U = 500V and pw = 35%, which, therefore,
are chosen as standard parameters for further investigations. The unbiased SiOx

coating of the trenches offers ∆SiOx = 0.43 and ΦSiOx = 0.56. On the other hand,
∆SiNy = 0.56 and ΦSiNy = 0.68 ist obtained. This means that in the unbiased
case, the cavities are filled more homogeneously with silicon nitride. This confirms
the higher surface mobility of the layer-forming particles by using monosilane as
precursor compared to HMDSO. These values increase to ∆SiOx = 0.73, ΦSiOx = 0.83,
∆SiNy = 0.64 and ΦSiNy = 0.73 at the standard bias parameters. The growth of
the silicon-nitride layers can hardly be manipulated (see also section 4.3.1). In
addition, the biased SiOx coating becomes more homogeneous than the SiNy one,
in spite of the worse surface mobility of HMDSO. This is due to the quantity of the
impinging ions: Comparing the used gas-mixture ratios of HMDSO : O2 = 1 : 20
and SiH4 : NH3 = 3 : 22, less nitride than oxygen ions relative to the number of
silicon atoms are available to influence the layer growth. It turns out, that for these
geometries of the substrate surface, the trenches cannot be completely coated, such
that cavities are developed.

4.3 Influence of ion bombardment on the growing

layer

In this section, the influence of the ion bombardment on the deposited silicon-oxide
and silicon-nitride layers is investigated. First, this will be done on the basis of
the model substrates. Subsequently, the surface coatings on steel substrates are
analyzed.

4.3.1 Layer growth on model substrates

The analyses of the profile of the deposited layer are carried out separately for
silicon-oxide and silicon-nitride layers. The results presented here are for the gas-
mixture ratios of HMDSO and oxygen or monosilane and ammonia, for which the
deposited SiOx and SiNy films offer the best barrier properties [50]. To guarantee
comparable conditions, all investigated layers have an absolute thickness of 2µm on
the upper horizontal surface. All biased coatings were deposited with the standard
bias parameters determined in the previous section. To determine the shape of the
deposited film especially inside the cavities, the breaking edge of the wafers are
analyzed in the scanning electron microscope (SEM) with an observation angle of
20 °to the edge, which is often used as standard for considering breaking edges in
the material science [77].
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SiOx coatings

The SiOx coatings shown in Fig. 4.7 were deposited at a gas-mixture ratio of
HMDSO : O2 = 1 : 20. The aspect ratios of a = 1 and a = 4 are considered.
The films shown on the left side of the picture (Figs. 4.7a-d) were deposited with a
total gas flux of 105 sccm. As reference, a wafer was coated without substrate bias
(Figs. 4.7a,b). Above the enhancements, the ball-shaped layer growth as predicted
in section 4.1 can be seen. On the smaller trenches, the layer grown left and right of
the trench closes rapidly, thus nearly no film is deposited inside the cavity. A crack
between the layer parts still remains even though the layer thickness is increased.
Hence, such a layer cannot guarantee reliable barrier properties. In the case of the
broader trench, the situation is different: Here, a coating of the whole trench is
observed, but the deposited film is not homogeneous. The layer thickness decreases
along the flanks of the cavity towards the bottom.

with bias with biaswithout biaswithout bias

a = 3

a = 1

total gas flux: 105 sccm total gas flux: 26 sccm

2 µm

a)

b)

c)

d)

e)

f)

g)

h)

Fig. 4.7: Comparison of the profile of layers deposited with and without substrate bias.
The analyses are done on trenches with two different aspect ratios (1 and 4) and with two
different total gas fluxes (105 and 26 sccm).

The influence of the substrate bias on the step coverage can be observed in
Figs. 4.7c,d. Inspite of the generally higher deposition rate compared to the unbiased
case, the coating of the smaller trenches is not significantly increased. However,
the layer over the cavity closes faster because of the higher deposition rate. In
comparison with Fig. 4.7a, a great difference is observed: The contact point of the
two layer parts is merged due to the enhanced surface mobility of the layer-forming
particles induced by the bombardment by high-energetic oxygen ions. This leads to
a relocation of the particles in the few upper atomic layers. The effect of the ion
bombardment on the chemical structure of the deposited coating will be analyzed
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in chapter 6. Since the layer above the still existing cavity merges, the barrier
properties of the coating should be guaranteed. This merging leads to smoother
layer surfaces as seen in Fig. 4.7c. The coating of the broader trench in Fig. 4.7d is
clearly more homogeneous than the one without substrate bias. This effect can be
explained by the sputtering of the film edges at the top by the impinging oxygen
ions (flattening of the edges). The best sputter yield is observed at an impact
angle of 45 °. Due to the sputtering, the trench remains open and it can be filled
completely. With further deposition, a smoothing of the layer surface is achieved by
the fractional sputtering of the film.

In order to study the influence of the deposition rate on the step coverage,
analogue depositions were carried out with one fourth of the total gas flux, namely
26 sccm. The results are depicted in Figs. 4.7e-h. The shape of the coating is not
changed in the case of the deposition without substrate bias (Figs. 4.7e,f), but in
Figs. 4.7g,h, an increased importance of the sputter effect is observed. This is due
to the decreased deposition rate. In the smaller trench, a slight increase of the layer
thickness on the flanks is observed, but at the bottom no deposition is seen at all.
The merging of the film is found deeper inside the trench. This is possible because of
an increased surface mobility at decreased deposition rate [41]. In addition, a higher
smoothing of the film shoulders is observed, which suggests a complete defect-free
filling of the broader trench with further deposition. The abrasive of the layer edges
is extended towards the bottom of the indentation. Furthermore, a part of the
particles deflected at the flanks are deposited inside the trench, too, which leads to
an increased deposition rate.

In conclusion, the barrier properties of SiOx coatings can be improved by sub-
strate biasing. Cracks in the deposited layers are merged because of the enhanced
surface mobility. In principle, a more homogeneous coating can be achieved.
Lowering the gas flux reduces the deposition rate in favor of the sputter process,
which smooths out the layer roughness. This way, broad trenches can be filled com-
pletely. However, low deposition rates (< 10 nm/min) are not competitive for an
industrial application to deposit barrier layers with a thickness of 3 to 4µm. Hence,
only the higher gas flux is considered in the following.

SiNy coatings

The studies of the SiOx-layer growth at positions of indentations in the substrate
surface from the previous paragraph are conferred on SiNy films (Ref. [78]). The
coatings were deposited at a gas-mixture ratio of SiH4 : NH3 = 3 : 22 and a total gas
flux of 105 sccm. The coated trenches have the same geometry as the ones deposited
with silicon oxide.

The unbiased SiNy coating in Figs. 4.8a and b shows exactly the same properties
as the SiOx film shown in Figs. 4.7a and b. A crack is developed in the layer above
the remaining cavity. The sputter effect with substrate bias is not as distinctive as
in case of the SiOx layers because of the lower number of high-energetic nitrogen



4.3. LAYER GROWTH 67

2 µm

without bias with bias

a = 3

a = 1

a)

b)

c)

d)

Fig. 4.8: Comparison of the shape of SiNy layers deposited with and without substrate
bias. The analyses are done on trenches with two different aspect ratios (1 and 4) and
with a total gas fluxes of 105 sccm.

ions impinging on the coating surface. The lower number of nitrogen ions compared
to the oxygen ions in the HMDSO–O2 plasma is a result of the different gas-mixture
ratios used for these investigations. However, as can be seen in Fig. 4.8c, the energy
of the impinging nitride ions is sufficient to merge the coating over the gap, which
plays an important role for the barrier properties of the deposited layer.

4.3.2 Layer growth on steel

For manufacturing CIGS solar cells on steel as substrate, the layer growth and
the barrier properties of the coatings on these substrates is relevant. Here, the
layer growth of SiOx coatings on steel with variable surface roughness is studied.
Resistance measurements of these coatings are analyzed in section 4.4.

As ”test substrates”, steel with three different values of the surface roughness
characterized by the Ra value (averaged roughness) is used, namely Ra = 30, 34 and
182 nm. The results were published in Ref. [79]. Figure 4.9 shows the surface of the
coatings on these substrates, in each case deposited with and without an applied
substrate bias. The pictures were done by StEM–Stuttgart Center for Electron Mi-
croscopy, Max Planck Institute for Metals Research, Stuttgart. The total thickness
of each film is 3µm.

In each unbiased case (Figs. 4.9a,c and e), the surface structure of the substrate
is mapped on the surface of the coating. E.g., in Fig. 4.9a, a crack can be seen in
the deposited layer, which is due to the roughness of the substrate surface. In the
unbiased cases, the grown layers generally appear rough and cauliflower-like. This
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Fig. 4.9: Comparison of the surface of SiOx layers deposited on steel with and without
substrate bias for a variable surface roughness. The influence of the substrate roughness
can be observed. a,b) Ra = 30nm, c,d) Ra = 34nm (original substrate used for fabrication
of solar cells), e,f) Ra = 182 nm. (StEM–Stuttgart Center for Electron Microscopy, Max
Planck Institute for Metals Research, Stuttgart)

structure is more pronounced with increasing substrate roughness.
By biasing the substrate during the deposition, a clear smoothing of the film

surface is noticed on all three substrates (Figs. 4.9b,d and f). Hence, a mapping
of the substrate surface on the surface of the coating as well as the cauliflower-like
layer growth is mostly prevented. This can be seen best in Figs. 4.9a and b: Cracks,
which are developed in the deposited layer without bias are smoothed out in the
biased coating. In Fig. 4.9f, the filling of the chamfer, which is formed by the milling
of the steel, is clearly improved compared with the unbiased deposition. The black
speckles in Fig. 4.9d are due to the preparation of the sample. This is no real effect
of the film surface.

The results of these studies confirm the ones obtained from the analyses of the
layer growth on the model substrates in section 4.3.1. The mergence as well as the
smoothing of the layer surface, which was shown by analyzing the breaking edge of
the model substrates, is observed on the coating of the steel substrates, too.

4.4 Analyses of insulation properties

In order to characterize the quality of the barrier layers quantitatively, the resistance
of the SiOx and SiNy coatings deposited on steel has been measured before and
after the process, in which the CIGS solar cells were applied on the barrier coatings
(so-called CIGS process). The resistance was measured with an ohmmeter. For
this purpose, separate gold or aluminum pads were vapor-deposited on the film
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surface. These pads and the steel substrate form the two electrodes, between which
the resistance and the breakdown voltage were measured at different points on the
substrate. The percentage of the pads is plotted on the axis of ordinates against
the corresponding resistance in logarithmic depiction or breakdown voltage. The
influence of the surface roughness as well as the substrate bias on these measurands
will be discussed in the following separately for the SiOx and the SiNy layers.

4.4.1 SiOx coatings

In Fig. 4.10, the resistance of the barrier films, which were deposited on the steel
with variable surface roughnesses, is depicted. Measurements were done before and
after the CIGS process. Hence, the influence of this process – especially the heating
of the probe up to 600 °C – can be studied. For the measurements after this process,
the deposited molybdenum and CIGS film has to be removed. This is done by a
chemical etching process.

Fig. 4.10: Resistance of the SiOx coatings deposited on steel with variable surface rough-
ness, measured a) before the CIGS process, b) after the CIGS process. (ZSW – Center for
Solar Energy and Hydrogen Research Baden-Württemberg)

Regarding the case without substrate bias before the CIGS process, there is no
clear trend with the surface roughness Ra. Applying the bias clearly improves the
insulation properties of the coating at small Ra. For large Ra, the insulation even
gets worse. For this phenomenon, no conclusive explanation is found, yet.

However, the situation after the CIGS process, as shown in Fig. 4.10b, is more
relevant. In fact, the insulation properties of the unbiased coatings decrease clearly
through the CIGS process, whereas the resistance values of the biased films remain
nearly constant. Therefore, the SiOx layers deposited with the substrate bias offer
a highly improved insulation after the CIGS deposition.

The same trends are found in the breakdown voltage (Fig. 4.11) measured on
the same samples as for Fig. 4.10. The breakdown voltage is represented in the
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Fig. 4.11: Breakdown voltages of the SiOx coatings deposited on steel with variable
surface roughness, measured a) before the CIGS process, b) after the CIGS process. (ZSW
– Center for Solar Energy and Hydrogen Research Baden-Württemberg)

same way as the layer resistance. The breakdown voltages were measured before
(Fig. 4.11a) and after (Fig. 4.11b) the CIGS process, too.

Before the CIGS process, the breakdown voltage of the unbiased coatings are
somewhat lower than those of the biased ones. During the CIGS process, the break-
down voltage of the unbiased coatings for both, smooth and rough surfaces, are
further reduced. The biased coatings, however, generally feature higher breakdown
voltages.

4.4.2 SiNy coatings

Measurements equivalent to those described in section 4.4.1 were carried out for the
silicon-nitride coatings. Similarly, their resistance and their breakdown voltage were
determined, but only on the substrates with Ra = 34nm. Hence, their roughness
is comparable with the one of the smoother substrates of the SiOx coatings in sec-
tion 4.4.1 with Ra = 30nm. In Fig. 4.12, the results for the SiNy are compared with
the corresponding ones of the SiOx, again before and after the CIGS process.

Before the CIGS process (Fig. 4.12a), the SiNy layers offer clearly better insu-
lation properties than the corresponding SiOx films. The unbiased coating shows
only one point of measurement with a value below the upper limit of the ohmme-
ter (100MΩ). Hence, its insulation is comparable with the one of the biased SiOx

coating. The biased one is perfectly insulating. This is due to the a priori higher
surface mobility of the monosilane used as precursor for the deposition of the silicon
nitride compared to the HMDSO.

During the heating of the CIGS process, the SiNy develops cracks and thus flakes
off the substrate. Hence, only one biased layer was preserved enough to carry out
measurements. But consequently, the resistance value decreases drastically. It is
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Fig. 4.12: Resistance of the SiNy coatings on RPG steel with Ra = 34nm compared
with the resistance values of the SiOx layers on the steel with Ra = 30nm from Fig. 4.10,
measured a) before the CIGS process, b) after the CIGS process. (ZSW – Center for Solar
Energy and Hydrogen Research Baden-Württemberg)

lower than the one of the unbiased SiOx coating (Fig. 4.12b).
For this reason, it was only possible to measure the breakdown voltage before

the CIGS process. As consistent with the results of the resistance, the breakdown
voltage of the SiNy films is higher than the one of the SiOx coatings. The best
properties are offered by the silicon nitride deposited with the substrate bias. The
unbiased one has a breakdown voltage comparable to the biased SiOx.

4.5 Conclusion

The influence of the high-energetic ions impinging on the film surface was analyzed
in terms of the layer growth on a rough surface and the insulation properties of
the SiOx and SiNy coatings. To guarantee comparable conditions, model substrates
with a trench structure in the µm range on the surface were used. The layer profiles
were analyzed by their breaking edge. The effect of the particular bias parameters
were analyzed. The most homogeneous coating of the trenches were obtained for
f = 250 kHz, U = 500V and pw = 35%. These parameters are chosen as standard
parameters.

Without substrate bias, the layer tends to close above cavities, but cracks de-
velop at the closure positions. By applying the bias, the coating merges such that
the barrier properties of the films are improved. Improved insulation properties
were verified by measuring the resistance and breakdown voltage of these coatings.
In the unbiased case, SiNy coatings already show good insulation properties, which
confirms previous results from [50]. Substrate biasing slightly increase their insula-
tion properties. A striking improvement of barrier properties by substrate biasing is
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Fig. 4.13: Breakdown voltage of the SiNy coatings on RPG steel with Ra = 34nm used
as substrate, measured before the CIGS process. It is compared with the results of the
SiOx layers on the substrate with Ra = 30nm. (ZSW – Center for Solar Energy and
Hydrogen Research Baden-Württemberg)

observed for SiOx coatings, which, in this process, reach insulation properties com-
parable to SiNy. Biased SiOx coatings could be shown to keep these properties even
during the CIGS process, which is more relevant for the fabrication of CIGS solar
cells. Biased and unbiased SiNy coatings produced in this work, however, failed to
survive the CIGS process and results from [50] (i.e. without substrate bias) could
not be reproduced. Here, SiNy coatings rather tend to higher rejections.

Nevertheless, CIGS solar cells were fabricated successfully on steel substrates
(Ra = 34nm) coated with a SiOx barrier. The best results were solar cells with an
efficiency of 11.5%. For comparison, CIGS solar moduls available on glass substrates
offer an efficiency of 10 to 12%. Here, the CIGS solar cells were fabricated by the
ZSW – Center for Solar Energy and Hydrogen Research Baden-Württemberg, which
was a project partner within the BMBF project ”FlexNet”, in whose context the
presented analyses were carried out.



Chapter 5

Simulations on layer-forming
mechanisms

In chapter 4, investigations of the layer growth on substrates with a rough surface
were presented. These analyses were done in terms of the step coverage on the
basis of model substrates, which guarantee comparable conditions for each coating.
The growth processes, which lead to the specific layer shape at the position of
indentations on the substrate surface, will be determined by analyzing the layer
growth in detail. In particular, the time-dependent process of the layer closure
above the cavities is of special interest. This will be done in this chapter by means
of simulations with the Monte-Carlo Code SDTrimSP-2D [9], which calculates the
interaction of the incoming particles (neutrals or ions) with the substrate surface.
Therefore, deposition as well as sputter processes can be computed.

The beginning of investigations of the layer growth on non-planar substrate sur-
faces is found at the end of the 1960’s. It has its origin in semiconductor industry,
where the coating of conduction paths on electrical components is of great interest.
The size of these steps are in the µm range. In Ref. [10, 11, 12], the step cove-
rage of such trenches is calculated analytically by taking into account the geometric
configuration of the substrate surface and the incoming particles in a sputter pro-
cess. The systems are characterized by screening effects of the step edges and –
with increasing layer thickness – self-shadowing of the coating. In these first calcu-
lations, the specific properties of the different species of the layer-forming particles
were not regarded. An extension to this approach is the distinction of the various
film-forming particles. By an inclusion of their sticking probability, this problem
necessitates a numerical solution, which was treated in several works in the 1970’s
and 1980’s [80, 81, 82, 83, 84]. The used simulation algorithm is the Monte-Carlo
method in all cases. These analyses calculate the step coverage in dependence of
some special process parameters: the substrate temperature (included indirectly by
the sticking coefficient), the kind of deposited material as well as the flux and the
direction of the incoming particles.

The code SDTrimSP-2D takes all mentioned effects into account, but includes

73
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several add-ons compared to previous simulation codes. It calculates the interaction
between the incoming particles and the bombarded target by the binary collision
approximation [85]. This offers the possibility to analyze the influence of high-
energetic ions bombarding the growing layer surface on the film-forming mechanisms.
This ion bombardment occurs in the case of an applied substrate bias during the
deposition process.

In the utilized version of the simulation code, chemical reactions on the film
surface are not considered. Hence, a simple model system has to be regarded, in
which these reactions can be neglected. Taking the deposition of silicon nitride as
starting point, the simplest gas system, for which chemical reactions do not play an
essential role with respect to the deposition, is a pure monosilane plasma. Therefore,
the deposition of hydrogenated amorphous silicon layers is considered. In the present
plasma, the main film-forming particles are SiH3 radicals. In the case of an applied
substrate bias, the impinging Si2H

+
4 ions have to be taken into account additionally.

Because both species are generated in the plasma, no chemical surface reactions
occur in this system. The film-forming model of this system was introduced in
section 3.1.3. The binding reactions, which lead to the adsorption of silicon and
hydrogen on the coating surface, are replaced by implanting Si and H in the target.

At the beginning of this chapter, the Monte-Carlo Code SDTrimSP-2D is in-
troduced. The input parameters will be determined, the simulation results will be
compared with the experimental ones and the particular film-forming processes, es-
pecially in the case of the applied substrate bias, will be discussed. At last, the
results will be concluded.

5.1 Monte-Carlo code for analyzing ion-solid in-

teractions

The Monte-Carlo code SDTrimSP-2D is the two-dimensional extension of the pre-
vious one-dimensional version SDTrimSP [86], which is briefly introduced in the
next section. With its help, the main principles forming the basis of these simu-
lation codes calculating collision phenomena in randomized amorphous targets are
illustrated. Both Monte-Carlo Codes are a very valuable tool for analyzing ion-solid
interactions like implantation, backscattering, transmission, sputtering and compo-
sition changes of the ion-bombarded solid. They are mainly used in fusion research
to calculate erosion at the reactor wall or the divertor [87]. With the two-dimensional
version introduced in section 5.1.2, the influence of a surface structure on the inter-
action of the incoming particles and the target compounds can be determined.

5.1.1 SDTrimSP

The one-dimensional version SDTrimSP combines the two Monte-Carlo simulation
codes TRIM [88] and TRIDYN [89] under a new and handy user interface. TRIM
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was the first version of this series. It calculates atomic collisions in randomized
amorphous targets by the binary collision approximation [85]. In addition, effects
of collisions with electrons are implemented in a continuum approach. In its ori-
ginal version, only the slowing down of fast projectiles in the bombarded target is
calculated, any recoil atoms and their descendants are disregarded. In the course
of time, the code was amended by additional tools, which allow the computation
of recoil atoms. Hence, sputtering, reflection and atomic relocation is included as
well. Furthermore, the opportunity of utilizing a target, which consists of different
material components, was established. As a further development of this feature,
the TRIDYN simulation code was developed. It allows treating a non-static target
composition and, hence, coating or abrasive processes induced by the incoming par-
ticles are included. Thereby, the target composition as well as the kind of incoming
particles is not limited. An inhomogeneous target substance is described by N slabs
of different material with an initial thickness ∆xi

0. This is illustrated in Fig. 5.1a.
The quantitative change of the target composition is obtained by taking the

total flux of the incoming particles and their energy as well as their solid angle
distribution (polar and azimuthal angle) into account. These input parameters lead
to a three-dimensional calculation of the collision processes in the target. The output
facilities are the reflection coefficients and sputtering yields, the depth distribution
of implanted and energy distributions of backscattered and sputtered atoms only in
one dimension. A complete overview of the necessary input parameters is given in
Tab. 5.1. The visualization is carried out by the scientific data visualization software
IDL.

0

0

0

Fig. 5.1: Illustration of the processes in the substrate, which occur by bombarding a
target with fast projectiles and lead to the resulting deposition or sputtering. The target
is sub-divided into separate layers. a) Initial situation, b) the incoming particles cause
relocations and sputtering, hence vacancies ◦ and additional atoms • occur in the different
target layers, c) these vacancies are allowed to relax by re-sorting the additional atoms.
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The possible change of the one-dimensional target configuration by particle inci-
dence is illustrated in Fig. 5.1. By bombarding the target with energetic projectiles
(Fig. 5.1a), atoms can leave it or relocate themselves. Thus, a vacancy at their
original target position is generated (Fig. 5.1b). At this position, an additional par-
ticle can be implanted directly or by relocating the target atoms (Fig. 5.1c). These
mechanisms can take place in the first few target layers close to the surface. Hence,
the different target layers have the possibility to grow or to shrink. The expansion
or shrinking of the layers is calculated from the total flux of particles (outgoing and
incoming ones). By falling below the lower cutoff layer thickness defined in the input
file, it is combined with its neighbors. If the target layer exceeds the upper limit,
it is split up and the number of layers is increased. Hence, the shrinking or the
increase of the summed up layer thicknesses describes the sputtering or the growing
of the target, respectively.

The simulation calculates the collision cascades in the target of N particles,
determined by the particle flux and the deposition time. Additionally, the collision
cascades of the recoil atoms are computed until the particles reach the cutoff energy.
It is defined as the threshold energy, above which the recoil particles can collide with
target atoms. The structure of the code consists of three main parts: the projectile
loop, the recoil loop and the target update. In the projectile loop, the trajectory
of NR≥1 particles (NR is defined by the total particle flux N and the number of
loops NH) is calculated by following the projectiles from collision to collision. The
parameters of the recoil atoms are computed in the separate recoil loop. After
this, the target is updated following the scheme described above. This procedure
is iterated until all N considered impinging projectiles are processed. This leads to
N/NR = NH calculation loops.

5.1.2 SDTrimSP-2D

With the two-dimensional version SDTrimSP-2D, whose structure is organized ana-
logically to the one-dimensional code, the interaction of particles impinging on a
two-dimensional target surface and the target atoms can be computed. This allows
for a morphological analysis of a target by a bombardment of high-energetic pro-
jectiles as well as for studies of the influence of the surface roughness on deposition
and sputtering processes. Hence, this code allows to simulate the layer growth on
the model substrates introduced in section 4.3.1.

The grid discretization determines the dimensionality of the output, because the
particle collisions are already computed in three dimensions. Hence, the only diffe-
rence to SDTrimSP is a modified target model in this two-dimensional version. The
target is sub-divided into cells instead of layers. Thus, a second dimension of the
target is obtained and a two-dimensional exchange of particles between the discrete
cells is possible. The density changes in the target material are due to projectile
and recoil particles coming to rest at the end of their trajectories by reaching a
predefined cutoff energy. Along its trajectory, each particle creates a mass flux by
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Fig. 5.2: This figure shows the two-dimensional cell configuration of the target in the
Monte-Carlo code SDTrimSP-2D with the possible growing or shrinking mechanisms of
these cells. The arrows illustrate the incoming and outgoing particle flux at the cell edges,
from [90].

collisions in the cells it passes, which leads to a change in the particle densities in
these cells. These fluxes can act as sink or source terms for the particle densities.
This is illustrated in Fig. 5.2. Particle conservation within the numerical setup is
reflected in volume changes of the cells, which are used to represent changes of the
number of particles in a cell. For each cell, the resulting mass fluxes (representing
the transfer of particles into or out of the cell) are taken to be anisotropic by in-
troducing an anisotropy coefficient. This anisotropy coefficient defines the ratio of
horizontal and vertical volume changes. The horizontal transport (parallel to the
surface) is usually set smaller than the vertical one, because experimentally, swelling
or shrinking are primarily observed in the vertical direction. In the simulations pre-
sented here, an anisotropy coefficient of 0.5 was used. The relaxation process is
done in several iterations until the divergence of the mass fluxes becomes zero and
steady-state conditions without internal tension are obtained. In addition, splitting
and annihilation of cells was introduced in SDTrimSP-2D – similar to the target
layers in SDTrimSP – relying on a maximum and minimum number of atoms per
cell volume in order to accommodate the creation of holes or strong deposition.
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5.2 The input parameters

To simulate the specific layer growth with the code SDTrimSP-2D, the correspon-
ding input parameters of this deposition process have to be determined. These are
the plasma parameters in the Plasmodul as well as the coating parameters obtained
by characterizing the deposited films. Because of different coatings deposited with
and without substrate bias, the parameters must be defined for each case separately.
The effect of the Si2H

+
4 ions, influencing the layer growth in the case of an accele-

rating potential in front of the target, have to be taken into account in the case of
an applied substrate bias. Hence, the ions and the SiH3 radicals must be treated
independently. The detailed growth mechanism of an a-Si:H layer in a monosilane
plasma is explained in section 3.1.3.

An overview of the determined input parameters is given in Tab. 5.1. How they
are estimated is described in the following.

impinging particle
parameter SiH3 radicals Si2H

+
4 ions

impact energy [eV] 1 1500
azimuthal impact angle 2π 2π
polar impact angle 0..80 °(uniformly distributed) 0 °

particle flux [m−2s−1] 1.27 · 1020 6.34 · 1018
sticking coefficient 0.25 0.25

coating
parameter unbiased biased
H content of coating [at%] 16 11.8
atomic density of coating [g/cm3] 1.67 1.67
surface binding energy of Si [eV] 2.25 2.25 [91, 92, 93]
surface binding energy of H [eV] 0 0
cell dimensions [nm] 5 5

Tab. 5.1: Overview of the input parameters of the code SDTrimSP-2D in the case of an
unbiased (only SiH3 radicals) and a biased (SiH3 radicals and Si2H

+
4 ions) target.



5.2. INPUT PARAMETERS 79

-4 -2 0 2 4

-1500

-1000

-500

0

bi
as

 v
ol

ta
ge

 U
 [V

]

t [µs]

Fig. 5.3: Voltage characteristics of the ap-
plied substrate bias in the monosilane plasma

• Impact energy: The impact
energy of the SiH3 radicals on
the target is the thermal energy
in each case (1.1 eV), because the
flow of neutrals cannot be in-
fluenced by an external electric
field. Without any substrate bias,
the energy of the ions is the ther-
mal one as well. Thus, the energy
input of the ions on the layer sur-
face is insignificant and can be ne-
glected. With substrate bias, their
energy is determined on the ba-
sis of the voltage characteristics
(measured at the standard bias parameters) shown in Fig. 5.3:

By inserting the plasma parameters in front of the substrate holder
(ne = 7 · 1016m−3, Te = 0.8 eV at U = 500V from 3.4.1) into Eq. (2.23), the
residence time of the ions in the plasma sheath is estimated to τi ≈ 0.18µs.
Thus, the ions remain much shorter than one cycle in the sheath region. There-
fore, they can absorb a maximum energy of 1500 eV by crossing the plasma
sheath. For simplification, this value is kept constant. It corresponds to the
ion energy calculated by Eq. (2.55).

• Flux of the SiH3 radicals: The flux of the SiH3 radicals is estimated by the
gas flow through the setup:

φSiH3
= nSiH3

v = nSiH3

VV

At
= nSiH3

1

At

pAVATV

TApV
. (5.1)

nSiH3
is the density of the SiH3 radicals, v their velocity, t the duration of

stay of the particles in the device, A the area of the setup (0.071m2, see
section 3.2.1) and VV the gas volume under low-pressure conditions. With the
general gas equation, VV is expressed by the gas volume VA at atmospheric
pressure pA and room temperature TA, the temperature in the plasma TV

and the working pressure pV . The pressure for the deposition of a-Si:H films
was pV = 0.06mbar, the temperature in the plasma is assumed to be 500 °C,
room temperature is 20 °C, the fed gas volume was 20 sccm and the density
of the radicals in the plasma is approximately nSiH3

= 2 · 1019m−3 [94]. With
these parameters, the SiH3 flux is φ ≈ 1 · 1019m−2s−1. The flux used in
the simulations is about one order of magnitude higher, namely φ = 1.27 ·
1020m−2s−1 (determined by comparing the simulation with the experimental
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results). This is justified, because in Ref. [94] the electron temperature was
measured to ≈ 1.5 eV, and in the setup used in this work, it was determined
to 2.4 eV (section 3.4). Therefore, the dissociation rate can be considerably
higher than in [94]. A second difference in the experiments is the way of
coupling the microwave into the plasma, which can lead to different plasma
parameters as well.

• Flux of the Si2H
+
4 ions: The flux of the ions in Ref. [94] is about 1% of φSiH3

.
In this work, best agreement of simulations and experiments was obtained for
φSi2H4

= 0.05φSiH3
.

• Sticking coefficient: The sticking coefficient of the SiH3 radicals at an
a-Si:H surface is found in literature. It is temperature dependent. In Ref. [59],
s = 0.1 for T < 350 °C and above this temperature s = 0.25 is given. In
other works, the threshold for a change in the sticking coefficient is given in
the range of 250 to 400 °C [95, 96, 61]. Here, the sticking coefficient is set to
0.25 for the standard substrate temperature of 250 to 300 °C.

• Target material: The target consists of pure silicon (section 4.1) at the
beginning of the deposition process. However, the deposited coating includes
hydrogen as well. The hydrogen content of the deposited silicon film was
measured by the effusion method [97]. An H content of 11.8% and 16% was
measured with and without substrate bias, respectively.

• Target density: The density of the deposited layers was determined by mea-
suring the mass of the substrate before and after the deposition. It is given
by the ratio of the mass difference and the volume of the deposited film.

5.3 Comparison of simulation and experimental

results

In a first step, the growth of coatings deposited without any substrate bias were
simulated. On their basis, the flux of the SiH3 radicals was determined by comparing
the layer thickness from simulation and experiment. Taking the deposition rate
(obtained by the deposition time and layer thickness) and the density of the coating
into account, the particle flux can be deduced. This was necessary, because this input
parameter is the only one, which could not be identified exactly by measurements
or from literature, see section 5.2. The flux of the radicals is assumed to be equal in
the case of an applied substrate bias. The flux of the Si2H

+
4 ions is then determined

separately from the coatings deposited with an applied substrate bias in an analogue
way.

The simulation analyses were carried out on the basis of the investigations on
the layer growth described in section 4.3.1. Two different aspect ratios of the model
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b) d) f)

Fig. 5.4: Comparison of simulated and measured layer growth, deposited without sub-
strate bias onto indentations in the substrate surface. The aspect ratio of the two in-
vestigated trenches is a = 3 and a = 1. The shape of the original substrate cavity is
depicted as the line at t = 0min. (These results were carried out in cooperation with Ralf
Schneider, Ernst-Moritz-Arndt University Greifswald and Andreas Mutzke, IPP Greif-
swald - Max-Planck Institute for plasma research.)

substrate are regarded: a = 3 and a = 1, describing a relatively small and a wide
indentation in the substrate surface, respectively. Figure 5.4 shows the temporal
evolution of the layer forming on these substrates without any substrate bias. A
deposition time of 15, 30 and 60min was chosen. After simulated 60min of the de-
position, the layer is just closed over the smaller cavities. The shape of the Si wafer
before the deposition is depicted as the state at the time t = 0min. In Fig. 5.4, the
simulation results are plotted over the SEM pictures of the corresponding experi-
mental coatings. A very good agreement of the simulated and measured layer growth
is observed in the case of both aspect ratios. The simulation shows the decreasing
film thickness alongside the flanks of the bars similar to the real layer as well as
the spherical layer growth on the top. The profiles of the coating at the bottom
of the trench agrees, too. In Fig. 5.4e, the only restriction of the simulation code
becomes apparent: If the layer is closed over the indentation the developed cavity is
not reproduced, because the code SDTrimSP-2D only computes surface effects. This
implies that a crack, which can separate the two film spheres on the enhancements,
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is not illustrated as well. However, the surface of the coating is reproduced very
well. Because of the agreement of the simulations with the experiment during the
whole process for different substrate geometries, the choice of the input parameters
can be regarded as correct.

Similar investigations were carried out for layers deposited with substrate bias.
The following coatings were created with the standard bias parameters determined
in section 4.2: f = 250 kHz, U = 500V and pw = 1376 ns. With the given flux
of SiH3 radicals, the flux of the Si2H

+
4 ions can be determined. The result is

φSi2H4
= 0.05φSiH3

= 6.34 · 1018m−2s−1. This ratio is of the same order of mag-
nitude as the one given in Ref. [94].

a = 3

a = 1

a)

b)

c) e)

f)d)

Fig. 5.5: Comparison of simulated and experimental coatings deposited with substrate
bias in the same representation as in Fig. 5.4 for the same aspect ratios. (These results were
carried out in cooperation with Ralf Schneider, Ernst-Moritz-Arndt University Greifswald
and Andreas Mutzke, IPP Greifswald - Max-Planck Institute for plasma research.)

The results of the simulation are shown in Fig. 5.5 in the same representation
as in Fig. 5.4. As for the unbiased coatings, the growth process is well described by
the simulation. The sputter effects induced by the energetic ions as observed mainly
at the upper edges of the coating are reproduced very well. A difference between
simulation and experiment is observed at the bottom of the cavities. This can be
seen best after 60min deposition in Figs. 5.5e,f, where a smaller layer thickness is
produced by the simulations compared with the experimental results. Consequently,
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an additional mechanism, which is not accounted for in the code, must contribute
to the layer growth. A possible mechanism is the entrainment of material, which
is sputtered or reflected at the edge by the incoming flux of the high-energetic ions
into the cavity. This is a process, which occurs in the plasma phase and is not
considered in the code SDTrimSP-2D, which only computes the interaction of the
particles from the plasma with the substrate atoms.

The cracks above the overgrown cavities, which are developed in the layer de-
posited without substrate bias, cannot be reproduced by the simulation. The dif-
ferences in the layer growth at these positions, as they are worked out in detail in
section 4.3.1, cannot be resolved here. Nevertheless, the physical processes, which
lead to the particular shape of the deposited film, can be analyzed with the simula-
tion code. This will be done in the following section.

5.4 Film-forming processes

In a common PECVD process, the shape of the deposited layer can be explained
mainly by the geometry of the substrate surface (shadowing effects), the angular
distribution of the incoming particles and their sticking probability. Thus, the layer
growth of these coatings can be simulated with the already existing Monte-Carlo
codes, which can be found in literature [80, 81, 82, 83, 84]. In such a deposition
process, the chemical reaction of the layer-forming radicals with the target or the
already grown coating is more or less insignificant, because of the (low) thermal
energy of the film-forming radicals. Hence, the mechanism, which leads to the layer
growth and, therefore, to the observed shape of the coating, is only the adherence
of the incoming radicals.

By applying a bias voltage to the substrate, the ions are accelerated from the
plasma to the substrate surface. Their high-energetic impinge on the surface leads
to an increase of the total surface mobility of all target atoms. Thus, the inter-
action of the impinging ions and the target (collision cascades inside the target)
becomes important for the layer growth. In addition to the local deposition, the
code SDTrimSP-2D calculates the local reflection, loss, sputtering and redeposition.
The locally lost atoms have the opportunity to redeposit at another position with
the sticking probability s. Figure 5.6 explains the representations of these values
in dependence of the normalized coating surface. This example shows the case for
a deposition time of 0min, i.e. the beginning of the deposition. To this end, the
surface is expanded and then replicated on the abscissa. The positions t1 and t2
represent the edges on the top of the flanks, b1 and b2 the corners at the bottom of
the cavity. The following diagrams are depicted in this way.

In Figs. 5.7a and b, the local reflection, loss, sputtering and deposition calculated
with regard to the ions and the radicals are shown. In Figs. 5.7c and d, these
parameters are opposed to those analyzed on the basis of the ion influence only. In
Figs. 5.7a and b, the local deposition exceeds the local loss. Otherwise, no coating
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Fig. 5.6: Illustration of the normalized surface as abscissa for representing the code
output. (These results were carried out in cooperation with Ralf Schneider, Ernst-Moritz-
Arndt University Greifswald and Andreas Mutzke, IPP Greifswald - Max-Planck Institute
for plasma research.)

would be deposited and a sputter process would be obtained. The local deposition
has its largest value on the upper surface of this geometry and inside the cavity
it is reduced, especially at the flanks. In order to distinguish between directly
deposited particles (mainly radicals) and redeposited ones (mainly induced by the
ions), the same parameters are depicted in Figs. 5.7c and d for the case, where the
effect of the ions is taken into account. Obviously, the local loss, sputtering and
reflection are affected only by the ions, because they show the same characteristics
as in Fig. 5.7a and b. However, the characteristics as well as the values of the local
deposition changes significantly, which is now determined by the redeposition of
lost particles. In order to understand the differences in the layers formed with and
without substrate bias as observed experimentally in section 4.3.1, the effect of the
impinging ions can now be isolated. The influence of only the ions will be examined
in the following.

Figure 5.8 shows the local loss, sputtering, redeposition and reflection in depen-
dence of the normalized film surface at three different time steps of the deposition
process (0, 30 and 60min) and for the coating on the two cavity dimensions (a = 1
and a = 3). The deposition time of 0min (Figs. 5.8a and b) represents the geometry
of the uncoated model substrate. At the beginning of the deposition, the main oc-
curring process is the local loss on the horizontal surfaces on the top of the substrate
as well as at the bottom of the trench. Because of the vertical incident of the ions,
a particle loss on the parallel flanks cannot occur. The atoms lost at the top of the
substrate are sputtered; they leave the substrate surface since redeposition on the
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Fig. 5.7: Local layer-forming mechanisms (reflection, loss, deposition and sputtering) at
the beginning of the deposition on a trench with an aspect ratio of a = 3 (a,c) and a = 1
(b,d). The local processes are depicted in dependence of the normalized film surface. a,b)
Influence of radicals and ions on the parameters, c,d) ion influence on these parameters,
only. (These results were carried out in cooperation with Ralf Schneider, Ernst-Moritz-
Arndt University Greifswald and Andreas Mutzke, IPP Greifswald - Max-Planck Institute
for plasma research.)

horizontal surface is not possible. The lost particles at the bottom of the cavity
can leave it or be redeposited at the flanks of the indentation. The greatest value
of the redeposition occurs at the lower edges of the trench b1 and b2 and decreases
upwards. This explains the observed coating at the flanks. The number of the lost
particles is the sum of the sputtered and redeposited ones.

Another peculiarity are the two peaks occurring in the local loss and sputter
yields. These peaks correspond to the bottom corners b1 and b2, which do not have
any neighbor cells on one side. Hence, one half of the compensating particle flux is
missing. The consequence is a higher loss of particles. Additionally, this is intensified
by geometrical focussing effects of the particles in these corners. These peaks are
observed in [98], too, where the sputtering of a surface structure was analyzed.

Figures 5.8b and e show the situation after a deposition time of 30min for the
two considered trenches. A distinct feature is the change at the flattened layer edges
t1 and t2. The local loss is clearly increased at these positions compared to the one
on the horizontal surfaces. The maximum value of this parameter is found at an
angle of incidence of 45 °of the ions on the film surface. Like for the situation at
t = 0min, the number of lost particles on the horizontal surface at the outside of
the indentation is governed by the sputtered ones. The situation inside the cavity is
also comparable with the initial situation: The atoms lost at the bottom can leave
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a = 3

a = 1

Fig. 5.8: Local layer-forming mechanisms (reflection, loss, redeposition and sputtering,
induced only by ion bombardment) at different deposition times (0, 30 and 60min) on a
trench with an aspect ratio of 3 (a,c,e) and 1 (b,d,f). The local processes are depicted in
dependence of the normalized coating surface. (These results were carried out in coopera-
tion with Ralf Schneider, Ernst-Moritz-Arndt University Greifswald and Andreas Mutzke,
IPP Greifswald - Max-Planck Institute for plasma research.)

the film surface, or they can be redeposited. For the redeposition, a clear difference
to the first case can be observed: The particles lost at the flattened layer edges
above have the opportunity to enter the indentation. To explain the redeposition at
the flattened layer edges t1 and t2 above the cavity, the two different aspect ratios
have to be distinguished: At the smaller trench in Fig. 5.8b, the cavity is almost
closed by the deposited film. The layer edges overlap the gap. Hence, the lost
particles inside the hole have almost no opportunity to leave the indentation. This
first leads to a decreasing and then again increasing redeposition along the upward
flanks. At the positions, where the formed layer tends to close the cavity, the local
redeposition has its largest value. On the one hand, this is caused by the process
inside the cavity as explained. On the other hand, the particles, which are lost at the
flattened coating edges above the closure, are increasingly prevented from entering
the cavity and, therefore, contribute to the redeposition, too. Due to the abrasion
of the edges, the closure of the film is drawn deeper inside the trench compared to
the unbiased case. In comparison, the wider cavity depicted in Fig. 5.8d shows a
smooth hill-shaped characteristics of the redeposition at the bottom of the trench
and an almost constant value of this parameter alongside the flanks. The sputter
characteristics is similar to the one of the small trench. Most of the sputtered atoms
are lost in the middle of the bottom level, without colliding with the film surface
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and then being redeposited.
At t = 60min, the smaller trench (Fig. 5.8c) is narrowed further. Hence, only in

the very middle of the cavity, particles can be lost. The parameter characteristics
outside the indentation is comparable to that in Fig. 5.8b. For the wider cavity in
Fig. 5.8f, the situation is similar to that in Fig. 5.8e with the only difference that
the flanks are not parallel to the ion direction anymore. They are formed aslope by
the lost and redeposited particles. As a consequence, the local loss at the flanks is
non-zero.

In general, it is observed that the decrease of the local redeposition results in an
increase of the local sputtering. Additionally, the reflection of incoming particles at
the coating surface turns out to be zero at all time steps.

5.5 Conclusion

By analyzing the parameters like the local reflection, loss, redeposition and sput-
tering, the special shape of the deposited layer at positions of indentations in the
substrate surface can be explained. Especially the effect of an ion bombardment of
the substrate surface as induced by an applied substrate bias can be differentiated.
It was shown, that the deposited radicals do not effect loss and sputtering processes
because of their low impact energy. These processes are caused by the impinging
high-energetic ions. The strongest effect of the ions is obtained at the upper edge
of the flanks (t1 and t2). Here, the local loss reaches its maximum. Before the film
is closed above the cavity, the locally lost particles can effectively be redeposited
at the bottom, which leads to thicker and more homogeneous coatings inside the
cavity.
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Chapter 6

Influence of the ion bombardment
on the molecular composition

The ion bombardment influences not only the profile of the growing layer, like it
was discussed in the chapters 4 and 5, but also the molecular composition of the
deposited film. Due to the impact of energy on the film surface, already existing
chemical bonds can crack and new ones can be formed. The molecular composition
in the microscopic point of view has a significant influence on the macroscopic ma-
terial properties like adhesion, flexibility and diffusion behavior. Since there was no
possibility to directly measure the diffusion behavior of the coatings in the context
of this work, the effect of the bias on the molecular structure will be analyzed in
section 6.1, so that conclusions on the diffusion behavior are drawn indirectly.

Additionally, a possible variation of the refractive index of these layers with
increasing bias voltage will be analyzed in section 6.2. This is of special interest for
optical applications of the films like anti-reflection or interference filters. This topic
is discussed in Ref. [99] in detail. At the end of this chapter, a short conclusion will
be given.

6.1 Fourier-transform infrared spectra

The molecular composition of the coatings will be analyzed on the basis of Fourier-
transform infrared spectra. They were measured ex-situ with an angle of incidence of
12 ° in reflection with the spectrometer introduced in section 3.3.1. This low angle of
incidence was chosen to prevent strong interferences in the spectra. Additionally, a
polarizator prevents the Berreman peak, which is an optical effect and superimposes
the oscillation peaks in the spectra. This effect is discussed in detail in Ref. [51, 100].
To exclude a shift of the particular peaks in the spectra with increasing bias due to
a possible shift of the refractive index, films with the same optical thickness were
investigated. The optical thickness is defined as the product of the refractive index
and the total layer thickness N · d. Thus, if the refractive index increases, d will

89
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decrease and vice versa. Consequently, the duration of stay of the IR beam inside
the analyzed film remains constant and the resulting spectra are comparable.

The optical thickness was controlled with the in-situ FTIR diagnostics during the
deposition. For stoichiometric silicon dioxide with a refractive index of
N = 1.46 [101] and a total layer thickness of 1µm, the first destructive interference
occurs at a wavelength of 4µm at an angle of incidence of 72 °. This wavelength is
related to a wavenumber of 2500 cm−1. Hence, the corresponding optical thickness
is about 1.5µm. Like in Ref. [51], this value is chosen as a constant parameter for
the further analyses.

The influence of the gas-mixture ratio on the molecular composition was analyzed
in previous works for SiOx [51, 102, 43, 42] as well as for SiNy films [99, 63, 50, 55].
Therefore, the main aspect of this chapter is the analysis of the influence of increasing
bias voltage on the molecular composition. This will be done separately for the SiOx

and the SiNy films, each for two different ratios of the plasma-forming gases.

6.1.1 Silicon oxide

Figure 6.1a shows the IR spectra (in the spectral range from 4000 to 400 cm−1) of
the coatings deposited with HMDSO : O2 = 1 : 20. To analyze the influence of the
bias voltage, it was increased in 100V steps up to 500V. The frequency and the
pulse width were kept constant at f = 250 kHz and pw = 35%, respectively. The
substrate temperature was set to 250 °C during all depositions. All spectra show
the characteristic band spectrum of SiOx films with its main peak at approximately
1000 cm−1, which is accompanied by the lateral band at about 810 cm−1 and a broad
shoulder at 1150 cm−1. These peaks, together with the single one at 440 cm−1, are
related to [Si-O] vibrations in the SiOx network. Additionally, a weak band at
3650 cm−1 occurs, which represents free [O-H] oscillations [103]. The absence of
associated Si-[O-H] oscillations in the range 3100 to 3600 cm−1, however, indicates
that the contribution of the OH compound is low. The double peak at 2316 and
2364 cm−1 results from [C-O] oscillations of the CO2 molecule, which was detected
in the ambient air of the sample. Hence, this peak is not an effect of the coatings
and is neglected in the following. A clear influence of the bias voltage is not observed
in this depiction.

SiOx coatings deposited with such high gas-mixture ratios are very hard layers,
because the molecular network consists of almost only silicon and oxygen, which
build very strong bonds among themselves [51]. Hence, any kind of organic com-
pounds (CHx groups) is missing. The missing cross-linked network at existing CH2

groups gives the film a polymeric character. Therefore, these groups make the film
more flexible. Hence, the molecular network is not as strongly tied as without these
compounds. The effect is a more porous layer on the microscopic point of view.
Because of the very weak IR activity of the CH2 bonds, the much more IR active
CH3 groups are analyzed. This is justified by the correlation of their quantity with
the one of the CH2 groups.
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Fig. 6.1: Overview of FTIR spectra of SiOx coatings deposited with a gas-mixture ratio of a) HMDSO : O2 = 1 : 20,
b) HMDSO : O2 = 1 : 1 with variable bias voltages in the range of 0 to 500V in 100V steps. Obviously, the bias influences
mainly the organic compounds of the films.
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wavenumber [cm−1] corresponding molecular oscillation reference

465 [Si-O]-Si rocking vibration [104]
812 [Si-O]-Si asymmetric bending mode [104, 105]
885 H-[Si-H] [106]
930 [Si-O]-H stretching mode [105]
970 Si3-[Si-O]-SiO3 stretching mode, in-phase oxygen motion [104]
1004 Si2O-[Si-O]-SiO3 stretching mode, in-phase oxygen motion [104]
1038 SiO2-[Si-O]-SiO3 stretching mode, in-phase oxygen motion [104]
1073 O3-[Si-O]-SiO3 stretching mode, in-phase oxygen motion [104]
1100 [Si-O]-C [107]
1150 [Si-O]-Si stretching mode, out-of-phase oxygen motion [104, 105]
1270 Si-[C-Hx] [108]
3650 Si-[O-H] stretching vibration of free OH groups [103]

Tab. 6.1: Classification of the vibration modes observed in silicon-oxide films (Fig. 6.1)
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To analyze the influence of the ion bombardment on possible organic compounds
of the film, SiOx coatings deposited with HMDSO : O2 = 1 : 1 are depicted in
Fig. 6.1b in comparison to Fig. 6.1a. For U = 0V, the spectrum features a similar
shape as the one in Fig. 6.1a. But in addition, further peaks occur: The peaks
at about 880, 2180 and 2250 cm−1 correspond to [Si-H] vibrations. The single one
at 1270 cm−1 and the triple one consisting of peaks at 2875, 2930 and 2965 cm−1

characterize CH2 and CH3 vibrations. The broad band in the range from 1250 to
3500 cm−1 is an interference, which superimposes the spectrum. In the spectra of
this low gas-mixture ratio, a clear influence of the bias voltage is observed. The
main [Si-O] peak decreases strongly with increasing voltage. A possible explanation
for this decrease will be given later in this section. The organic compounds seem
to vanish almost completely. The maximum change of the spectra occurs between
the unbiased case and the bias voltage of 100V. But a more precise analysis in this
voltage range was not possible, because of the instability of the capacitive discharge
with a driving voltage lower than 100V. An overview of all oscillation peaks observed
in Fig. 6.1 is given in Tab. 6.1.

To determine the modification of the molecular composition in detail, the se-
parate peaks, each representing another kind of molecular oscillation, have to be
analyzed. Each peak has a Gaussian form. Several of them can be superimposed,
resulting in a band spectrum like the typical one of SiOx films around 1000 cm−1.
By comparing the integrated band intensity of the particular peaks, information
on the content of the corresponding compounds is obtained, because the integrated
intensity gives the probability of the excitation of this oscillation and, therefore, of
the number of existing bonds in the film.

The separate peaks, which can underlie the SiOx spectrum in the wavenumber
range of 650 to 1300 cm−1, are listed in Tab. 6.1. Especially the four peaks at 970,
1004, 1038 and 1073 cm−1, characterizing the same [Si-O] stretching mode but with
different neighbors of the silicon atom, are of interest. The neighbors and next
neighbors of the oxygen atom are assumed to be the same in all cases (SiO3), since
the influence of the next neighbors on the oscillation frequency of the SiO vibration
is weak. In stoichiometric silicon dioxide, the silicon is surrounded by four oxy-
gen atoms. This is illustrated in Fig. 6.2a. The wavenumber of the corresponding
[Si-O] stretching mode is 1073 cm−1. With decreasing oxygen content of the film,
the probability of this configuration drops and more and more silicon atoms are
incorporated. This results in a replacement of the oxygen atoms by silicon atoms.
Hence, the configurations shown in Fig. 6.2b-d become more likely. By substituting
the oxygen atoms one after the other by silicon atoms with a lower electronegativity
(1.9 eV) than oxygen (3.4 eV) [109], the [Si-O] bonding length is increased, which
leads to a lower oscillation frequency. This [Si-O] vibration occurs in a SiO0.5 struc-
ture at a wavenumber of 970 cm−1. In fact, all four configurations are possible with
different probabilities. Hence, by an increasing amount of oxygen, the maximum
of the resultant Si-O band shifts to higher wavenumbers. This shift is described in
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Ref. [104, 110], the corresponding formula is given in Ref. [102]:

ν̄ = 68.06x+ 936.4 [cm−1], (6.1)

where x is the ratio of silicon to oxygen in the SiOx structure. Thus, the ratio of
the intensity of the discrete peaks and, therefore, the position of the maximum of
the resultant main peak gives information on the oxygen content.

a)

SiO0.5

c)

b)

SiO

d)

SiO1.5 SiO2

Si

O

Fig. 6.2: Overview of four possibilities of the molecular structure and its influence on
the [Si-O]-Si stretching mode: a) SiO0.5, ν̄ = 970 cm−1, b) SiO, ν̄ = 1004 cm−1, c) SiO1.5,
ν̄ = 1038 cm−1 and d) stoichiometric silicon oxide SiO2, ν̄ = 1073 cm−1 [104].

By fitting the experimental spectra of Fig. 6.1 in the range of 650 to 1300 cm−1

using the peaks from Tab. 6.1 in this wavenumber range, information of the oxygen
and hydrogen content is obtained. The comparison of fitted and measured spectra as
well as the individual Gaussian peaks, are depicted in Fig. 6.3 for the films deposited
with HMDSO : O2 = 1 : 1. The spectra were fitted by the controlling software [111]
of the spectrometer, which uses the Levenberg-Marquardt algorithm [112].

The Gaussian peaks at 1270 cm−1, characterizing the Si-[C-H3] mode, vanishes
completely in the coatings obtained with the substrate bias. This confirms the strong
decrease of the CHx triple peak at about 2900 cm−1, which is observed in Fig. 6.1b.
Consistently, the intensity of the H-[Si-H] peak at 885 cm−1 decreases with increa-
sing bias voltage, too. The observed flattening of the characteristic band spectrum
around 1000 cm−1 is due to a general decrease of the four peaks characterizing the
[Si-O]-Si stretching vibration. To analyze a possible variation of the oxygen in the
film, the intensities of these four peaks have to be compared.

The intensities are relative values depending on the absolute intensity detected
by the spectrometer. Thus, a quantitative conclusion on the oxygen content in the
different spectra is not possible. However, the ratio of the intensities of the peaks
can be compared and a voltage-dependent characteristics of the particular intensity
ratios can be determined. For both analyzed gas-mixture ratios, Fig. 6.4 depicts the
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Fig. 6.3: Comparison of the fitted and measured spectra of the SiOx coatings deposited
with HMDSO : O2 = 1 : 1. The individual Gaussian peaks, which are used for the fit, are
plotted, too.
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integrated band intensities of the [Si-O]-Si peaks, normalized to the sum of their
intensities for both analyzed gas-mixture ratios.

a) b)

Fig. 6.4: Relative integrated band intensities of the peaks corresponding to the [Si-O]
stretching vibration, defining the different neighbors of the silicon atom, in dependence
of the bias voltage. Their intensities are normalized to the total intensity of the four
Gaussian peaks.

Regarding the situation for HMDSO : O2 = 1 : 20 in Fig. 6.4a, the intensities
of the Si3-[Si-O]-Si and Si2O-[Si-O]-Si peaks decrease slightly with increasing bias
voltage. The ones of the SiO2-[Si-O]-SiO and SiO3-[Si-O]-Si band increase. This
is equivalent to a decrease of SiO0.5 and SiO structures and an increase of SiO1.5

and SiO2 structures, which leads to a shift of the resultant [Si-O]-Si peak to higher
wavenumbers. The augmented inclusion of oxygen in the film is caused by the
energetic oxygen ions, which penetrate the film surface and can be embedded into
the coating.

In contrast to the characteristics of the [Si-O]-Si intensities of the higher mixture
ratio, the ones of HMDSO : O2 = 1 : 1 show different properties in Fig. 6.4b. The
strong increase of SiO0.5 components and the slight decrease of the other three
ones is accompanied by a shift to lower wavenumbers and, therefore, a reduced
incorporation of oxygen. This leads to a possible explanation of the strong intensity
decrease of the [Si-O] peak, which was pointed out on the basis of Fig. 6.1b: Due to
the reduction of the oxygen content, the probability of pure [Si-Si] bonds increases.
But these bonds are IR inactive. Hence, they cannot be detected in the analyzed
spectra. The hypothesis could be verified by Raman spectroscopy, because this bond
is Raman active. But this analysis technique was not available during this work.

To explain the decrease of the oxygen content, the characteristics of the organic
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compounds with increasing bias have to be taken into account. As can be seen in
Fig. 6.3, the [C-Hx] oscillations vanish almost completely with increasing voltage
and similarly, the [Si-O]-H vibration. A possible explanation is the breaking of
the [C-H] bonds by the impinging O+ ions: OH groups can leave the film and the
carbon remains in the molecular network, which is dissolved by the high-energetic
ions, too, leading to a loss of CO groups as well. This is confirmed by the decrease
of the intensity of the [Si-O]-C vibration in Fig. 6.3. Because of the low amount of
oxygen compared to silicon at this composition, only few oxygen atoms are left to
be embedded in the film. The result is an opposite shift of the [Si-O] peak compared
to the higher gas-mixture ratio.
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Fig. 6.5: Influence of the substrate temperature on the molecular composition of SiOx

coatings exemplarily shown for HMDSO : O2 = 1 : 1. The modification of the IR spectra
with the substrate bias applied is not a temperature effect.

The strong ion bombardment at high bias voltages also changes the substrate
temperature (see section 3.2.1). To rule out an influence of the increasing tem-
perature on the modification of the IR spectra, those of a film deposited with
HMDSO : O2 = 1 : 1 at 250 °C without bias, 350 °C without bias and 250 °C with
bias are compared in Fig. 6.5. Both unbiased coatings show comparable results, but
the biased one differs strongly. In conclusion, the modifications of the IR spectra
described above are the result of the ion bombardment, not of the increase of the
substrate temperature.

6.1.2 Silicon nitride

In a way analog to the SiOx coatings, the influence of the ion bombardment on
the molecular structure of the SiNy films is analyzed for the case of two different
gas-mixture ratios of SiH4 and NH3. The comparison of the IR spectra of the films
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deposited with varying bias voltages is depicted in Fig. 6.6. For U = 100V, the
films flaked off and could not be analyzed.

All spectra show the typical band structure of silicon nitride. The main peak
at 800 cm−1 is accompanied by a very low one at approximately 495 cm−1, both
related to [Si-N] oscillations. The main peak shows a broad shoulder towards higher
wavenumbers. This is due to a [N-H] vibration at 1190 cm−1, which is related to
the second [N-H] oscillation band at 3340 cm−1. The weak peak at 1550 cm−1 corre-
sponds to a H-[N-H] vibration. Additionally, the [Si-H] band at about 2200 cm−1 is
observed. Like in the spectra of the SiOx films, the CO2 double peak occurs. The
underlying broad band again is due to an interference.

For both gas-mixture ratios, a shift of the main peak to higher wavenumbers
with applied substrate bias is noticeable, but the shift does not change further with
increasing bias voltage. This shift indicates an increased incorporation of hydrogen
and/or nitrogen into the film [63, 114]. However, the expected shift of the SiH
peak at 2200 cm−1 to higher wavenumbers, which comes along with an increased
incorporation of nitrogen [117, 119], is not observed. As for SiOx coatings, the shift
of the band spectrum is related to changes of the intensities of the single peaks:
The SiN band at 800 cm−1 was determined to be a superposition of four Gaussian
peaks, each characterizing the [Si-N] asymmetric stretching mode, but with different
neighbors, and two Gaussian peaks resulting from a [Si-H] (690 cm−1) and a [N-H]
bending mode (1190 cm−1) [116]. The SiH peak at approximately 2200 cm−1 results
from a superposition of four Gaussian peaks, which all correspond to the [Si-H]
stretching mode, but with different neighbors [117, 118]. The properties of this
peak was analyzed in detail in Ref. [63]. All oscillations, which describe the spectra
of Fig. 6.6, are listed in Tab. 6.2.

The shifted SiN peak is analyzed in more detail by the decomposition into its
components. The different possibilities of neighbors to the [Si-N] bond, which are
taken into account for fitting the spectra, are illustrated in Fig. 6.7. The oscilla-
tion in a stoichiometric silicon nitride (Si3N4) is depicted in Fig. 6.7a. whereas all
neighbors are silicon atoms. The oscillation frequency corresponds to 780 cm−1. By
substituting one direct neighbor by a hydrogen atom, which offers a higher elec-
tronegativity compared to silicon (Si: 1.9 eV, H: 2.2 eV [109]), it results in a smaller
bonding length and, therefore, in a higher wavenumber (ν̄ = 820 cm−1, Fig. 6.7b).
By replacing the silicon atom by nitrogen with an electronegativity of 3 eV instead of
hydrogen, the oscillation frequency and, therefore, the wavenumber increases further
to ν̄ = 866 cm−1 (Fig. 6.7c). In the case of Fig. 6.7d with a hydrogen and a nitrogen
atom as neighbors of the [Si-N] bond, the consequence is the highest wavenumber
of ν̄ = 1000 cm−1.

The fitted spectra of the SiNy coatings deposited with SiH4 : NH3 = 1 : 3 and the
considered Gaussian peaks are depicted in Fig. 6.8 in the wavenumber range from
450 to 1350 cm−1. A clear decrease in the intensity of the stoichiometric [Si-N] peak
(Si3-[Si-N]-Si2) with increasing bias voltage is observed in contrast to the increase of
the [N-Si]-SiNH oscillation. In addition, a decrease of the Si3-[Si-H] peak at 690 cm−1
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Fig. 6.6: Overview of FTIR spectra of SiNy coatings deposited with a gas-mixture ratio of a) SiH4 : H3 = 3 : 22,
b) SiH4 : NH3 = 1 : 3 with variable bias voltages in the range of 0 to 500V in 100V steps. The bias voltage influences the
H and N content of the films.
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wavenumber [cm−1] corresponding molecular oscillation reference

495 [Si-N]-Si2 breathing mode [113, 114, 115, 116]
690 Si3-[Si-H] bending mode [114, 116]
780 Si3-[Si-N]-Si2 asymmetric stretching mode [114, 117]
820 [N-Si]-Si2H asymmetric stretching mode [117, 116]
866 Si3-[Si-N]-SiN asymmetric stretching mode [116]
1000 [N-Si]-NHSi asymmetric stretching vibration [116]
1104 [Si-O]-Si stretching mode, in-phase oxygen motion [104]
1190 Si2-[N-H] bending mode [116]
1550 H-[N-H] bending mode [116, 114, 118]
2010 Si3-[Si-H] stretching mode [118, 117]
2115 Si3N4-[Si-H] stretching mode [118, 117]
2180 [H-Si]-Si2N stretching mode [118, 117]
2250 [H-Si]-N3 stretching mode in voids [118, 117]
3340 Si2-[N-H] stretching mode [118]

Tab. 6.2: Classification of the vibration modes observed in silicon-nitride films (Fig. 6.6).
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a)
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Si -[Si-N]-Si3 2

Si H-[Si-N]-Si2 2
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Si -[Si-N]-SiN3

Si -[Si-N]-SiNH 2

Si
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Fig. 6.7: Overview of four possibilities of the molecular structure and its influence on the
[Si-N] asymmetric stretching mode: a) stoichiometric silicon nitride Si3N4, ν̄ = 780 cm−1,
b) one silicon atom is substituted by a hydrogen atom, ν̄ = 820 cm−1, c) one silicon atom
is substituted by a nitrogen atom, ν̄ = 866 cm−1 and d) two silicon atoms are substituted
by a hydrogen and a nitrogen atom, ν̄ = 1000 cm−1

occurs as well as a decrease of the [Si-O]-Si peak at 1104 cm−1, which results from
a diminished incorporation of oxygen into the film with increasing bias voltage.

Because of the dependence of the integrated band intensity of the particular
peaks on the absolute intensity detected by the spectrometer, the intensities have
to be normalized like for the SiOx films to obtain reliable intensity characteristics
of the particular Gaussian peaks. Their characteristics in dependence of the bias
voltage is depicted in Fig. 6.9 for the layer deposited with SiH4 : NH3 = 1 : 3 as well
as with SiH4 : NH3 = 3 : 22.

The trends of the intensities for both gas-mixture ratios are similar. The inten-
sities of the oscillations at 780, 820 and 866 cm−1 decrease, and only the intensity
of the [N-Si]-NHSi vibrations increases with increasing bias voltage. This is due to
an increased incorporation of hydrogen and nitrogen atoms in the film through the
bombardment by hydrogen and nitrogen ions: Thus, the probability of stoichiomet-
ric SiN structures becomes lower and the [Si-N] bonds have mainly one nitrogen or
hydrogen as neighbor. The occurrence of a nitrogen and a hydrogen atom in the
neighborhood of one [Si-N] bond increases. The higher probability of [N-Si]-NHSi
and the lower one of [N-Si]-Si2H oscillations indicates a higher incorporation of N
and H in the case of SiH4 : NH3 = 3 : 22. Generally, the number of [Si-N] vibrations
in the stoichiometric vicinity is the lowest, followed by the one with one bonded
hydrogen atom instead of silicon. The probabilities of the Si3-[Si-N]-SiN and [N-Si]-
NHSi structures cross in the range of 200 to 300V. Hence, the compound occurring
most in the biased case is [N-Si]-NHSi.
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Fig. 6.8: Comparison of the fitted and measured spectra of the SiNy coatings deposited
with SiH4 : NH3 = 1 : 3 (same representation as in Fig. 6.3).
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Fig. 6.9: Relative integrated band intensity of the particular peaks corresponding to the
[Si-N] asymmetric stretching vibration, defining the different neighbors of the silicon atom.
Their intensities are normalized to the total intensity of the four Gaussian peaks.

6.2 Refractive index

A modification of the molecular composition of a coating should be reflected in
a variation of the refractive index. Therefore, the refractive index was analyzed
in dependence of the bias voltage. This was done separately for the silicon-oxide
and silicone-nitride coatings for three different gas-mixture ratios. The refractive
index was determined by the method described in section 3.3.2 for the wavelength
of 589 nm.

The results for the SiOx coatings are depicted in Fig. 6.10 for the gas-mixture
ratios of HMDSO : O2 = 1 : 1, 1 : 5 and 1 : 20. For U = 0V, a slight decrease
from N = 1.50 to 1.41 is observed with increasing gas-mixture ratio, which is due
to the increasing content of oxygen in the deposited film. It is well-known that the
refractive index increases with decreasing oxygen content. The refractive index of
stoichiometric silicon dioxide, deposited with HMDSO : O2 = 1 : 20 agrees well with
the literature value of N = 1.46 [101].

With increasing bias voltage, a clear increase of the refractive index is observed
for all three gas-mixture ratios. For HMDSO : O2 = 1 : 1, this increase is most
pronounced. At U = 500V, it is N = 1.93. The different slope at the particular
mixture ratios can be explained by the different chemical reactions occurring, which
were described in section 6.1.1: At HMDSO : O2 = 1 : 1, these reactions lead to a
reduction of the oxygen in the deposited layer in the biased case. At the same time,
the amount of organic components is reduced as well. Moreover, an increase of the
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Fig. 6.10: Refractive index of SiOx coatings as function of the bias voltage for three
different gas-mixture ratios: HMDSO : O2 = 1 : 1, 1 : 5 and 1 : 20.

refractive index indicates a denser film. Hence, the molecular network is tied more
strongly and/or the bonding lengths are decreased. The molecular structure features
long chains without any faults like Si-H or C-H groups since hydrogen, which cannot
assume a second bond, is missing. The higher the number of bonds per atom the
denser the film.

In the case of the other two gas-mixture ratios, the refractive index only shows
a slight increase up to N = 1.57. They basically agree within the error bars. This
agreement indicates the higher incorporation of oxygen in the film, which is described
in section 6.1.1 and seems to be saturated in both cases. Ab initio, the layers
deposited with HMDSO : O2 = 1 : 20 contain very few CHx groups. Thus, a further
reduction of these compounds is not noticeable. For HMDSO : O2 = 1 : 5, the
amount of the organic compounds is reduced during biasing (section 6.1.1) such
that the molecular structure becomes similar to that of HMDSO : O2 = 1 : 20. The
increasing difference of the refractive indices of these two gas-mixture ratios and
that of HMDSO : O2 = 1 : 1 is attributed to the higher incorporation of oxygen in
the first and its reduced incorporation in the latter case.

The same analyses were done for silicon-nitride films deposited in gas-mixture
ratios of SiH4 : NH3 = 1 : 1, 1 : 3 and 3 : 22. This is illustrated in Fig. 6.11. In the
unbiased case, the refractive index decreases from N = 2.57 to 1.99 with increasing
gas-mixture ratio. The value of stoichiometric silicon nitride found in literature is
N = 1.9 [120]. The similarity of the refractive index of the layers deposited with
SiH4 : NH3 = 3 : 22 and the reference value from literature confirms the deposition
of nearly stoichiometric silicon nitride.

The refractive index of the film deposited with SiH4 : NH3 = 1 : 1 can be
regarded as independent of the bias voltage. This can be explained by the very low
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Fig. 6.11: Characteristics of the refractive index of SiNy coatings in dependence of the
bias voltage for three different gas-mixture ratios: SiH4 : NH3 = 1 : 1, 1 : 3 and 3 : 22.

ratio of nitrogen compared to silicon. Thus, the effect of impinging nitrogen ions
on the molecular structure is mostly insignificant. The strong scatter of the values
is attributed to the very low total thickness of these layers at the chosen optical
thickness, which makes the measurements prone to unevenness. This is reflected in
the large error bars.

For SiH4 : NH3 = 1 : 3 and 3 : 22, the refraction indices are comparable.
They decrease to N = 1.64 with increasing bias voltage, which indicates a looser
layer structure. The augmented integration of nitrogen and hydrogen leads to fewer
bonds between the single atoms and, therefore, to a more porous structure, which
results in a lower refractive index. These films have a hyperstoichiometric structure.
These results are consistent with the results obtained in section 6.1.2.

6.3 Conclusion

The influence of the ion bombardment on the molecular composition of SiOx and
SiNy films was analyzed on the basis of their IR spectra. In case of SiOx films, less
organic compounds like CHx and accompanying SiH groups are incorporated, which
leads to a more strongly connected network structure of the film when the bias is
applied. Moreover, the oxygen content increases, most notably in films deposited
with a low ratio of HMDSO to O2. Hence, due to the more strongly connected
network structure, the biased films offer less porosity, which should be reflected in
better diffusion-preventing and insulating properties. This is consistent with the
results of section 4.4.1, where the resistance of the biased films was clearly higher
than the one of the unbiased films. As a consequence, coatings with a comparable
molecular structure can be deposited with a lower gas-mixture ratio, which offers
a higher deposition rate, thus the process becomes more effective, by applying a
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substrate bias. Vice versa, the substrate bias does not have a significant influence on
the molecular structure of the SiOx coatings deposited with HMDSO : O2 = 1 : 20,
which is the most important mixture ratio for producing barrier layers.

For SiNy films, the bias leads to an increased content of nitrogen and hydrogen
and a more porous molecular structure. Therefore, the insulating and especially the
diffusion-preventing properties of these coatings should become worse. However, the
insulating properties could not be confirmed by resistance measurements because of
the bad adhesion of the biased layers. A suitable balance between melting of the
layer surface and incorporation of additional nitrogen and hydrogen may be found
to obtain satisfying barrier properties.

The characteristics of the refraction indices with the bias voltage is consistent
with the results for the IR spectra: The stronger bonds in the network structure
and, therefore, the higher density of the SiOx films is reflected in the increase of the
refractive index with increasing voltage. The augmented incorporation of nitrogen
and hydrogen and, consequently, the smaller density of the SiNy layer leads to the
decrease of the refractive index of these films. These film properties are of main
interest for optical applications.



Chapter 7

Summary and conclusions

The topic of this thesis was the optimization of barrier layers, which are qualified for
fabricating CIGS solar cells on flexible steel substrates with a rough surface. Parts
of the presented results were obtained in the context of the publicly funded BMBF
project ”FlexNet”. To produce barrier coatings, silicon oxide (SiOx) and silicon
nitride (SiNy) were deposited in a microwave-PECVD process in the Plasmodul
setup. The optimization was done on the basis of bombarding the growing layer with
energetic ions created by a modulated substrate bias. The bias leads to a capacitive
discharge, which superimposes the microwave plasma. This way, the particle flux and
the energy of the ions impinging on the substrate could be controlled independently.
For the specific manipulation of the barrier-layer properties, a detailed analysis of
the layer-growth mechanisms was carried out.

For good barrier properties, the development of pinholes in the coating has to
be avoided. These defects mainly appear at positions of notches on the substrate
surface. Hence, the layer growth at such positions had to be analyzed to explain
the formation of pinholes and find solutions for avoiding them. This was done on
the basis of model substrates with a well-defined trench surface structure in the
µm range. Their breaking edge was investigated in a scanning electron microscope.
Hence, the profile of the deposited layer could be analyzed. The homogeneity of
the coating was evaluated by geometrical characteristics and the influence of the
particular bias parameters – voltage amplitude U , frequency f and ratio of positive
to negative pulse pw – on the layer profile was determined. An increase of the
homogeneity with an increase in the bias voltage and frequency was observed. An
influence of the pulse width was not detected. Within the limit of the used setup,
the optimum bias parameters were U = 500V, f = 250 kHz and pw = 35% and,
hence, chosen for further analyses.

The differences in biased and unbiased coatings were analyzed in more detail and
it turned out that without bias, the layer tends to close above the cavities from both
sides, but cracks remain at the closure positions. By biasing the substrate, however,
a smoothing of the layer edges above the cavities occurred. Thus, the cavities
remained open for a longer time, and as a consequence, a more homogeneous coating

107
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of the notches is obtained. This effect can be explained by the enhanced surface
mobility of the layer-forming particles caused by the bombardment of energetic
ions as well as by a sputter process induced by the impinge of these ions. Due to
the increased energy input, the coating finally merges completely over voids without
remaining cracks, which indicates improved barrier properties of the deposited films.
In similar analyses, this merging was also verified on steel substrates, which are
industrially relevant for solar cell production.

The layer growth was examined separately for SiOx and SiNy coatings, which
were deposited with specific gas-mixture ratios of HMDSO to oxygen and monosilane
to ammonia, respectively. Thereby, the substrate bias led to a more pronounced
change in the layer profile of SiOx films. This can be attributed to the higher
amount of ions than of layer-forming radicals in the case of SiOx layers compared
to SiNy films.

Improved insulation properties of the barrier layers were proved by resistance and
breakdown-voltage measurements of the coatings. Here, the biased layers – espe-
cially after the CIGS process – offered a clearly higher resistance than the unbiased
ones. These analyses were mainly done on the basis of the SiOx layers, because the
SiNy films showed very bad adhesion after the CIGS process. Without bias and
before the CIGS process, the SiNy coatings offered better insulating properties than
the SiOx layers. The layer-forming particles generated by monosilane have a natu-
rally higher surface mobility than those created by HMDSO. With bias, however,
the insulation properties of SiOx and SiNy films become comparable.

The processes, which lead to different profiles of the biased and unbiased layers
at positions of indentations on the substrate surface, were determined by detailed
analyses of the local layer-forming mechanisms like the loss of particles, sputtering
and redeposition at the film surface. These analyses were carried out by means
of numerical simulations using the Monte-Carlo Code SDTrimSP-2D. Compared to
former simulation codes, this one offers the possibility of including the impacting
high-energetic ions in the process on the substrate surface and, therewith, indirectly
the effect of the substrate bias.

To adapt the code as close as possible to the realistic conditions in the experi-
ments, the input parameters like the layer density, hydrogen content, growing rate,
ion energy and particle flux on the substrate had to be determined, and the plasma
was characterized by means of Langmuir double-probe measurements. As essential
parameters, the electron density and temperature were determined in the region
between the microwave plasma source and the substrate holder in the Plasmodul
for different bias voltages in a nitrogen reference discharge. Density and tempera-
ture profiles were found to decay from ne = 3 · 1017m−3 and Te = 3.6 eV, in front
of the microwave plasma source to ne = 6 · 1015m−3 and Te = 0.6 eV in front of
the substrate holder, respectively. Biasing leads to a slight increase of the density
and decrease of the temperature in the whole plasma. Since chemical reactions are
not implemented in the SDTrimSP-2D code, simulations of a-Si:H (hydrogenated
amorphous silicon) layer depositions were carried out in a pure monosilane plasma
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acting as model system, in which chemical reactions can be neglected. The trench
structure of the model substrates from the experiment served as ”model cavities”.

For both, biased and unbiased depositions, simulation and experimental results
on the profiles of the coatings were found to be in very good agreement. Hence, the
simulation gives reliable information on the layer-growth mechanisms. Furthermore,
it could be shown that the particular local growth processes, namely the loss, the
sputtering and the redeposition on the film surface, are not affected by the deposited
radicals, which only determines the total deposition rate, but by the impinging
energetic ions. The radicals strike the substrate only with thermal energy and,
hence, they do not contribute to the increased mobility. Their deposition profile
is explained by the geometry of the substrate and the angular distribution of the
incoming particles. Thus, the impacting ions could be identified to play the key role
in the layer-forming process in biased depositions.

The ion impact takes the strongest effect at the upper edge of the flanks where
the particle loss is highest. A part of the lost particles are redeposited further inside
the trench. Therefore, the position of the layer closure above the cavity is drawn
deeper inside the trench. The observed increase of the layer thickness inside the
notches is mainly caused by redeposition of particles extracted from the top edges
of the trench. Thus, the resulting profile form can be traced back to the detailed
sputter and redeposition processes. The mechanisms, which lead to the mergence of
cracks, are not covered by the code and might rather be due to chemical processes.

The molecular composition and structure, which determine the adhesion, fle-
xibility and diffusion properties of the deposited barrier layers, were analyzed by
means of FTIR spectroscopy. As well, this was done separately for the SiOx and
the SiNy layers. In the case of the SiOx coatings, a reduced incorporation of organic
compounds like CHx and SiH groups in the Si-O-Si network structure was detected
with increasing bias voltage. Additionally, a slight increase of the oxygen content in
the layers was found, which is most notable for films deposited in a high gas-mixture
ratio of HMDSO and oxygen. Due to the decrease of the organic compounds, the
resultant network structure is more strongly connected. The film is less porous,
which leads to a denser and harder layer compared to the unbiased one. This result
is verified by measurements of the refractive index, which increased with the bias
voltage. The SiNy films showed an increased content of hydrogen and nitrogen with
increasing bias. This leads to a more porous structure as reflected in a decrease
of the refraction index. The results from FTIR spectroscopy and refractive-index
measurements indicate that biased SiOx coatings gain and SiNy coatings rather lose
diffusion-preventing properties.
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In conclusion, the impact of energetic ions on the growing layer is understood
in terms of sputter and redeposition processes. A clear improvement of the barrier
properties of silicon-oxide coatings is achieved in biased depositions. The improve-
ment was sufficient to produce CIGS solar cells on flexible steel foil. The record
efficiency achieved was 11.5%. For comparison, the CIGS solar moduls available
on glass substrates offer an efficiency of 10− 12%. Better results may be obtained
under cleanroom conditions.
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[31] E. Häberle, Skalierung turbulenter Strukturen im Torsatron TJ-K, Diplomar-
beit (Universität Stuttgart, Stuttgart, 2007).

[32] H. Kim, J. Lee, and J. Shon, Analytic model for a dual frequency capacitive
discharge, Physics of Plasma 10, 4545 (2003).

[33] J. Robiche, P. Boyle, M. Turner, and A. Ellingboe, Analytical model of a dual
frequency capacitive sheath, J. Phys. D: Appl. Phys. 36, 1810 (2003).
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